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Preface

An overview of immunotoxins and cytotoxins in 
clinical trial

By utilizing the knowledge of unique or overexpressed cell-surface antigens
or receptors on tumor cells as targets, a new form of cancer therapy has
evolved over the last two decades. In particular, a variety of receptors for
cellular growth factors and cytokines have been shown to be overexpressed
on tumor cells, which may possibly serve as targets for cancer therapy. These
include fibroblast growth factor receptors, insulin-like growth factor type
I receptors, epidermal growth factor receptors, transferrin receptors, vascular
endothelial growth factor receptors, transforming growth factor receptors,
interleukin-4 receptors, and interleukin-13 receptors. 

It has been reported that neutralizing monoclonal antibodies either alone
or attached with radionuclide or antisense oligonucleotides to some of these
receptors can inhibit the growth of tumor cells by evoking host immune
responses. For direct tumor cell killing, antibodies or ligands have been
chemically conjugated or genetically fused to plant or bacterial toxins, i.e.,
Pseudomonas exotoxin (derived from Pseudomonas aeruginosa), diphtheria
toxin (derived from Corynebacterium diphtheria), ricin, and saporin (derived
from Saponaria officinalis). These conjugated or fused chimeric proteins are
termed immunotoxins or cytotoxins. 

Such immunotoxins and cytotoxins have been tested extensively in
hematologic or nonhematologic solid tumors in vitro and in vivo in animal
models. Furthermore, some immunotoxins such as Tac(Fv)-PE38 (LMB-2),
RFB4(dsFv)-PE38 (BL22), IL4(38–37)-PE38KDEL, IL13-PE38QQR, Tf-
CRM107, DT388GMCSF, and cBR96-doxorubicin (SGN-15) are being tested in
clinical trials. In addition, two targeted cytotoxin and immunotoxin,
DAB389IL-2 (OntakTM) targeting IL-2 receptors and CD33-calicheamycin
(MylotargTM), have been licensed by the FDA for cutaneous T-cell lymphoma
(CTCL) and relapsed acute myeloid leukemia (AML), respectively. Although
a large number of articles have been published on these cytotoxins and
immunotoxins, no focused issues containing comprehensive lists of articles
for clinical use have been published.

In this book, we provide a list of chapters dealing with various cytotoxins
and immunotoxins. A number of distinguished authors have summarized 
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their work and discussed their studies from discovery to in vitro testing, to 
preclinical models and finally clinical trials. 

In Part I of the book, Pseudomonas exotoxin (PE)-based immunotoxins have
been described. Dr. Robert Kreitman summarized preclinical and clinical
development of Anti-Tac(Fv)-PE38 (LMB-2) that targets CD25-positive
leukemia and RFB4(dsFv)-PE38 (BL22) targeting CD22-positive B-cell malig-
nancies (Chapter 1). Recombinant immunotoxins targeting CD25 and CD22
have been tested in patients and produced major responses in several chemore-
sistant hematologic malignancies, particularly hairy cell leukemia. This section
also describes the up-to-date results from clinical trials with IL-4 cytotoxin
IL4(38–37)-PE38KDEL for the treatment of recurrent glioblastoma (Chapter 2)
and IL-13 cytotoxin IL13-PE38QQR for the treatment of human cancer (Chapter 3).
Preliminary results from an extended phase I/II clinical trials in patients with
recurrent glioma suggest that direct intratumoral convection-enhanced deliv-
ery (CED) of IL-4 cytotoxin can cause pronounced necrosis of recurrent
glioma tumors without systemic toxicity (Chapter 2). Four phase I/II clinical
trials in patients with GBM and advanced metastatic RCC have been initiated
and some completed. These clinical studies have demonstrated that IL-13 cyto-
toxin could be safely administered intravenously at a dose of up to 2 �g/kg
q.o.d � 3 in RCC trial and intratumorally for up to 4 �g/ml in GBM trial
(Chapter 3). 

In Part II, Drs. Roland Schnell and Andreas Engert summarized the role of
ricin-based immunotoxins for the treatment of lymphoma (Chapter 4). A vari-
ety of ricin-based immunotoxins demonstrated biologic activity in several clin-
ical trials in Hodgkin’s and B-cell non-Hodgkin’s lymphomas, even in heavily
pretreated patients with bulky relapsed disease, with varied response rates
from 6 to 23%.

In Part III, several DT-based immunotoxins have been discussed indicat-
ing significant interest in DT-based immunotoxins. Chapter 5 describes the
preclinical development of DT390IL13 and DTAT (diphtheria toxin amino
terminal fragment of urokinase-type plasminogen activator) by Dr. Daniel
Vallera’s group. Efficacy and toxicity of these agents in the flank tumor exper-
iments are summarized. Drs. Paul Shaughnessy and Charles LeMaistre sum-
marized in detail the preclinical and clinical development of the first
FDA-approved cytotoxin, DAB389IL-2 (OntakTM), for the treatment of CTCL
expressing CD25 (Chapter 6). DAB389IL-2 has demonstrated acceptable toxi-
city and substantial clinical benefit to patients with advanced and refractory
CTCL. Drs. Simon Long and Patrick Rossi described the preclinical develop-
ment and clinical studies using Tf-CRM107 for the treatment of malignant
brain tumor (Chapter 7). Phase I and II clinical trials with Tf-CRM107 have
suggested that the drug is able to induce responses in a significant number of
patients with high-grade gliomas that have failed conventional therapy. In
Chapter 8, Dr. Art Frankel and his colleagues have summarized preclinical
and clinical studies with DT388GMCSF for the treatment of AML. They
demonstrated that DT388GMCSF have some clinical activity as 4 of 37 patients
showed clinical remissions of their disease. In Chapter 9, Drs. Indira

Prefaceiv
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Subramanian and Sundaram Ramakrishnan described the preclinical devel-
opment of VEGF121–DT385 and VEGF165–DT385 immunotoxins.
VEGF–toxin conjugates made either by chemical linkage or by genetic fusion
are effective reagents capable of inhibiting angiogenesis and tumor growth in
animal models. 

In Part IV, two important chemically conjugated immunotoxins are dis-
cussed. Drs. Lisle Nabell, Clay Siegall, and Mansoor Saleh summarized multi-
ple phase I and II clinical trials with cBR96-doxorubicin (monoclonal antibody
to Lewisy antigen conjugated to doxorubicin termed SGN15). The clinical trials
with SGN-15 as a single agent or in combination with docetaxel have shown
some clinical activity in patients with colon and breast cancer. Finally, Drs.
Charalambos Andreadis, Selina Luger, and Edward Stadtmauer have described
anti-CD33-calicheamicin immunoconjugate (gemtuzumab ozogamicin,
MylotargTM) in detail in Chapter 11 for the treatment of AML. Marketing
approval of this agent was granted on May 17, 2000, by the FDA under the
Accelerated Approval regulations.

The editors had envisioned focusing on clinical applications of these
cytotoxins and immunotoxins for cancer therapy and we are pleased to
report that most contributors kindly agreed and abided by this request and
provided comprehensive knowledge and clinical developmental approaches
of cytotoxins and immunotoxins for cancer therapy. Although as described
above, some agents have been licensed for the marketing, most of these
cytotoxins and immunotoxins remain in phase I/II stages of clinical trial
development except IL-13-PE, which is being tested in phase III clinical trial
for the treatment of recurrent glioblastoma multiforme. 

Because of the nature of the phase I/II clinical trials, no definite conclu-
sions can be made for efficacy of these exciting agents. Nevertheless, these
agents remain exciting possibilities for cancer therapies. Therefore, editors
believe that the information summarized in this book will be extremely valu-
able to scientists and clinicians who are involved in the development of
immunotoxins and cytotoxins for the treatment of cancer. Finally, informa-
tion provided in this book would benefit interested parties for the develop-
ment of new targeted agents for not only cancer therapy but also for other
diseases. No official support or endorsement of this book by the Food and
Drug Administration is intended or should be inferred.

Preface v
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chapter one

Targeting of Pseudomonas
exotoxin-based immunotoxins
to hematologic malignancies
Robert J. Kreitman
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The hematologic malignancies, leukemias, lymphomas, and Hodgkin’s
disease, are often resistant to standard treatments of chemotherapy and radi-
ation either primarily or after one or several relapses. Immunotoxins have
been constructed that contain a monoclonal antibody and truncated forms
of Pseudomonas exotoxin. Recombinant immunotoxins can be produced in
bacteria (E. coli) as ligand-toxin fusion proteins, and do not require chemical
conjugation of the antibody and toxin. This is because one of the variable
domains of the antibody (Fv) can be fused to the truncated toxin, and the
other variable domain can connect to the first either through a peptide linker
or an engineered disulfide bond. Recombinant immunotoxins targeting
CD25 and CD22 have been tested in patients and have produced major
responses in several chemoresistant hematologic malignancies, particularly
hairy cell leukemia (HCL).

Introduction
Therapy of hematologic malignancies

It is predicted that 106,000 patients with hematologic malignancies will be
diagnosed in the United States in 2003, and that there will be 47,000 deaths in
this group of patients.1 The majority of these patients will require systemic
therapy for widespread disease; many of these patients experience failure of
chemotherapy, either at diagnosis or after one or several relapses. Relapse is
often diagnosed using immunologic techniques such as flow cytometry or
immunohistochemistry, since tumor associated antigens on the surface
of such cells remain despite the changes inside the cell that cause chemore-
sistance. To target such cells, a variety of surface-targeted monoclonal
antibody therapies have been developed.

Immunotoxins in the hierarchy of surface-targeted therapies for
hematologic malignancies

Today, the most widely used type of surface-targeted biologic therapy is unla-
beled monoclonal antibodies (MAbs), such as rituximab2 and alemtuzumab.3

These MAbs, containing mostly human IgG sequences, are effective in up to
half of patients via mechanisms of apoptosis induction, antibody dependent
cellular cytotoxicity, and complement dependent cytotoxicity. Patients whose
malignant cells are resistant to apoptosis, or patients who lack an adequate
immune system, may be resistant to unlabeled MAbs. Surface-targeted ther-
apy in such patients requires a more passive immunotherapeutic approach.
To kill cells more directly, MAbs have been conjugated to radionuclides.

Cytotoxins and Immunotoxins for Cancer Therapy4
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Examples of these agents include Bexxar4 and Zevalin,5 anti-CD20 MAbs
radiolabeled with 131I and 90Y, respectively. Such agents can induce responses
in lymphoma patients even after pretreatment with rituxan. However, the
dose is usually limited by cumulative nonspecific uptake into normal marrow,
most often causing thrombocytopenia. A third type of surface-targeted
therapy is exemplified by the recently approved Gemtuzumab ozogamicin, a
conjugate of anti-CD33 MAb and the small molecule cytotoxic drug
calicheamicin.6 This type of therapy in patients with relapsed/refractory
acute myelogenous leukemia can induce major responses in about 30%
without the toxicities of chemotherapy.7 It has been shown that multidrug
resistant cells are resistant.8 To target the surface of chemoresistant hematologic
tumor cells in immunocompromised patients, a fourth type of therapy has
been used, involving MAbs connected to protein toxins.

Targeted toxin therapy

Protein toxins kill cells by inhibition of protein synthesis after a toxin
fragment enters the cytosol of the cell. Plant toxins like ricin and saporin
function by inactivating ribosomes,9,10 and the bacterial toxins Pseudomonas
exotoxin (PE) and diphtheria toxin (DT) inhibit protein synthesis by ADP
ribosylation of elongation factor 2.11,12 The bacterial toxins are ideal for fusing
with ligands to make recombinant toxins, because they are produced by
bacteria as single chains, containing a binding domain that may be
exchanged for a ligand for tumor cells.13 The general public in developed
countries is routinely immunized against DT, but not PE. Nevertheless, both
toxins have been employed successfully to treat hematologic tumors in
patients, particularly when the patients are too immunosuppressed to be
affected by the immunogenicity of the toxin. The use of DT in hematologic
and solid tumors is discussed elsewhere in this volume. The remainder of
this review focuses on the use of PE in treating hematologic malignancies.

Structure and function of PE-based toxins

Detailed models for mechanisms of action of PE are reviewed elsewhere in
this volume. Briefly, as shown in Figure 1.1, PE has a binding domain
(domain Ia) at the amino terminus, an enzymatic domain (domain III) at the
carboxyl terminus, and a domain in the middle (domain II), which induces
translocation of the enzymatic domain to the cytoplasm of the target cell.14,15

The toxin is proteolytically cleaved by furin within the translocating domain
between amino acids Arg279 and Gly280 so that the enzymatic domain
becomes separate from the binding domain. However, the two parts are held
together by a disulfide bond until it is reduced inside the cell.16 The enzy-
matic domain then translocates to the cytosol without the binding domain,
where it ADP-ribosylates elongation factor 2. This kills the cell by inhibition
of protein synthesis or by induction of apoptosis.11,17 In recombinant toxins
the ligand replaces the binding domain at the amino terminus of PE.

Chapter 1: Targeting of Pseudomonas exotoxin-based immunotoxins 5
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Fragments of PE used for connecting to ligands

Commonly used PE fragments without binding domains include amino
acids 254–613, called PE40,14 and 253–364 and 381–613 of PE, called PE38.18,19

The amino acids 365–380, which are absent in PE38, contain a disulfide
bond that is not necessary for cytotoxic activity. PE38KDEL is a mutant of
PE38 with increased activity in which the last five amino acids REDLK
(arginine-glutamate-aspartate-leucine-lysine) are mutated to KDEL (lysine-
aspartate-glutamate-leucine).19–21 The proteolytic cleavage of single-chain
toxin within a disulfide loop is a special quality of PE and DT, which allows
either of these toxins to be used to make single-chain recombinant toxins.13

Cytotoxins and Immunotoxins for Cancer Therapy6

RFB4(dsFv)-PE38 (BL22)

-s-s-

III IIIa

Pseudomonas Exotoxin

III II

PE38

Anti-Tac(Fv)-PE38 (LMB-2)

VH VL

VHVL

IIIII

IIIII

Figure 1.1 Schematic structure of Pseudomonas exotoxin (PE) and recombinant
toxins. PE is a single-chain protein 613 amino acids long and contains 3 functional
domains.14,15 Domain Ia (amino acids 1–252) is the binding domain, domain II (amino
acids 253–364) is the translocating domain, and domain III (amino acids 400–613) con-
tains the ADP ribosylating enzyme, which inactivates elongation factor 2 (EF-2) in the
cytosol and results in cell death.99 Domain Ib (not shown) separates domains II and
III and contains amino acids 365–399. PE38 is a 38 kDa truncated form of PE devoid
of both domain Ia and amino acids 365–380 of domain Ib. The single-chain recombi-
nant immunotoxin anti-Tac(Fv)-PE38 (LMB-2) contains the variable heavy domain
(VH) of the anti-Tac MAb fused via the peptide linker (G4S)3 to the variable light
domain (VL), which in turn is fused to PE38. The recombinant immunotoxin
RFB4(dsFv)-PE38 (BL22) is composed of the VL from the MAb RFB4 disulfide bonded
to a fusion of VH with PE38. The disulfide bond connecting VH and VL is formed
between two cysteine residues replacing Arg44 of VH and Gly100 of VL
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Without the proteolytic cleavage site, the ligand would not be able to separate
from the enzymatic domain and translocation to the cytosol would be
severely impaired. Moreover, without the disulfide loop, the binding domain
might separate from the enzymatic domain outside the cell and prevent
selective targeting. On the other hand, if the ligand is to be conjugated to PE
through a disulfide bond, the proteolytic cleavage site of PE is not needed.
Instead, the ligand can be conjugated to a 35 kDa fragment of PE, which is
identical to the translocated fragment of PE38 (amino acids 280–364 and
381–613) except that methionine rather than Glycine is present at the amino
terminus.22 This fragment is termed PE35, and contains a single cysteine
residue at position 287.

PE-based toxins targeting the interleukin-2 receptor
Interleukin-2 receptor as a target for immunotoxins

The interleukin-2 receptor (IL2R) is present on lymphoma, leukemia,
Hodgkin’s disease, and also the activated T-cells mediating autoimmune
disorders.23–30 The IL2R is made up of the � subunit (p55, CD25, or Tac), which
binds IL2 with low affinity (Kd ~ 10�8 M), and the complex of � and �
subunits, which bind IL2 with intermediate affinity (Kd ~ 10–9 M). All three
subunits together bind IL2 with high affinity (Kd ~ 10–11 M).31

Targeting IL2R with IL2-PE toxins

Originally PE40 was targeted to IL2R-expressing cells using human IL2.32

IL2-PE40 was cytotoxic to activated murine T-cells that mediate autoimmune
disease, and was active in a variety of animal models of autoimmune
disease.32–38 IL2-PE40 was much less cytotoxic for human activated T-cells.
A more active form of IL-2 toxin was IL2-PE664Glu, wherein a full-length
form of the toxin was used that contained mutations in domain Ia that
prevented binding to normal cells. Compared to IL2-PE40, IL2-PE664Glu

was more cytotoxic toward activated human T-cells and was also more
toxic to mice.39

Early immunotoxins targeting CD25

It was recognized that many tumor types, including adult T-cell leukemia
(ATL) and chronic lymphocytic leukemia (CLL), express much more CD25
than other IL2R subunits.25,27 Moreover, in contrast to the low affinity bind-
ing of IL2 to CD25 alone, the anti-CD25 MAb anti-Tac binds CD25 
with high affinity (Kd ~ 10�10 M). Despite earlier evidence from anti-Tac
internalization studies,41 CD25 alone internalizes bound ligand.19,42

Originally PE was targeted to CD25 in its full-length form via a chemical con-
jugate of murine anti-Tac and whole PE. The PE portion was treated with
iminothiolane, which modifies lysine residues in domain Ia and thereby
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decreases the binding of PE to its receptor43 and facilitated conjugation of the
toxin to anti-Tac. Anti-Tac-PE inhibited protein synthesis in an HTLV-I posi-
tive T-cell line HUT-102 by 50% (IC50) at 1.2 ng/ml (5 pM), compared to
90–880 ng/ml for CD25 negative cells.44 Anti-Tac-PE was selective enough to
eliminate activated T-cells in vitro.45 In a pilot trial, anti-Tac-PE was tested in
several patients with adult T-cell leukemia. This first-generation immuno-
toxin was not clinically active, probably in part due to increased toxicity from
binding to normal cells via the PE binding domain, and in part due to
immunogenicity from both the toxin and MAb. The chemical conjugate anti-
Tac-Lys-PE40, which does not contain the PE binding domain, was less cyto-
toxic than anti-Tac-PE toward HUT-102 cells, with an IC50 of 13 pM compared
to 5 pM; but the nonspecific cytotoxicity toward CD25-negative cells
improved 6 to 100-fold.44,46 PE35 was chemically conjugated through its
unique cysteine residue at position 287 to anti-Tac.22 Anti-Tac-PE35 is unique
among other anti-CD25 immunotoxins in that proteolytic processing of PE is
not needed for cytotoxicity. However, anti-Tac-PE35 was found to have an
IC50 on HUT-102 cells of ~20 pM, which was not improved over that of the
chemical conjugate anti-Tac-PE40.22,44,46

Recombinant immunotoxins targeting CD25

To target CD25� cells with a recombinant protein, a single-chain Fv was
produced from the variable domains of anti-Tac (Figure 1.1) and this was
fused to truncated forms of PE. A single-chain Fv molecule composed of one
variable domain connected to the next through a peptide linker is only 26 kDa
in size, less than 20% of the size of an IgG. Anti-Tac(Fv) was constructed by
fusing VH to VL via the 15 amino acid linker (G4S)3 and the resulting Fv
fragment of anti-Tac was fused to PE40.47 Anti-Tac(Fv)-PE40 retained 1/3 of
the binding affinity of anti-Tac IgG. This recombinant immunotoxin
was extremely cytotoxic with an IC50 of 0.15 ng/ml (~2 pM) toward HUT-102
cells47 and 0.05–0.1 ng/ml toward activated human T-cells.19, 48 Anti-Tac(Fv)-
PE40 and its slightly smaller version anti-Tac(Fv)-PE38 were very cytotoxic
toward fresh malignant cells from 46 patients with ATL.19,49–51 Anti-Tac(Fv)-
PE38KDEL is a mutant of Anti-Tac(Fv)-PE38, which contains the KDEL
sequence at the carboxyl terminus instead of the native REDLK sequence
of PE. Anti-Tac(Fv)-PE38 and anti-Tac(Fv)-PE38KDEL were also very cyto-
toxic toward CD25� HCL cells, and were also cytotoxic (albeit with higher
IC50s) toward CLL cells.52 Anti-Tac(Fv)-PE38 showed antitumor activity
against CD25-expressing human tumors in mice.53,54 Anti-Tac(Fv)-
PE38KDEL was very cytotoxic toward fresh cells from patients with CLL and
PLL, although its liver toxicity in mice is also increased compared to anti-
Tac(Fv)-PE38.28,52,53,55 A recombinant immunotoxin was made containing
PE40 and anti-Tac(Fab), which due to its increased size had a markedly
increased half-life in mice.56 When preclinical activity, production yields, and
molecular size were considered for these recombinant immunotoxins, it was
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decided to continue development of anti-Tac(Fv)-PE38. This 63 kDa 
single-chain recombinant immunotoxin was called LMB-2 (Figure 1.1).

Toxicology and biodistribution of LMB-2 in animals

For toxicology evaluation, primate studies were important, since primate but
not murine CD25 binds anti-Tac. In GLP studies, anti-Tac(Fv)-PE38 was admin-
istered to four Cynomolgus monkeys at 20 mg i.v. q.o.d. � 3, and this was deter-
mined to be a no-effect dose. Monkeys tolerated anti-Tac(Fv)-PE38 at doses of
300, 750, and 1000 mg/kg i.v.q.o.d. � 3 with only loss of appetite and reversible
transaminase elevations. Pharmacokinetic studies with anti-Tac(Fv)-PE38
at 750 mg/kg i.v. showed a biphasic disappearance from serum with a T1/2�

of 58 min and a T1/2� of 170 min, and an area under the curve (AUC) of
2700 �g-min/ml. To determine the biodistribution of LMB-2 into human
tumors and normal organs, mice bearing CD25� human tumors were injected
with {125I}-LMB-2. It was determined that CD25� tumors selectively concen-
trated LMB-2 at 90 and 360 min time points, and that uptake in kidney exceeded
that in liver in terms of percentage of injected dose per gram of tissue.57,58 It was
also determined that less than 1000 molecules of LMB-2 needed to bind in vivo
to induce complete regressions. When such experiments were repeated with
{111In}-LMB-2, which is more accurate for measuring LMB-2 uptake, it was
found that LMB-2 uptake into CD25 tumors was significant even at 96 h.59

Clinical activity of LMB-2 in patients with CD25� malignancies

LMB-2 was administered to 35 patients with chemotherapy-resistant
leukemia, lymphoma, and Hodgkin’s disease (HD). The dose levels were 2,
6, 10, 20, 30, 40, 50, and 63 �g/kg every other day for three doses (q.o.d. �3).
Eight major responses were observed, including one complete remission
(CR) and seven partial responses (PR); all major responses were observed in
the twenty patients receiving 	 60 �g/kg/cycle for a response rate of 40% in
this high dose group. Out of four patients with HCL treated, 100%
responded, including one CR.60 The patient with CR had resolution of severe
pancytopenia and eradication of circulating malignant cells. The hemoglobin
was as low as 3.8 prior to treatment (prior to transfusions), and has remained
normal nearly 5 years after LMB-2. PRs were achieved in patients with CLL,
ATL, CTCL, and HD.61 Dose-limiting toxicity (DLT) occurred at the highest
dose level (63 �g/kg q.o.d. �3), where one patient had a reversible grade IV
cardiomyopathy and another patient had reversible grade IV transaminase
elevations. The maximum tolerated dose (MTD) was 40 �g/kg q.o.d. �3.
Low grade toxicity at lower dose levels included fever and transaminase
elevations. Transaminase elevations in mice appear to be mediated at least in
part by cytokines.62,63 Immunogenicity from LMB-2 was lower than expected,
with only 6 of 35 patients prevented from further treatment because of neu-
tralizing antibodies after cycle one.61 CLL patients never made neutralizing
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antibodies even after a total of 16 cycles administered to 8 patients. Three of
these patients did develop low levels of nonneutralizing anti-PE38 antibodies
without HAMA. Neutralizing antibody formation was higher in HD; out of
11 patients with HD, 3 patients made high levels of neutralizing antibodies
after 1 cycle and 2 patients made high levels after two or three cycles. The
median half-life of LMB-2 at the MTD was about 4 h, and its disappearance
from the plasma was usually monoexponential, particularly in the absence of
circulating malignant cells.

Future development of anti-CD25 recombinant immunotoxins

A phase II trial of LMB-2 is planned in patients with CD25� hematologic
malignancies, such as CLL and CTCL. Phase I trials are planned in pediatric
CD25� malignancies and also for the prevention or treatment of GVHD in
patients undergoing high-risk allotransplantation.64,65 To improve stability of
the single-chain Fv ligand, which is flexible and prone to aggregation, cysteine
residues were engineered into the framework region of anti-Tac(Fv)-
PE38KDEL and the linker between VH and VL was replaced by a more stable
disulfide bond. The disulfide-stabilized recombinant immunotoxin anti-
Tac(dsFv)-PE38KDEL was no longer a single-chain protein, since it contained
VH as a separate protein disulfide-bonded to a fusion of VL with PE38KDEL.
Nevertheless, it could be made without chemical conjugation because both
subunits, as reduced and denatured bacterial inclusion body protein, rena-
ture to the active immunotoxin when added to the refolding buffer. The
disulfide stabilization did not impair binding, cytotoxic activity, or antitumor
activity but it did improve stability at 37
C.66,67 It was found that the isoelec-
tric point (pI) of the Fv of LMB-2 could be lowered by mutagenizing residues
in the framework regions, and that this led to a decrease in animal toxicity
and improvement in the therapeutic index.62,63,68 Further preclinical develop-
ment of this low-pI mutant of LMB-2 is needed prior to clinical testing of this
new agent. To address issues of immunogenicity and half-life, LMB-2 was
PEGylated and found to retain cytotoxicity and display enhanced antitumor
activity.69 Like the MAb Anti-Tac, which was converted to LMB-2, the 
anti-CD25 MAb RFT5 was converted to the recombinant immunotoxin
RFT5(scFv)-ETA�. The truncated toxin ETA� is almost identical to PE40 and
contains amino acids 252–613 of PE. RFT5(scFv)-ETA� induced antitumor
activity in SCID mice bearing disseminated human HD.70,71

PE-based toxins targeting CD22
CD22 is a cell-adhesion molecule expressed by mature and malignant B-cells,
which is involved in antibody responses and cell-lifespan.72,73 Truncated PE
was first targeted to CD22-bearing cells using chemical conjugation to the
LL2 antibody or Fab� fragment, and the immunotoxins showed antitumor
activity against solid Burkitt’s lymphoma xenografts in mice.22,74 Murine LL2
when converted to a single-chain Fv was not stable enough to result in a
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recombinant immunotoxin with acceptable properties. A different CD22
MAb, RFB4, had previously been shown to effectively target ricin derivatives
to CD22� cells, and chemical conjugates between ricin and RFB4 or RFB4-Fab’
showed major responses in up to 30% of patients with B-cell malignan-
cies.75–79 RFB4 was chemically conjugated to truncated forms of PE80 and the
RFB4-immunotoxins were cytotoxic toward CD22� cells lines.

Targeting CD22 with recombinant immunotoxin

To construct a recombinant immunotoxin targeting CD22, the variable
domains of RFB4 were connected via a peptide linker and then connected to
PE38.81 To improve the stability of RFB4(Fv)-PE38, the variable domains were
connected by a disulfide bond instead of a peptide linker, and VH was fused
to PE38, resulting in RFB4(dsFv)-PE38 (Figure 1.1).82 The disulfide bond is
between cysteine residues replacing framework residues Arg44 of VH and
Gly100 of VL. This protein was called BL22 and was developed further for the
treatment of CD22� malignancies.

Preclinical development of BL22

To determine the antitumor activity and animal toxicology of BL22, the recom-
binant disulfide-stabilized immunotoxin was administered to nude mice
bearing human CD22� tumors and to monkeys. It was found that complete
regressions in mice of human CD22� B-cell lymphoma xenografts were
observed at plasma levels that could be tolerated in Cynomolgus monkeys.83

Fresh leukemic cells obtained from patients with CLL and NHL were also
tested in tissue culture with BL22 and found to be very sensitive.84 This study,
which showed specific killing of such cells, was important for preclinical
development because malignant cells freshly obtained from patients typically
display far fewer CD22 sites/cells compared to cell lines.

Phase I testing of BL22 in patients with B-cell malignancies

BL22 has been tested in a phase I trial of hematologic malignancies. Results
on the first 31 patients have been reported, particularly in 16 of these patients
with HCL.85 In addition to the 16 HCL patients, 4 of the 31 patients had
NHL and 11 had CLL. Like LMB-2, patients were dosed by 30 min infusion
q.o.d. �3. Patients without progressive disease or neutralizing antibodies to
the toxin could be retreated at 3-week intervals. Of the 16 HCL patients, 13
had classic HCL and 3 had HCLv, a poorer prognosis form of HCL in which
the response to purine analog therapy is very poor. All HCL patients were
pretreated with 1 to 6 separate courses of cladribine, which is considered
the most effected treatment since it can induce CR in up to 85% of patients
after a single 1-week course.86–89 Patients often had one or several courses
of prior interferon, pentostatin, and rituximab and about half had prior
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splenectomy. Dose levels included 3, 6, 10, 20, 30, 40, and 50 ug/kg q.o.d. �3,
and patients often were retreated with a variety of different dose levels.

Activity of BL22 in patients with cladribine-resistant HCL

A total of 87 cycles of BL22 were administered to 16 patients, with up to
15 cycles/patient. The response rate in HCL was 81%, with 11 CRs and 2 PRs
(12%) out of 16 evaluable patients.85 Two patients had marginal responses
with 98 to 99.5% reductions in circulating HCL counts but with persistent
lymph node masses. All 3 of the HCLv patients achieved CR. Out of the 11
CRs, 6 achieved CR after cycle 1, and 5 had CR after cycles 2 to 9. Only 1 out
of 11 CRs had minimal residual disease (MRD) in the bone marrow biopsy by
immunohistochemistry, which is know to be a risk factor for early relapse.90

A different patient had MRD in the blood by flow cytometry. The other 9 CRs
had no MR in the bone marrow biopsy or in the blood. Baseline cytopenias
including thrombocytopenia and granulocytopenia resolved after the first
cycle. Within the follow-up time of 4 to 22 (median 12) months, relapse was
documented in 3 patients after 7 to 12 months, and all 3 patients reachieved
CR with additional BL22. High levels of neutralizing antibodies were
observed in 3 patients after cycles 1 to 5. Plasma levels in patients with high
disease burden increased as they responded, indicating that the hairy cells
constituted a sink for the BL22 because of their high CD22 expression. In the
HCL patients, serious toxicity included a cytokine release syndrome in one
patient with fever, hypotension, bone pain, and weight gain (VLS) without
pulmonary edema, which resolved within 3 days. Also, 2 patients had a
completely reversible hemolytic uremic syndrome (HUS), confirmed by
renal biopsy. HUS presented clinically with hematuria and hemoglobinuria
by day 8 of cycle 2 in each case. These patients required 6 to 10 days of
plasmapheresis but not dialysis for complete resolution of renal function and
correction of thrombocytopenia and anemia. Both patients achieved CR and
in both cases all preexisting cytopenias resolved as well as those related to
HUS. These interim results thus indicated that BL22 is the first agent since
purine analogs that can induce CR in the majority of patients with HCL, and
may be the only agent that can induce CR in the majority of patients with
chemotherapy resistant HCL, particularly HCLv. The cause of HUS in
patients receiving BL22 is not known, but since HUS has not been observed
in over 100 patients receiving PE38 fused to ligands other than RFB4(dsFv),
the mechanism may in part be CD22-related.

Further clinical development of BL22

A phase II trial of BL22 is planned in HCL, and a phase I trial in CLL/NHL is
planned to more fully explore the activity of BL22 in those diseases. In addi-
tion, ex vivo studies have indicated that pediatric acute lymphoblastic
leukemia cells are usually CD22� and sensitive to BL22. A phase I trial of
BL22 in pediatric B-cell leukemia is planned.
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Improved form of BL22

To improve the targeting of PE to CD22� cells, the variable domains of BL22
were mutated to improve affinity. The method used was based on the
observation that somatic mutations in antibodies frequently occur in certain
sequences that appear in each antibody gene.91,92 These so called “hot spots”
were randomized within the CDR3 domain of the RFB4 VH, and the resulting
small libraries of single-chain Fvs screened by phage display.93 It was deter-
mined that a mutant containing the sequence THW instead of SSY at
positions 100, 100a, and 100b was much more cytotoxic than wild type
immunotoxin. A new high-affinity mutant of BL22, termed HA22, is
currently undergoing preclinical development for treating CD22� malig-
nancies, particularly CLL, where the low CD22 expression may prevent
optimal response to BL22.

PE-based toxins targeting CD30
Hodgkin’s disease Reed Sternberg (HRS) cells consistently express high
numbers of CD30 antigens, a member of the tumor necrosis factor
(TNF)/nerve growth factor (NGF) receptor superfamily.94 Tumors from
patients with non-Hodgkin’s lymphoma (NHL) are often CD30�, particu-
larly in anaplastic large cell lymphomas (ALCL), which make up 5% of all
NHL.95 Mediastinal large B-cell lymphomas are CD30� in 69% of cases.96

Because of its restricted expression in only a small subset of normal lympho-
cytes, the CD30 antigen is a potential candidate for selective targeting by
CD30-specific antibodies. Recombinant PE-based immunotoxins targeting
CD30 were produced by immunizing mice with DNA encoding human CD30,
using the spleens to construct an Fv phage display library, and isolating
Fvs that bound to soluble CD30.97 One of the anti-CD30(Fv)-PE38KDEL
molecules produced by this approach showed significant cytotoxicity toward
CD30� cell lines and displayed antitumor activity against CD30� tumors in
mice. In a second approach, spleens from CD30 DNA-immunized mice were
used to produce a panel of hybridomas, which were each produced and
screened for activity to CD30. A total of four anti-CD30 disulfide-stabilized
recombinant immunotoxins were produced, two of which had good cytotox-
icity to CD30� cell lines.98 These latter recombinant immunotoxins were
more cytotoxic than those produced by phage display.

Conclusions
Recombinant immunotoxins have proven useful in hematologic tumors.
Although they have not been tested head-to-head with their conventional
immunotoxin counterparts in humans or even in mice, their advantages, such
as ease of production, small size, �50% immunogenicity in leukemias and
lymphomas, and short half-life without life-threatening VLS, are notable.
Recombinant immunotoxins may be further improved by protein engineering
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to increase cytotoxicity and decrease undesirable toxicity. They constitute a
potentially useful treatment modality alongside other forms of surface-
targeted therapy, since: (1) they do not require immune mechanisms for cell
death; (2) they can induce cell death without apoptosis even though apoptosis
does facilitate cytotoxicity;17 (3) they appear not to cause cumulative toxicity
like radioimmunotherapy; and finally, (4) resistance to toxin appears much
more rare than resistance to chemotherapy. Major obstacles to success remain,
such as (1) immunogenicity in a significant proportion of patients, (2) serious
toxicities such as hemolytic uremic syndrome and cytokine release syndrome,
which are specific for the ligand used, and (3) limited plasma lifetime, which
may reduce response rates, particularly in the presence of bulky disease.
Approaches under consideration or development to address these issues
include (1) administration by continuous infusion to increase plasma lifetime
and tumor penetration, (2) engineering new improved ligands with more
specificity and less toxicity, and (3) combination with chemotherapy and other
agents to increase efficacy and decrease immunogenicity. It is anticipated that
significant progress will continue for the development of PE-based recombi-
nant immunotoxins for the treatment of hematologic malignancies.
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Previous studies have reported that receptors for interleukin-4 (IL-4), a
pleiotropic immunoregulatory cytokine, are overexpressed in a variety of
human solid cancer cell lines and primary cell cultures. As IL-4 can upregulate
adhesion molecules, inhibit cell proliferation, and mediate signal transduction
in tumor cell lines, these receptors are considered functional. To target IL-4R,
we have developed a chimeric fusion protein composed of a circularly per-
muted IL-4 and a mutated form of Pseudomonas exotoxin [termed IL4(38-37)-
PE38KDEL or cpIL4-PE]. Recombinant cpIL4-PE was highly cytotoxic to
cancer cells, while not cytotoxic or less cytotoxic to human hematopoietic cells
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including immune cells, bone marrow derived CD34� cells, and normal human
astrocytes. This agent showed remarkable antitumor activity in glioblastoma
multiforme, prostate cancer, lung cancer, pancreatic cancer, breast cancer,
AIDS-Kaposi’s sarcoma, and head and neck cancer models in immunodefi-
cient animals. cpIL4-PE caused partial or complete regression of established
human tumors and responses were very durable. These and other encourag-
ing preclinical efficacy, safety, and tolerability studies lead to the testing of
cpIL4-PE in patients with recurrent glioblastoma. Initially, cpIL4-PE was
administered directly into the brain tumors of nine patients. An extended
phase I/II clinical trial was recently completed to determine the safety, toler-
ability, and efficacy of cpIL4-PE in patients with recurrent glioma, whose
tumors were directly injected stereotactically using convection enhanced
delivery (CED). Our preliminary clinical results suggest that cpIL4-PE can
cause pronounced necrosis of recurrent glioma tumors without systemic tox-
icity. The CNS toxicities observed were attributed to the volume of infusion
and/or nonspecific toxicity. Additional clinical trials will reveal the antitu-
mor activities of IL-4 cytotoxin in recurrent malignant glioma.

Introduction
Interleukin-4 (IL-4) is predominantly produced by activated T lymphocytes,
mast cells, and basophils, and has been shown to mediate many effects on
numerous cell types including T cells, B cells, monocytes, mast cells, endothe-
lial cells, fibroblasts, astrocytes, and osteoblasts.1–3 IL-4 has also been shown
to have direct modest growth inhibitory effects on hematopoietic and 
non-hematopoietic tumor cell lines in vitro and in vivo.4–9 These results
brought IL-4 into clinical trials for the treatment of hematopoietic and 
non-hematopoietic malignancies.10–12 Because the clinical results were disap-
pointing, it appears that further clinical studies using IL-4 as an anticancer
agent are not being conducted.

We and others have reported that receptors for IL-4 (IL-4R) are overex-
pressed on a variety of hematopoietic and solid tumor cell including glioblas-
toma.2,3,13–15 Although the significance of the overexpression of IL-4R on
tumor cell lines is unknown, we have produced a recombinant fusion protein
termed cpIL4-PE that targets IL-4R on tumor cells.14 In this chapter, we 
summarize the expression and structure of IL-4R on solid tumor cell lines
and discuss our preclinical and preliminary clinical results using cpIL4-PE
for the treatment of recurrent glioblastoma multiforme.

Expression and structure of IL-4R on human brain tumor
cell lines
Normal cells including T cells, B cells, monocytes, eosinophils, basophils,
fibroblasts, and endothelial cells express low numbers of IL-4R, which are
sufficient for IL-4 to induce biological functions in these cells.16–21 On the
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other hand, we have reported that a variety of human solid tumor cell lines
express moderate to high numbers of IL-4R.3,13–15,22–35 In radiolabeled IL-4
binding studies, tumor cell lines were found to express intermediate to high
affinity IL-4R (Table 2.1). To demonstrate expression of IL-4R in situ, surgical
samples of high-grade astrocytoma and glioblastoma were assessed for the
expression of IL-4R by reverse transcriptase polymerase chain reaction 
(RT-PCR) and Southern blot analysis. We demonstrated that 16 of 21 surgical
samples expressed IL-4R� chain.28 In addition, 25/25 samples from another
series of primary brain tumor primary cell cultures expressed mRNA for 
IL-4R as assessed by RT-PCR.34 Out of 32 brain tumor samples, 18 were
obtained from glioblastoma multiforme (GBM) and 14 samples represented
other central nervous system tumors. Fifteen of eighteen (83%) GBM tumors
and six of seven (86%) astrocytoma were found to be moderately to highly
positive for IL-4R expression in situ.35 Although in our first study, six normal
brain tissues (five from the frontal lobe and one from the temporal of the cor-
tex) obtained from six individuals did not express detectable mRNA for 
IL-4R� chain, later studies have shown that six additional normal brain tis-
sues did express IL-4R� mRNA by RT-PCR analysis.28 However, a recent
study did not show detectable IL-4R protein in normal brain tissues by
immunohistochemistry even though IL-4R� chain mRNA was expressed.35

Chapter 2: Interleukin-4-targeted cytotoxin 25

Table 2.1 IL-4R expression in human normal cells and tumor cell lines

Cell type IL-4 binding sites/cell Kd (pM)a Reference

Normal cells
Basophils 300–600 70–100 16
Endothelial cells �50 22
Resting T and B cells �500 25–100 17–19
Monocytes 200–300 25–100 20, 21

Tumor cell lines
Renal cell carcinoma 1400–4000 100–300 15, 23
Malignant melanoma 1200–1400 360–550 24
Ovarian cancer 300–1400 330 24
Kaposi’s sarcoma 600–2200 19–160 22, 25, 94
Epidermoid carcinoma 1000 300 Unpublished data 
Breast cancer 700–4600 200–1000 24, 26
Glioblastoma 1000–3000 100–700 27
Colon cancer 2000 77 4
Pancreatic cancer 9200 370 31
Head and neck cancer 6100–13,000 — 29, 30, 105
Prostate cancer 12,000 266 33
Gastric cancer —b — 7
Lung cancer 10,600 2400 32, 61

a Kd, dissociation constant.
b Flow cytometric analysis.
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These results suggested that IL-4Rs are differentially overexpressed in
glioma samples compared to the normal brain (Table 2.2). Additional sam-
ples need to be further evaluated to confirm these findings and perhaps
define the heterogeneity of pathologically confirmed glioblastoma multi-
forme tumors.

A major component of the IL-4R is a 140 kDa protein originally termed
IL-4R�.36 It contains a WSXWS motif and four cysteine residues at a fixed
location and long intracellular domain.37 A second subunit of the IL-4R
system was identified as a component of the IL-2 receptor system, the �
chain.38,39 IL-2 receptor � chain forms a functional complex with the IL-4R�
chain. Later the IL-2R� chain was also shown to be a component of the IL-7,
IL-9, IL-15, and IL-21 receptor systems.40–43

To determine the subunit structure of the IL-4 receptor on human solid
tumor cell lines, affinity cross-linking, Northern analysis, RT-PCR, and
immunoprecipitation studies were performed.30,44, 45 Human renal cell carci-
noma, glioblastoma, colon carcinoma, ovarian carcinoma and melanoma cell
lines expressed many high affinity IL-4R sites and these receptors were
shown to consist of 140 kDa and 70 kDa proteins.15,23,24,45 However, unlike
immune cells, antibody to �c did not immunoprecipitate any bands indicat-
ing that �c did not participate in the formation of the IL-4R complex. The lack
of �c chain was further confirmed by Northern analysis.44 Since a 70 kDa
protein was identified in addition to the IL-4R� chain in tumor cell lines, we
discovered a new chain for the IL-4R complex. This protein was later cloned
in the IL-13R system and termed IL-13R�1 chain.46–49 To determine the inter-
action between IL-4 and IL-13 receptor systems, cross-competition studies
were performed using IL-13. We determined whether binding of 125I-IL-4 was
competed by an excess of IL-13. In most cell lines tested, unlabeled IL-13
inhibited IL-4 binding to its receptors.24,30,44,50 These results and other studies
suggested that in human solid tumor cells, IL-4R and IL-13R are related and
may share chain(s) with each other.45,50–56 Reconstitution studies suggested
that IL-13R�1 chain can form a complex with IL-4R� chain in the formation
of a functional IL-4R complex.51,57 These studies further demonstrated that
the IL-13R�1 chain can substitute for �c in mediating IL-4 signaling and thus
this chain forms a third subunit of the IL-4R system (IL-4R�, IL-2R�c, and 
IL-13R�1).51,56–59 Based on these studies, we proposed that immune T cells
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Table 2.2 Expression of IL-4R� mRNA and proteins in situ

Ref. 28 Ref. 34 Ref. 35

Tissues RT-PCRa RT-PCR IHCb

Glioblastoma 15/19 17/17 15/18
Malignant astrocytoma 1/2 2/2 6/7
Oligodendroglioma — 3/3 3/3
Normal brain 1/6 2/2 0/4

a RT-PCR, reverse transcriptase-polymerase chain reaction.
b IHC, immunohistochemistry.
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and NK cells express type I IL-4R and tumor cells express type II IL-4R
(Figure 2.1). However, there are certain immune cells (e.g., B cells and mono-
cytes) that express type III IL-4R. Whether all three chains form a functional
complex with IL-4 is not known.

IL-4R on solid tumor cells are considered to be functional because IL-4 is
able to mediate signal transduction, inhibit cell growth, and increase expression
of major histocompatibility antigens and intracellular adhesion molecule-1
(ICAM-1) in some tumor cell lines.60–64 IL-4 utilizes JAK/STAT pathways for
signaling in both immune and solid tumor cell lines.51,57 In immune cells, 
IL-4 phosphorylates and activates JAK1 and JAK3 tyrosine kinases, however,
in certain tumor cell lines it phosphorylates and activates JAK1 and JAK2
tyrosine kinases.45,51 Irrespective of these differences IL-4 activates STAT6
(signal transduction and activators of transcription) in both cell types.51

Although growth–inhibitory effects of IL-4 were seen in some solid
tumor cell lines, IL-4 did not modulate tumor growth in glioblastoma cells.27

The reason for this difference is unclear. Glioma cells expressed a similar
configuration of IL-4R as seen in renal cell carcinoma cells, in which IL-4 can
inhibit proliferation in vitro.15 Recently, the IL-13R�2 chain65,66 has been
shown to act as a decoy receptor for IL-13 and inhibit IL-4-dependent signal
transduction in glioblastoma cells.67–72 Additional studies are needed to
define the significance of IL-4R expression in glioma cells.

Development of IL-4R-targeted cytotoxin (in vitro studies)
To target the IL-4R that were found to be overexpressed on solid tumor cells,
we generated a chimeric protein composed of IL-4 and a truncated form of
Pseudomonas exotoxin, IL-4 cytotoxin. This form of fusion protein, called an
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immunotoxin or cytotoxin, targets specific cell-surface antigens or receptors on
cancer cells.73–79 Pseudomonas exotoxins (PE) is a natural bacterial toxin secreted
by Pseudomonas aeruginosa. PE has three domains: domain Ia binds to PE recep-
tors, domain II catalyzes the translocation of the toxin into the cytosol, and
domain III inhibits protein synthesis by inhibition of ADP ribosylation of elon-
gation factor 2.75 The receptors for PE are ubiquitously expressed on many
types of cells, and cells are killed after binding to PE. However, by replacing the
binding domain of PE with human IL-4, one can subsequently decrease non-
specific cytotoxic activity and assign a new specific function to PE. This fusion
protein will only bind to cells expressing IL-4R on their cell surface, and these
cells will be killed only when they are able to internalize PE molecules that
are processed in the correct intracellular compartment of the cytoplasm. This
chimeric toxin, IL4-PE4E, was first developed by the fusion of human IL-4
cDNA to the 5� end of cDNA encoding a full-length PE containing mutations
in domain Ia of the toxin.14,79–81 This toxin was produced by expressing the
chimeric gene in Escherichia coli, and then purifying the recombinant monomer
from inclusion bodies. The purified IL4- PE4E was found to be highly cytotoxic
to brain tumor cell lines, while irrelevant fusion toxins IL2-PE4E or IL6-PE4E

were not cytotoxic to brain tumor cells.27 The cytotoxicity of IL4-PE4E was
specific because it was neutralized by an excess of human IL-4 in all brain
tumor cell lines tested. IL4-PE4E was not cytotoxic to many types of normal
human cells.28 In addition, an IL-4 cytotoxin mutant lacking ADP-ribosylating
activity in domain III of PE (IL4-PE4D) was not cytotoxic to brain tumor cells,
indicating that the IL-4 cytotoxin-mediated cytotoxicity of the tumor cells
required both IL-4R binding and enzymatic toxin activity.27

Because IL4-PE4E bound to IL-4R in human glioma cells with 37-fold less
binding affinity than IL-4 itself, we produced a circularly permuted IL-4
cytotoxin, termed IL4(38-37)-PE38KDEL or cpIL4-PE as shown in
Figure 2.2.82–84 This molecule contains amino acids 38–129 of IL-4, fused via a
peptide linker to amino acids 1–37, which in turn is fused to amino acids
353–364 and 381–608 of PE, with KDEL (an endoplasmic retaining sequence),
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at positions 609–612. This purified cytotoxin (cpIL4-PE) was found to be
highly cytotoxic to IL-4R-positive human solid cancer cell lines. Recombinant
cpIL4-PE bound to human glioblastoma cells with 16-fold higher affinity
than the native noncircular permuted IL-4 cytotoxins, IL4-PE4E, or IL4-
PE38KDEL.82,83 In addition, cpIL-4PE was 3- to 30-fold more cytotoxic to
glioblastoma cell lines compared with the first-generation toxins IL4-PE4E or
noncircular permuted IL4-PE38KDEL.28 As shown in Table 2.3, the IC50

representing the concentration of IL-4 cytotoxin, cpIL4-PE, at which 50%
inhibition of protein synthesis is observed compared with untreated cells,
was around 10 ng/ml in most (17 of 23) brain tumor cell lines.13,28,35 The
cytotoxic activity of cpIL4-PE was specific, since excess IL-4 neutralized its
cytotoxic activity to the cancer cells. In addition, although the cell death
mechanism of cpIL4-PE to each individual cancer cell type has not been fully
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Table 2.3 Cytotoxic activity of cpIL4-PE to glioma cell lines and
primary cell cultures

IC50 (ng/ml)

Glioblastoma, glioma cell lines (Refs. 3, 13)
T98G 6
A172 5
U87MG 50
U373MG 12
SN19 20
SF295 150
U251 15
H638 25

Glioblastoma explants (Ref. 35)
GBM1 200
GBM2 10
GBM3 5
GBM4 10
GBM5 12
GBM6 12
GBM7 750
GBM8 13
GBM9 12
GBM10 12
GBM11 5
GBM12 4
GBM13 1
GBM14 2
GBM15 6

Normal brain cell line
Normal human astrocyte (NHA) 350
Human neuronal cell (NT-2) �1000
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investigated, we and others have reported that PE-based cytotoxins can
cause apoptotic cell death in addition to necrosis.30,85–89

The potent cytotoxic activity of cpIL-4PE was confirmed by clonogenic
assays.30,90,91 Tumor colonies formed by U251 cells were sensitive to cpIL4-PE
in a dose-dependent manner at levels similar to those observed in protein
synthesis inhibition assays. More than 50% of colonies were inhibited at
1 ng/ml of cpIL4-PE.90 In addition, the growth of two glioblastoma cell lines,
U251 and T98G, was inhibited in a time-dependent manner. More than 91%
of U251 colonies were killed within 4 h, and 86% of T98G colonies were killed
within 24 h. Continuous exposure to IL-4 cytotoxin for 10 days completely
inhibited colony formation in both cell lines.90 Because clonogenicity in vitro
correlates with in vivo malignant phenotype in xenografts,92,93 our studies
suggest that cpIL4-PE will have antitumor activity in vivo.

In vivo antitumor activity of IL-4 cytotoxin in 
animal models of glioblastoma
Based on the exciting in vitro results, the in vivo antitumor activity of cpIL4-
PE was investigated. Athymic nude mice were injected subcutaneously (s.c.)
with human cancer cells including glioblastoma, pancreatic cancer, prostate
cancer, head and neck cancer, lung cancer, breast cancer, and AIDS Kaposi’s
sarcoma.26,31–33,83,90,94,95 When U251 glioblastoma cells were injected s.c. in
nude mice, tumor developed to a mean size of 13 to 30 mm2 after 3 to 6 days.90

These cells consistently generated solid tumors in all injected animals. The
efficacy of cpIL4-PE when administered by different routes and dosing
schedules was evaluated.

Intraperitoneal (i.p.) administration of cpIL4-PE on alternate days for a
total of three injections significantly inhibited tumor growth in a dose-dependent
manner. Complete tumor regressions were seen at the two highest i.p. doses
(50 or 100 �g/kg) in U251 s.c. established tumors. Three of five U251 tumor-
bearing mice were complete responders in the highest dose treated groups,
and remained tumor-free during a long-term follow-up period. In mice
treated with the lowest dose (25 �g/kg), the size of tumors was significantly
smaller than mice treated with excipient alone (control). All animals tolerated
the therapy well without any evidence of nonspecific toxicity.

Antitumor activity of cpIL4-PE was also assessed by intravenous (i.v.)
administration. U251 tumor bearing mice were injected i.v. with one of three
different doses of cpIL4-PE on alternate days for a total of three injections and
then tumor sizes were measured. The three different doses selected were 50,
100, or 200 �g/kg. Tumor regression was noted in all of the mice treated with
cpIL4-PE at all dose levels. The effect of cpIL4-PE was clearly dose depen-
dent; however, complete regressions were not observed. This was attributed
to short serum half-life and drug availability at the tumor site. Improved
delivery methods or perhaps continuous infusions would lead to complete
responses as seen in the i.p. route of cpIL-4PE administration.96
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Because glioma is a localized central nervous system disease, it is possible
to administer therapeutic agents directly into the tumor bed. Therefore, we
investigated whether intratumoral (i.t.) treatment would lead to improved
antitumor activity. U251 s.c. tumor bearing nude mice were injected i.t. with
various doses and schedules of cpIL4-PE (up to 1000 �g/kg). When tumors
were injected with 250 �g/kg of cpIL4-PE (alternate days for three injec-
tions), they began to decrease significantly in size by day 10, and all of the
treated mice exhibited complete regression by day 24. Although tumors
recurred in 50% of the mice by day 37 from tumor implantation, the mean
size of the tumors remained significantly smaller than that of the control
group (2% of control tumor size) through day 58. Based on these promising
results, we evaluated the antitumor activity of cpIL4-PE against relatively
larger (60 mm2) U251 s.c. established tumors. Complete tumor regression in
100% of the mice treated with 750 �g/kg cpIL4-PE 	3 days on alternate days
was seen and mice remained tumor-free for at least 3 months. Taken together,
these results suggested that cpIL-4PE can mediate remarkable anti-glioma
activity, which encouraged us to consider the initiation of a Phase I clinical
trial in patients with recurrent glioma.

Toxicology and pharmacokinetics of IL-4 cytotoxin in
preclinical studies
In vivo toxicology and pharmacokinetic studies in mice, rats, guinea pigs, and
cynomolgus monkeys were conducted.83,94 The LD50 in mice was determined
to be 475 �g/kg administered every other day for a total of three injections.
At 400 �g/kg and higher doses administered every other day for a total of
three injections, liver enzymes were elevated. Thus, the dose-limiting toxicity
(DLT) in mice was liver toxicity. This toxicity was most likely related to
nonspecific uptake of the toxin by the liver since human IL-4 does not bind
murine cells.97 The serum half life (t1/2) of cpIL4-PE was 10 min after a single
intravenous administration of the drug in nude mice.83

To determine the concentration of cpIL4-PE required to cause necrosis in
normal brain tissues by nonspecific internalization into cells, we employed a
rat model. Rat IL-4R also do not bind human IL-4. Six groups of rats were
injected in the frontal cortex with various doses of cpIL4-PE. On day 4, the
animals were sacrificed and their brain tissues were examined microscopi-
cally. All animals survived until the terminal necropsy. No abnormalities in
behavior were noted and the mean body weights did not change in all
groups. There were no remarkable gross pathology findings. No histopatho-
logical changes were observed at cpIL4-PE concentrations of �100 �g/kg.
However, microscopic evaluation revealed necrosis of the right cortical hemi-
sphere at the injection site in the group receiving 1000 �g/kg cpIL4-PE.28

We also performed intrathecal administration of cpIL4-PE in monkeys as
a pharmacologic/toxicologic model for intratumor injection of patients.
Because human IL-4 is primate-specific and can bind to monkey fibroblast

Chapter 2: Interleukin-4-targeted cytotoxin 31

Koji_Ch-02.qxd  10/7/04  12:08 PM  Page 31

© 2005 by CRC Press



and gibbon ape leukemia cells, this model allowed us to evaluate the
pharmacologic and toxicologic consequences of cpIL4-PE injection into the
normal brain.41,98,99 To determine the CSF levels of cpIL4-PE after intrathecal
administration, cynomolgus monkeys were injected with 0.2% human serum
albumin-PBS containing 0, 2, or 6 �g/kg of cpIL4-PE on days 1, 3, and 5.28 The
CSF samples were drawn at various time points. Serum samples were also
collected 2 h after injection on days 3 and 5 at each dose level. High cpIL4-PE
levels were measurable in CSF after administration of the drug. Because the
CSF volume is approximately 1 ml/kg, the levels at 2 h were �15% of peak
values expected if the drug were to immediately distribute throughout the
CSF. cpIL4-PE was cleared rapidly from the CSF, as at 24 h after injection less
than 1% of the drug remained. No detectable serum levels of cpIL4-PE were
observed in any group. The same monkeys utilized for pharmacokinetic
studies were also evaluated for any signs or alterations in hematology and
clinical chemistry alterations as an indicator of toxicity. No systemic toxicity
was observed as expected by the absence of the drug in the serum. No
changes in hematology and serum chemistry were observed in any of the
monkeys studied, consistent with the absence of cpIL4-PE in the serum.
Creatinine phosphokinase (CPK) BB bands, which can be a sensitive enzyme
indicator for brain injury, were not elevated in any of the monkeys examined.

Cynomolgus monkeys were also injected intravenously with two doses
of cpIL4-PE and serum chemistry and hematological parameters were
assessed. These monkeys were administered 50 and 200 �g/kg doses, on
alternate days for three injections. Both monkeys tolerated these doses well,
however, reversible hepatic toxicities were observed. High-peak serum levels
of the drug were observed at both doses (7 and 2.5 �g/ml at 200 and
50 �g/kg doses) (Kreitman, R.J., Puri, R.K., and Pastan, I., unpublished
results). These studies suggested that high-peak concentrations of cpIL4-PE
are well tolerated without major toxicities.

Interestingly, only ~10 to 100 ng/ml of cpIL4-PE was sufficient to kill
more than 95% of glioblastoma cells in tissue culture. However, a 17-fold
higher concentration of cpIL4-PE at the 6 �g/kg dose and a ~3- to 4-fold
higher concentration at the 2 �g/kg dose by intrathecal route did not cause
any noticeable pathological changes.28 These results therefore predict that
sufficient levels of IL-4 cytotoxin could be achieved for therapeutic efficacy
by administration of only 1 to 2 �g/kg of cpIL4-PE. Higher concentrations of
cpIL4-PE may not be needed and thus will avoid nonspecific toxicity.

Clinical trials with IL-4 cytotoxin in recurrent
glioblastoma patients
Based on our preclinical results, we initiated a Phase I clinical trial to deter-
mine the safety and tolerability of cpIL4-PE in recurrent human malignant
glioblastoma when injected intratumorally by CED utilizing two to three
catheters.100 This trial was initiated at the John Wayne Cancer Institute and
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St. John’s Hospital, Santa Monica, California. Our protocol was approved by
the Institutional Review Boards of the Food and Drug Administration (FDA)
and St. John’s Hospital, and an Investigational New Drug (IND) application
was allowed by the FDA. cpIL4-PE was infused by Dr. Robert Rand of the
John Wayne Cancer Institute. The cpIL4-PE was produced following current
good manufacturing practices (cGMP).

Nine patients with recurrent brain tumors who failed standard therapy
including radiation therapy and/or chemotherapy were enrolled. These
patients did not receive any other treatment within 3 weeks of inclusion into
the trial. All nine patients had adequate baseline organ functions, as assessed
by standard laboratory parameters on their preoperation visit. Patients with
diffuse tumors or cerebrospinal fluid metastasis were excluded from the study.

All patients underwent a standard stereotactic biopsy under CT, as
previously described.101 Up to three silastic infusion catheters (2.1 mm outer
diameter, Pudenz catheter[s]) were placed with the tip at a selected site in the
tumor using stereotactic guidance through small twist drill holes. The sites for
catheter placement were judged by individual neurosurgeons. The numbers
of catheters were selected on the basis of the volume to be infused and to
ensure maximum saturation of the tumor bed and margins in the designated
period of time. After surgery, the externalized catheters were connected to
Medex 2010 micropumps (Medtronic, Inc., Minneapolis) that were filled with
cpIL4-PE. Infusion within each catheter began within 24 h after catheter inser-
tion at a very slow pace over a 4- to 8-day period (0.3–0.6 ml/h).

Preclinical studies guided the starting dose of cpIL4-PE. The first dose
level of 0.2 �g/ml was 500 times lower than the maximum-tolerated dose
(MTD; 100 �g/ml) that did not produce histological damage to the normal
brain when administered in brain parenchyma in rats and 1/30 of the MTD
injected intrathecally in monkeys. The dose was escalated one log to the next
cohort of three patients and then a half log to the highest dose (6 �g/ml). The
volume of fluid infused was determined on the basis of the tumor volume
determined by MRI, including 1–2 cm margins of normal brain tissue. No
symptoms of increased ICP (intracranial pressure) were observed during the
infusion. However, cerebral edema causing corresponding signs and symp-
toms of ICP developed on days 27, 14, and 10 in three patients respectively.
Four other patients developed increased ICP between 43 and 97 days post-
cpIL4-PE infusion. Seven of nine patients experiencing increased ICP under-
went craniotomy, which ameliorated these symptoms. Since three patients
showed increased ICP within 30 days of infusion, it is possible that the
amount of fluid administered contributed to this adverse event.
Alternatively, cpIL4-PE might have been toxic to the normal brain. However,
biopsy samples surrounding tumor resection did not show toxicity to the
normal brain.100 No apparent systemic toxicity based on serum chemistry
and hematological studies occurred in any patient. Six of nine patients receiv-
ing infusions of cpIL4-PE showed tumor necrosis. Of six patients, one patient
remained disease free for �18 months after the procedure (Figure 2.3). Based
on these initial clinical results, we concluded that direct glioma injection of
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cpIL4-PE was relatively safe without systemic toxicity, and caused necrosis of
malignant gliomas that were refractory to conventional therapy.

Additional clinical trials were subsequently initiated at multiple centers
in the United States and Germany to determine the MTD, volume, and safety
of this agent when injected stereotactically.102 This trial was designed as a
dose-escalation trial of i.t. administration of cpIL4-PE in 31 patients with
recurrent malignant glioma. Patients diagnosed with supratentorial grades 3
and 4 malignant glioma were verified histologically. Twenty-five patients
were diagnosed with GBM, while six were diagnosed with anaplastic astro-
cytoma (AA) and assigned to one of four dose groups: 6 �g/ml 	 40 ml,
9 �g/ml 	 40 ml, 15 �g/ml 	 40 ml, or 9 �g/ml 	 100 ml of cpIL4-PE
administered i.t. via stereotactically placed catheters. As in the previous pilot
trial, all patients had adequate baseline organ function. Patients with
subependymal or CSF disease, with anaplastic oligodendroglioma, with
tumors involving the brainstem, cerebellum, or both hemispheres, with an
active infection requiring treatment or with an unexplained febrile illness,
who had received any form of radiation therapy or chemotherapy within
4 weeks of enrollment, or with systemic diseases that may have been associ-
ated with unacceptable anesthetic or operative risk were excluded. Similar to
the previous trial, no systemic toxicity was apparent in any patients. Adverse
effects noted were primarily limited to the central nervous system and
appeared to be related to increased cerebral edema seen after drug adminis-
tration. In all cases, the edema was treatable by medical or surgical means and
neurological deficits were for the most part transient in nature. There were no
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Figure 2.3 Complete regression of glioblastoma by cpIL4-PE (adapted from Ref.
100). Contrast brain MRI studies of a patient: three consecutive sections (A to C) show
a cavity lesion in the right partial resection of a glioblastoma. Abnormal enhancement
is present in the periphery of the lesion representing residual or recurrent tumor.
There is no significant mass effect or edema. In D to F, images of comparable
tomographic sections 9 months posttreatment show that the cavity has decreased in
size. Residual enhancement remains in the regions of the tumor
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deaths attributable to cpIL4-PE. Drug-related grades 3 or 4 CNS toxicity
according to NCI Common Toxicity Criteria, was seen in 39% of patients in
all dose groups. Serum levels of cpIL4-PE assessed by ELISA (sensitivity

 5 ng/ml) were undetectable suggesting that intact cpIL4-PE did not enter
the systemic circulation in appreciable quantities, however IgG antibody to
the PE domain increased. Because no cpIL4-PE could be detected in the
plasma, it is unclear whether the detected antibody to PE was against intact
cpIL4-PE or fragments of cpIL4-PE.

The evidence of tumor necrosis was evaluated by changes in gadolinium
enhancement by MRI. Post-infusion contrast MRI scans showed a distinct
region of decreased signal intensity consistent with possible tumor necrosis
and decreased contrast enhancement immediately after the end of infusion.
Although tumor necrosis was not confirmed by biological examination, in
our previous study, cpIL4-PE induced changes in gadolinium enhancement
representing positive tumor necrosis was confirmed by histological exami-
nation of tissues in several patients.100 The MTD of cpIL-4PE has yet to be
defined in this study. In addition, because of known difficulties in the assess-
ment of biological responses in the recurrent glioma setting no clear-cut
drug effect was identified. To resolve these issues, a new protocol was
designed, which stipulated CED of cpIL-4PE followed by tumor resection
approximately 3 weeks later so MRI results may be confirmed by visual and
histological examination. This protocol has been initiated. Our studies under-
score the difficulty in designing a trial for recurrent glioma therapy and
suggest that determining the optimum delivery of an agent to tumors is as
critical as identification of a novel target, such as IL-4R.

Concluding remarks
In this chapter, we have summarized our discovery of the overexpression of
IL-4R in human solid tumor cell lines including malignant glioma cells. From
76% to 100% of malignant astrocytoma samples obtained from patients
undergoing surgical resection, and all glioblastoma cell lines and primary
glioma cultures examined, were positive for the expression of IL-4R as deter-
mined by RT-PCR, Southern blot, and immunohistochemical analyses. In
contrast, 6 of 11 normal brain tissues were found to be positive for IL-4R
mRNA, however, protein expression could not be documented on normal
brain sections by immunohistochemistry. We also determined that the
structure of IL-4R on glioma cells is different from normal immune cells.

To target brain tumor cells, we have produced three generations of IL-
4R-targeted cytotoxins. Among these proteins, a circular permuted IL-4
cytotoxin IL4(38-37)-PE38KDEL was more effective against brain tumors
compared to first-generation IL-4 cytotoxin IL4-PE4E. The circular permutation
of IL-4 not only improved the binding affinity of IL-4 cytotoxin but also
improved cytotoxicity to tumor cells. This is a desirable characteristic of a
chimeric molecule that is expected to result in a more effective targeting
agent with no increase in nonspecific toxicity.

Chapter 2: Interleukin-4-targeted cytotoxin 35

Koji_Ch-02.qxd  10/7/04  12:08 PM  Page 35

© 2005 by CRC Press



As cpIL4-PE was highly cytotoxic to IL-4R bearing brain cancer cell lines
and primary cell cultures in vitro, we investigated whether it is also active
in vivo in animal models of glioma tumors. Our extensive experiments suc-
cessfully demonstrated that administration of cpIL4-PE to human tumor
bearing mice can cause significant antitumor activity without any evidence
of visible toxicity. Intratumoral injection of cpIL4-PE was most effective in
eliminating gliomas established at subcutaneous sites in the flanks of nude
mice. This is because intratumor administration of drug resulted in the satu-
ration of the tumor bed, with subsequent complete eradication of established
large tumors. Thus, it is reasonable to believe that intraglioma administration
of cpIL4-PE will saturate the entire tumor bed and, because of bulk flow
action, this drug may also be able to saturate the immediate proximity of the
tumor bed, which contains tumor cells that cause recurrence.

Although we did not discuss here in detail, cancer cells that express low
levels of IL-4R are less sensitive to the cytotoxic effect of cpIL4-PE.27 Our
recent data have shown that gene transfer of IL-4R� chain in tumor cells can
highly sensitize these tumors to the cytotoxic effect of cpIL4-PE both in vitro
and in vivo.91,103,104 Using this approach, it is possible that localized tumor
can be treated with a minimal dose of cpIL4-PE without nonspecific toxicity.
Additional studies are currently being undertaken in our laboratory to take
advantage of this knowledge to develop additional therapies for human
glioma.

Finally, two Phase I clinical trials for the treatment of recurrent grade IV
astrocytoma by intratumoral administration of cpIL4-PE have been com-
pleted. Preliminary clinical results suggest that cpIL4-PE can be safely
administered without systemic toxicities. The treatment-related adverse
events were limited to the central nervous system. The MTD of 6 �g/ml 	 40 ml
of cpIL4-PE was determined. Evidence of tumor response was shown in the
decreased signal density by MRI consistent with tumor necrosis following
treatment. As intratumoral administration bypassed systemic toxicity and
because glioblastoma multiforme is not generally a systemic disease, intratu-
moral injection of cpIL4-PE offers a promising new agent for brain tumor
therapy.
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die from this disease. An increased incidence has been observed for several
types of malignancies over the past two decades because of poor response to
currently available therapies. Targeted therapeutic approaches based on the dis-
covery of tumor antigens or receptors appear to provide novel highly specific
agents for the treatment and management of cancer. To develop these mole-
cules, we have identified a unique tumor target in the form of interleukin-13
receptors (IL-13R) that are overexpressed on the cell surface of different solid
human tumors including renal cell carcinoma (RCC), brain tumors including
glioblastoma multiforme (GBM), AIDS-associated Kaposi’s sarcoma, some
squamous cell carcinoma of head and neck (SCCHN), and ovarian cancer. To
target these receptors, we developed a chimeric fusion protein composed of IL-
13 and Pseudomonas exotoxin (IL-13 cytotoxin or IL-13-PE) that specifically
binds to IL-13 receptor positive cells and kills them by inducing apoptosis and
necrosis in a dose-dependent manner. In addition, IL-13 cytotoxin can mediate
significant antitumor activity in vivo in a murine model of human cancers.
Administration of this cytotoxin either by intravenous, intraperitoneal, or intra-
tumor routes caused significant regression of established human RCC and
glioma tumors with complete responses, which were durable for a long period
of time. Preclinical studies for safety and toxicity in mice, rats, and monkeys
have demonstrated that the animals tolerated IL-13 cytotoxin well with mini-
mal toxicity to vital organs. In addition, intra rat brain parenchyma administra-
tion of IL-13 cytotoxin at doses up to 100 �g/ml was well tolerated without any
evidence of gross or microscopic necrosis, but at a higher dose (500 �g/ml), the
animals developed localized necrosis in their brain. 

Based on these and other studies, four Phase I/II clinical trials were initi-
ated in patients with GBM and advanced metastatic RCC. In GBM patients, the
first clinical trial involves convection-enhanced delivery (CED) of IL-13 cyto-
toxin into recurrent malignant glioma. IL-13 cytotoxin administration
through this route appears to be well tolerated with no signs of neurotoxic-
ity. The second clinical trial involves infusion of IL-13 cytotoxin by CED fol-
lowing tumor resection. The initial stage of the second study assessed
histologic effects of the drug administered prior to resection. In the third
study, IL-13 cytotoxin is infused by CED followed by tumor resection. For the
RCC trial, IL-13 cytotoxin was administered intravenously in patients with
advanced and progressing disease. Our clinical studies have demonstrated
that IL-13 cytotoxin could be safely administered intravenously at a dose of
up to 2 �g/kg q.o.d. �3 in the RCC trial and intratumorally up to 4 �g/ml in
the GBM trial; these trials are currently ongoing. Future Phase I/II clinical
trials will examine safety and activity of IL-13 cytotoxin in other cancers
expressing IL-13 receptors and Phase II/III studies will examine the efficacy
of IL-13 cytotoxin in human RCC and GBM patients.

Introduction
Human malignant tumors differ fundamentally from normal or non-cancerous
cells by displaying an identifiable antigenic behavior and genetic instability.
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It reflects a constant turnover of new antigens in tumors as they develop
and progress. The pattern is highly specific, generally not seen in normal,
nontransformed tissues, which preserve a stable phenotypic or antigenic
profile. The uncontrolled tumor growth is definitely a common biological
characteristic of all malignant tumors. In particular, malignant brain tumors,
especially glioblastoma multiforme (GBM) and renal cell carcinoma (RCC),
the focus of this chapter, have a poor prognosis because of their diffuse infil-
trative nature and marked cytologic heterogeneity, respectively. More than
35,000 adult Americans are diagnosed with brain tumors each year; 15 to 35%
of these intracranial tumors are diagnosed as GBM (Greig et al. 1990; Ries
et al. 2000) and approximately 13,300 of these patients die from brain tumors
each year (States 1994). Renal cell carcinoma (RCC), is the third most com-
mon tumor of the urogenital tract. Its incidence has been increasing by 2 to
4% per year since the 1970s (Zucchi et al. 2003). Out of the 31,900 patients
diagnosed with RCC in the United States each year, approximately 11,900
patients die of their disease (Jemal et al. 2003).

Despite the use of conventional therapies such as radiotherapy,
immunotherapy, chemotherapy, or surgery, the median survival time for
WHO-classified grade IV malignant glioma remains a dismal 47 weeks
(Galanis et al. 1998). Approximately 30% of RCC patients with metastatic
disease respond to conventional therapeutic regimens. Though surgical
removal of the localized or metastatic tumors is considered to be an effective
therapy resulting in long-term survival in some individuals, these malignancies
in RCC patients are usually uncontrollable once it has spread beyond the
kidney (Indolfi et al. 2003). New therapeutic approaches including biological
therapy with interleukin-2 or interferon have resulted in some responses in a
minority of patients, with occasional long-term survivors (Fossa et al. 1991;
Fyfe et al. 1995; Guirguis et al. 2002; Hurst et al. 1999; Rosenberg 1997; Wagner
et al. 1999). On the other hand, recent advances in translational research and
development of new therapeutic approaches, such as gene therapy (Deen
et al. 1993; Valery et al. 2002) and immunotherapy, have shown new promises
for treating patients with malignant gliomas and renal cell carcinoma. These
approaches could also be used in combination with standard therapies or
independently. An increasing number of studies are currently exploring the
utility of immunotherapy including manipulating the host’s cellular and
humoral immune system for the management and therapy of RCC (Fossa
et al. 1991; Fyfe et al. 1995; Indolfi et al. 2003). Further, the use of anti-
angiogenic factors or antibodies to these factors have also shown some
promising results (Campbell and Marcus 2003; Dabrowska et al. 2001; Liu et
al. 2003; Matsuoka et al. 2003; Oosterwijk et al. 2003; Scappaticci 2002).

Another approach for the therapy of human cancer has evolved over the
past two decades. In this approach, tumor-specific antigens or receptors are
targeted by conjugated or fused immunotoxins or cytotoxins, which
comprise an antibody, a fragment or a ligand, and a toxin moiety derived
either from plant or bacteria or sometimes a chemical toxin (Frankel et al.
2000a; Frankel et al. 2000b; Frankel et al. 2002; Goldberg et al. 1995; Grossbard
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et al. 1993; Husain et al. 1998; Joshi et al. 2000; Kawakami et al. 2003; Kreitman
et al. 1999; Pai et al. 1996; Pai-Scherf et al. 1999; Pastan et al. 1995; Puri, 2000;
Waldmann et al. 1992.). This approach has resulted in the licensure of two
targeted agents for the therapy of cutaneous T-cell lymphoma and acute
myelogenous leukemia (Hamann et al. 2002; van Der Velden et al. 2001).
A similar approach may also be very useful for other cancers including
malignant brain tumors and renal cell carcinoma.

In this chapter, we focus on preclinical and clinical studies in the devel-
opment of a molecule, IL-13 cytotoxin (IL-13-PE38QQR) for targeting of
human cancers. Most preclinical and clinical studies will focus on malignant
gliomas and human RCC as these studies have advanced considerably.
Testing of IL-13 cytotoxin was made possible by our initial discovery of the
overexpression of Interleukin-13 (IL-13) receptors on human RCC cell lines
(Obiri et al. 1995). We also describe the receptor structure and biological sig-
nificance of these receptors in RCC.

IL-13 and its receptors
IL-13 is an approximately 12 kDa pleotropic cytokine originally described as
a T-cell-derived growth factor and was cloned from activated T-cells (Brown
et al. 1989; Minty et al. 1993). The IL-13 gene has a close structural and func-
tional relationship with the IL-4 gene, and IL-13 protein is found to have a
30% identity in the amino acid sequence to IL-4 protein (Aversa et al. 1993;
Zurawski et al. 1993). The known biological functions of IL-13 have
expanded considerably over the past few years. Some of the major biological
activities of IL-13 include inhibition of production of inflammatory cytokines
by monocytes (de Waal Malefyt et al. 1993; Minty et al. 1993) and induction
of anti-CD40-dependent IgG/IgE class switch and IgG and IgM synthesis by
B-cells (Cocks et al. 1993; Defrance et al. 1994; McKenzie et al. 1993; Minty
et al. 1993; Punnonen et al. 1993). IL-13 shares many overlapping biological
activities with IL-4. However in contrast to IL-4, IL-13 does not seem to have
an effect on resting or activated T-cells (Punnonen et al. 1993; Zurawski and
de Vries 1994). In recent years IL-13 has evolved as a key mediator of inflam-
matory diseases including allergies and pulmonary asthma (Blease et al.
2002; Blease et al. 2001; Danahay et al. 2002; Jakubzick et al. 2003a; Jakubzick
et al. 2003b; Jakubzick et al. 2002; Kraft et al. 2001; Sela 1999; Tomkinson et al.
2001; Vogel 1998a; Vogel 1998b; Zimmermann et al. 2003).

IL-13 binds to its plasma membrane receptors to produce a biological
response. Our laboratory was the first to identify the overexpression of IL-13
receptors (IL-13R) on human renal cell carcinoma cells (Obiri et al. 1995).
Later on, we demonstrated that many human tumor cell lines and tissues
originating from malignant glioma, AIDS-associated Kaposi’s sarcoma
(AIDS-KS), squamous cell carcinoma of head and neck (SCCHN) and medul-
loblastoma express large numbers of IL-13R (Debinski et al. 1996; Debinski
et al. 1995b; Husain et al. 1997; Joshi et al. 2003; Joshi et al. 2002; Joshi et al. 2000;
Kawakami et al. 2001d; Obiri et al. 1995). In contrast, human B-cells, monocytes,
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T-cells, and endothelial cells express undetectable or low numbers of these
receptors (Obiri et al. 1997b).

Because RCC tumor cells expressed high numbers of IL-13R, the binding
characteristics and structure of the IL-13R was studied in RCC and other
tumor cells. Based on the binding studies, we first proposed that 125I-IL-13
cross links to a single 60 to 70 kDa protein on RCC tumor cells (Obiri et al.
1995). We further proposed that the IL-13R comprises two proteins each of
65 to 70 kDa (Obiri et al. 1995). Indeed, two different chains of IL-13 receptor
were later cloned. One of the IL-13 receptor chains was first cloned in a
murine system and later a human homologue was cloned (Aman et al. 1996;
Hilton et al. 1996). This chain is termed IL-13R�1 (also known as IL-13R or 
IL-13R ��). This chain forms a complex with the primary IL-4 binding protein
(IL-4R� chain, also known as IL-4R�) for signal transduction (Idzerda et al.
1990; Murata et al. 1998c). The second chain of the IL-13 receptor was cloned
from a human RCC cell line and found to be a 65 kDa protein (Caput et al.
1996; Kawakami et al. 2000b). This chain was found to have 50% sequence
homology at the DNA level with IL-5R� chain. This chain is termed IL-13R�2
(also known as IL-13R�). Interestingly, IL-13R�1 and IL-13R�2 chains have
no sequence homology with each other. These studies confirmed our previ-
ous predictions that the IL-13R was composed of two chains of similar size
(Obiri et al. 1995).

Based on radio-labeled IL-13 binding, displacement, and cross-linking
studies, we proposed that IL-13R structure varies in different cell types and
the IL-13R shares two chains (IL-4R� and IL-13R�1) with the IL-4R system
(Murata et al. 1997a; Obiri et al. 1997a). On the basis of these results, we
proposed that IL-13R exists as three different types in different cells. In type I
IL-13R, IL-13R�1, IL-13R�2, and IL-4R� chains are present. IL-13 can bind to
all three chains, while IL-4 binds to only two proteins (IL-4R� and 
IL-13R�1). Because of these characteristics 125I- IL-13 binding was inhibited
by an excess of IL-13 but not by IL-4. However, 125I- IL-4 binding was
displaced by both IL-4 and IL-13. This type of IL-13R has been shown to be
expressed in RCC, brain tumor, AIDS-KS, certain SCCHN, and ovarian
cancers (Debinski et al. 1995a; Debinski et al. 1995b; Husain et al. 1997; Joshi
et al. 2002; Joshi et al. 2000; Joshi et al. 2003; Kawakami et al. 2001d; Murata
et al. 1998b; Obiri et al. 1995). In type II IL-13R, the IL-13R�2 chain is not
present and IL-13 forms a complex with IL-13R�1 and IL-4R� chains. This
type of IL-13 receptor is expressed in certain colon carcinoma, epidermal
carcinoma, breast carcinoma, prostate carcinoma, and pancreatic cancer cells
(Kawakami et al. 2001a; Kawakami et al. 2001c; Maini et al. 1997; Murata 
et al. 1997a; Murata et al. 1996; Murata et al. 1995). Because of the absence of
the IL-13R�2 chain, 125I-IL-13 and 125I-IL-4 binding are displaced by both 
IL-4 and IL-13 (Murata et al. 1996; Murata et al. 1998b; Obiri et al. 1997a). In
type III IL-13R, an additional component from the IL-2R complex (�c chain)
that may modulate IL-13 binding is also present. This type of IL-13R is
expressed on B-cells, monocytes, and TF-1 cells (Obiri et al. 1997a; Vita et al.
1995; Zurawski et al. 1995). Although �c does not appear to bind IL-13, it
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affects IL-13 binding and signal transduction in certain types of cells
(Kuznetsov and Puri 1999; Obiri et al. 1997b).

The structure of the IL-13R was confirmed by reconstitution studies
(Kawakami et al. 2001d). When IL-13R�1 alone was expressed in CHO-K1
cells, IL-13 bound with low affinity. However, when IL-13R�1 was coex-
pressed with IL-4R�, a high-affinity receptor-signaling complex was formed
as reported by us and others (Aman et al. 1996; Hilton et al. 1996). This receptor
complex is expressed widely on both lymphoid and nonlymphoid cells and
can also be activated by IL-4, thus accounting for the functional overlap
between IL-4 and IL-13 (Zurawski et al. 1993). The second IL-13 binding
chain as described earlier, IL-13R�2, binds IL-13 with high affinity and, in
contrast to IL-13R�1, is also found as a soluble receptor in mouse serum and
urine (Donaldson et al. 1998; Kawakami et al. 2001d; Kawakami et al. 2001e;
Zhang et al. 1997). Structural differences between the cytoplasmic domains of
IL-13R�1 and IL-13R�2 chains are distinct. The cytoplasmic region of murine
IL-13R�2 does not possess an obvious signaling motif or janus kinases (JAK)
and signal transducer and activator of transcription (STAT) binding sequence
(Donaldson et al. 1998), which raises the possibility that it is a dominant
negative inhibitor or decoy receptor, as originally described for the IL-1
receptor type II (Colotta et al. 1993). To understand the role of IL-13R�2 in
regulating the biological activity of IL-13, mice with targeted deletion of 
IL-13R�2 were recently generated (Chiaramonte et al. 2003; Wood et al. 2003).
Basal serum IgE levels were elevated in IL-13R�2	/	 mice despite the fact
that serum IL-13 was absent and IFN-� production increased compared to
wild type mice. These studies indicated that one of the primary functions
of IL-13R�2 is to limit IL-13 effector function in vivo, and this property of the
IL-13R�2 chain can be exploited in diseases where IL-13 plays a major role
(Chiaramonte et al. 2003; Chiaramonte et al. 2001; Chiaramonte et al. 1999a;
Chiaramonte et al. 1999b; Grunig et al. 1998; Kawakami et al. 2001c; Morse
et al. 2002; Terabe et al. 2000; Wills-Karp et al. 1998).

Signal transduction through IL-13 receptors
Not only do the IL-4R and IL-13R systems share two chains (IL-4� and 
IL-13�1) with each other, both IL-4 and IL-13 have been shown to signal
through JAK-STAT pathways. Similar to IL-4, IL-13 can phosphorylate and
activate JAK1 and Tyk2 tyrosine kinases in hemopoietic cells, while it phos-
phorylates JAK1 and JAK2 tyrosine kinases in non-hemopoietic cells such as
colon carcinoma and fibroblast cells (Murata et al. 1998a; Murata et al. 1996).
In contrast to IL-4, IL-13 could not phosphorylate and activate JAK3 tyrosine
kinase in any cell type (Murata and Puri 1997). JAK kinase phosphorylation
by IL-13 leads to phosphorylation of IL-4R� and 170 kDa insulin receptor
substrate II (IRS-II) protein in hemopoietic cells and non-hemopoietic cells
(Murata et al. 1996; Smerz-Bertling and Duschl 1995; Welham et al. 1995).
Despite the differences in signaling in hemopoietic and non-hemopoietic
cells, IL-13 phosphorylated and activated STAT6 protein as did IL-4
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(Kawakami et al. 2001d; Kohler et al. 1995; Kohler et al. 1994; Lin et al. 1995;
Murata and Puri 1997). In addition, we and others have reported that the 
IL-13R�2 chain not only inhibits signaling through STAT6 pathway for IL-13R
but also for IL-4R (Murata et al. 1997b; Rahaman et al. 2002; Wood et al. 2003).

The specificity between IL-4 and IL-13 signaling perhaps resides in
the proximal JAK signaling pathway. Therefore, the JAK-STAT signaling
pathway may serve as a useful target for pharmacologic intervention to inter-
fere with the effects of both IL-4 and IL-13 (Kohler et al. 1994; Lin et al. 1995;
Murata et al. 1996).

Function of IL-13R in RCC cells
The mechanism involved in the inhibition of IL-13 binding to its receptors
and signaling by the �c chain in these cells was associated with the downreg-
ulation of constitutive expression of IL-13R�2 and ICAM-1 in ML-RCC cells
(Obiri et al. 1997b). A mathematical model that fits a set of kinetic and steady
state data in control and receptor positive cells was selected from a set of
possible models. This best-fit model predicted that (1) two different IL-13R
are expressed on the cell membrane, (2) a minor fraction of IL-13R exist as
micro clusters (homodimers and/or heterodimers without exogenous IL-13,
(3) high morphological complexity of the �c negative control cell membrane
affects the cooperativity phenomena of IL-13 binding, and (4) a large number
of coreceptor molecules are present, which helps keep the ligand on the cell
surface for a long period of time after fast IL-13 binding and provides a
negative control for ligand binding via production of the high affinity
inhibitor bound to IL-13. These results are important as they demonstrate
that �c exerts dramatic changes in the kinetic mechanisms of IL-13 binding
(Kuznetsov and Puri 1999).

To determine the functional significance of the expression of IL-13R on
RCC cells, studies were performed to analyze the impact of IL-13 on the
growth of RCC cells. IL-13 inhibited cellular proliferation of three human
renal cell carcinoma cell lines in a concentration-dependent manner (Obiri
et al. 1996). As IL-13 binds with IL-13R�1 chain, it recruits IL-4R� for signal-
ing. Therefore, we determined whether blocking IL-4R� by a specific anti-
body would inhibit the IL-13 effect. Our data demonstrated that anti-IL-4R�
antibody did not block the effect of IL-13 indicating that these effects were 
IL-4R� independent (Obiri et al. 1995; Obiri et al. 1996). In addition, IL-13 also
induced ICAM-1 expression on RCC cells indicating that IL-13R are func-
tional (Obiri et al. 1997b). To further analyze the significance of IL-13R
overexpression in tumor cells, sequencing and single nucleotide conformation
polymorphism (SSCP) studies were performed (Kawakami et al. 2000b).
Although these studies were performed in glioma cells, our studies demon-
strated that IL-13R are not subject to gene rearrangement or mutations
(Kawakami et al. 2000b). Nevertheless, the role of IL-13R in the tumorigenic
process has not been ruled out.
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Development of IL-13 Pseudomonas exotoxin 
(IL-13-PE38QQR) to target IL-13 receptor 
positive tumor cells
The discovery of overexpression of IL-13R on human renal cell carcinoma
cells led us to develop the IL-13-PE38QQR fusion protein, which comprises
IL-13 and a bacterial toxin, Pseudomonas exotoxin (PE). This PE toxin is a
single chain bacterial protein with three major domains (Pastan et al. 1992).
The N-terminally located domain Ia binds to the �2-macroglobulin receptor,
and the ligand–receptor complex undergoes receptor-mediated endocytosis
to allow intracellular routing and processing of the toxin. Domain II is a site
of proteolytic cleavage that activates PE and is essential for catalyzing the
translocation of the toxin into the cytosol. Domain III contains the REDLK
sequence, which directs the processed fragment of PE to the endoplasmic
reticulum and possesses an ADP ribosylation activity, which inhibits elonga-
tion factor 2 and results in cell death (Iglewski and Kabat 1975; Pastan et al.
1992; Pastan et al. 1995). Human IL-13 was linked with a mutated form of PE
(PE38QQR), where three lysine residues at 590, 606, and 613 in truncated
PE38 were substituted with two glutamine and one arginine respectively to
construct IL-13-PE38QQR. It is also referred to as IL-13-PE or IL-13 cytotoxin.
This protein was expressed in a prokaryotic (pET) expression system using
ampicillin or kanamycin as a selection antibiotic (Figure 3.1) (Debinski et al.
1995a; Joshi et al. 2002). This recombinant protein was found to be highly
cytotoxic (as determined by the inhibition of protein synthesis) to IL-13R pos-
itive RCC cells at a very low concentration (Puri et al. 1996). This molecule
was found to be highly cytotoxic to other IL-13R positive human solid tumor
cell lines derived from malignant glioma, AIDS-KS, SCCHN, and ovarian,
prostate, and several human epithelial carcinomas such as colon and skin
(Debinski et al. 1995a; Debinski et al. 1995b; Husain and Puri 2000; Kawakami
et al. 2001a; Maini et al. 1997; Puri et al. 1996).
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cated Pseudomonas exotoxin (PE38QQR) was replaced with human IL-13. Three lysine
residues in the third domain of PE at position 590, 606, and 613 were substituted with
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The level of cytotoxicity (IC50, the concentration of the drug inhibiting
protein synthesis by 50%) was dependent on the number of IL-13R on the cell
surface. The higher the receptor number, the higher the cytotoxicity level
(Puri et al. 1996). The cytotoxic activity of IL-13 cytotoxin was mediated
through IL-13R as it was blocked when an excess of human IL-13 was
included in the assay. The mechanism of tumor cell killing by IL-13 cytotoxin
was investigated in vitro and in vivo in SCCHN and glioma tumors
(Kawakami et al. 2002c; Kawakami et al. 2002d). IL-13 cytotoxin induced
apoptosis at least in part in these tumors and two pathways (caspase and
mitochondrial cytochrome C release) of apoptosis were operational
(Kawakami et al. 2002d). Interestingly, IL-13 cytotoxin was more effective in
mediating cytotoxicity in certain tumor types, which preferentially express
high levels of IL-13R�2 (Kawakami et al. 2001a; Kawakami et al. 2001d; Obiri
et al. 1996).

Similar to RCC cell lines, IL-13 cytotoxin has been found to be highly
cytotoxic to a variety of established glioma cell lines. The IL-13 toxin mediated
specific cytotoxicity to glioma cell lines as they expressed up to 30,000 
IL-13 receptors per cell (Debinski et al. 1995b; Husain and Puri 2003). The con-
centration of toxin at which 50% inhibition of protein synthesis was achieved
(IC50) in these cells generally ranged between 
1 ng and 200 ng/ml (Debinski
et al. 1995b; Husain and Puri 2003). In general, the number of IL-13 receptors
positively correlated with the sensitivity of these cells to IL-13 cytotoxin. This
study unequivocally demonstrated that the IL-13 cytotoxin is highly active on
glioma cell lines and kills the tumor cells in a receptor number dependent
manner. Consistent with the lack of expression of IL-13R�2 chain, normal
brain cells were not sensitive to IL-13 cytotoxin, suggesting that the IL-13R�2
chain is responsible for IL-13 binding and internalization.

In developing targeted therapeutic protein-based approaches, the
expression of a targeted receptor on normal tissues has always been a prime
concern. Our RT-PCR results for normal human astrocytes (NHA) and nor-
mal brain tissues have shown that these cells expressed low levels of mRNA
for the IL-13R�2 chain. In addition, four other normal brain cell lines, derived
from human oligodendrocytes, a neuronal cell line, and two cortex tissue-
derived cell lines from a patient with encephalitis, also showed no or
very low levels of IL-13R�2 mRNA. Immunofluorescence analysis
(IFA) analysis for IL-13R�2 protein detection in NHA cells revealed
that these cells express low levels of IL-13R�2 protein on the cell surface
confirming our RT-PCR results (Joshi et al. 2000). Thus, NHAs appeared
to express type I IL-13R complex (comprised of IL-4R�, 13R�1, and 
IL-13R�2). Consistent with the low-level expression of IL-13R on normal
human brain tissues, IL-13 cytotoxin was not cytotoxic to NHAs. Similar
to NHAs, normal endothelial and immune cells do not express or
express very low levels of IL-13R�2 (Husain et al. 1997; Obiri et al. 1995).
Therefore, it is expected that IL-13 cytotoxin may not exert its deleterious
effect on these cells. These studies have indicated that differential overex-
pression of IL-13R on tumor cells could serve as a primary target for IL-13
cytotoxin in vivo.
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IL-13R�2 chain is primarily responsible for IL-13
cytotoxin–mediated cytotoxicity
Our studies indicated that the IL-13R�2 chain plays a major role in IL-13
cytotoxin–induced cytotoxicity of tumor cells. This hypothesis was
confirmed by gene transfer studies. Plasmid-mediated gene transfer of 
IL-13R�2 highly sensitized previously insensitive pancreatic, breast, head
and neck, prostate, and glioblastoma cell lines to IL-13 cytotoxin in vitro.
These in vitro results were confirmed by in vivo studies in a number of human
tumor xenograft models (Kawakami et al. 2002a; Kawakami et al. 2002b;
Kawakami et al. 2001b; Kawakami et al. 2000a). These in vivo studies revealed
that the innate immune response was also activated mediating a robust
tumor response. This is the first demonstration that an immunotoxin could
induce cell killing in receptor positive tumors by recruiting the help of the
innate immune response.

IL-13 receptors as targets for immunotherapy
To further study the therapeutic utility of in vivo IL-13R�2 gene transfer in
solid tumors followed by IL-13 cytotoxin therapy, the IL-13R�2 gene was stably
transfected into breast and pancreatic tumor cell lines. These cells were
injected subcutaneously in immunodeficient animals (Kawakami et al.
2001c). Surprisingly, overexpression of the IL-13R�2 chain in these tumor
cells inhibited the growth of these tumors, while mock transfected control
tumor cells formed tumors that increased in size (Kawakami et al. 2001c). 
IL-13R�2 chain transfer also induced activation of innate immune response
and production of anti-angiogenic factors at the tumor site. As IL-13 binds to
IL-13R�2 with high affinity, both IL-13 and IL-13R were hypothesized to be
involved in tumorigenesis. A similar role of IL-13/IL-13R complex has also
been reported by Terabe et al. (2000). Treatment of the host with an IL-13R�2
extracellular domain-Fc fusion protein inhibited tumor regression in a tumor
rejection-progression model indicating that IL-13 played a major role in
tumor regrowth. As natural killer T (NKT) cells were found to produce IL-13,
these cells seem to play a major role in tumor immunosurveillance. As IL-13
is a key Th2-derived cytokine, it is hypothesized that Th2 cells may be
involved in evading immunosurveillance. This hypothesis was also
proposed by several other studies. It was demonstrated that IL-4, IL-13, and
STAT6 were responsible for mediating transplantable tumor rejection (Kacha
et al. 2000; Ostrand-Rosenberg et al. 2000; Terabe et al. 2000). Mice with
STAT6 knock out, which mediate terminal signaling through IL-4 and IL-13
receptors, rejected the transplanted tumor cells, while control animals formed
enlarged tumors. Enhancement of tumor-specific IFN-� production and CTL
activity in the absence of STAT6 was proposed as the primary explanation
for the potent antitumor activity. Finally, recent studies have demonstrated
that deviation of the immune response from Th2 to Th1 mediates potent anti-
tumor response in otherwise resistant tumors (Hu et al. 1998). Thus, these
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findings suggest that IL-13 inhibitors or novel IL-13 antagonists may prove
to be highly effective anticancer immunotherapeutics.

Targeting IL-13R for malignant brain tumor and
RCC therapy
As human brain tumor and RCC cells express 15- to 500-fold higher numbers
of high or intermediate affinity functional IL-13R compared to normal immune
cells, IL-13 cytotoxin mediated efficient and specific cytotoxicity. Protein syn-
thesis inhibition activity of IL-13 cytotoxin was confirmed by clonogenic assays
that showed IL-13 cytotoxin can inhibit RCC cell colony formation in a dose-
dependent manner (Puri et al. 1996). Interestingly, IL-13 cytotoxin has 10-fold
lower binding affinity toward IL-13R on RCC cells (Puri et al. 1996). In HL-RCC
cells, the value for native IL-13 binding was ~20 � 10	9 mol/l, compared with
~180 � 10	9 mol/l with IL-13 cytotoxin. This molecule was highly cytotoxic
and cytotoxicity in RCC cell lines ranged between 0.03 to 17.5 ng/ml (Puri et
al. 1996). These results suggested that if we produce a molecule that binds just
as well as IL-13, we may have a much more cytotoxic agent.

Animal studies
As IL-13 cytotoxin mediated significant antitumor activity in tissue culture,
we wished to examine the antitumor activity in an animal model of human
disease. Various human tumor models including glioblastoma, AIDS-KS, and
SCCHN were tested (Husain et al. 2001; Husain et al. 1997; Husain and Puri
2000; Kawakami et al. 2001b; Kawakami et al. 2000a). IL-13 cytotoxin
mediated remarkable antitumor activity in these models when it was admin-
istered to subcutaneous tumor-bearing mice by different routes of adminis-
tration. All mice in these models tolerated the therapy well without any
visible signs of toxicity.

We also examined the antitumor activity of IL-13 cytotoxin in an animal
model of human RCC as IL-13 cytotoxin was highly cytotoxic to human RCC
cells in vitro. We attempted to generate a tumor model using various primary
cultures of human RCC cell lines; however, after initial tumor growth, tumors
spontaneously regressed in some animals. These observations hampered our
efforts to test IL-13 cytotoxin in vivo. Therefore, we utilized matrigel, which
helped development of RCC tumors when cells were injected subcuta-
neously in athymic nude mice. These tumors developed in 100% of animals,
grew slowly, and did not regress spontaneously. IL-13 cytotoxin was tested in
this model and various doses via different routes were administered to
tumor-bearing hosts. IL-13 cytotoxin caused regression of these tumors in a
dose-dependent manner. Intratumoral administration was the most effective
route of administration followed by intraperitoneal (i.p.) administration.
These responses were durable and 100% of the animals showed complete
regression of their tumors versus 50% complete response in mice treated by
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the i.p. route (Husain and Puri, unpublished results). These results suggested
that IL-13R-targeted IL-13 cytotoxin might also have antitumor activity in
patients with renal cell carcinoma.

Toxicity and Pharmacokinetic studies
Pharmacokinetic and toxicological studies were performed for further 
development of IL-13 cytotoxin for clinical trial. Both male and female CD2F1
mice were administered various doses of IL-13 cytotoxin (i.v. or i.p., q.o.d.).
These animals were examined for general toxicity, weight loss, serum chem-
istry, and hematology. In acute toxicity studies, hepatic enzymes, alanine
aminotransferase (ALT), and aspartate aminotransferase (AST) were mildly
elevated at 50 �g/kg doses. However, at 75 �g/kg doses, both AST and ALT
were sharply elevated (three to six times higher than control mice).
Interestingly, female mice showed a higher elevation of these enzymes
compared to male mice. At lower doses (25 �g/kg or lower), no significant
changes were observed either in AST or ALT. None of the treated mice
showed hematological toxicity or vascular leak syndrome, a common side-
effect seen in immunotoxin-based therapy. Finally, mice treated at the highest
dose showed weight loss and three female mice out of five died at the
75 �g/kg dose. Autopsy analysis revealed moderate zonal hepatic necrosis
(Husain et al. unpublished results). These results suggested that 50 �g/kg
may be safely administered to these animals.

In a chronic toxicity study, a 50 �g/kg dose was administered i.v. QOD
on alternate days for 9 days. At this dose and schedule, transient weight loss
was observed more in female mice than male mice. Both transaminase values
(AST and ALT) rose in female mice, but only AST rose in male mice. Serum
alkaline phosphatase values were not increased in either male or female
mice. Repeated injections of IL-13 cytotoxin at lower doses (12.5 and
25 �g/kg) did not induce any changes (Husain and Puri, unpublished results).

The molecular mechanism of IL-13 cytotoxin–induced hepatotoxicity is
not clearly understood. Whether high levels of IL-13R are overexpressed in
hepatocytes and IL-13 cytotoxin mediates cytotoxicity through these recep-
tors or IL-13 cytotoxin induces cytotoxicity due to nonspecific uptake
remains to be resolved. In any case, because human IL-13 may bind to murine
IL-13R (Zurawski and de Vries 1994), the toxicity studies in mice may reflect
human conditions indicating that IL-13 cytotoxin may be well tolerated in
clinical trials at doses less than 50 �g/kg.

Toxicology and pharmacology studies were also performed in cynomolgus
monkeys. IL-13 cytotoxin (12.5 or 50 �g/kg/day � 5 days) was administered
daily for 5 days to cynomolgus monkeys of each sex and general clinical
examination, serum chemistry, and hematology were performed at various
time points. Similar to murine studies, these monkeys also showed transient
dose-related elevation of hepatic transaminases, which reached maximum
levels on days 5 to 8 of injection and subsequently returned to baseline at
day 15 to 22. Interestingly, these monkeys showed a moderate decrease in
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serum cholesterol at the highest dose of IL-13 cytotoxin. Elevation of creatinine
kinase was also noted on day 3, which subsequently declined to normal. The
monkeys developed unusual dermatologic toxicity near the injection site at
the highest dose. However, no hematological, renal toxicities, or vascular
leak syndrome were observed. No monkey showed any bodyweight loss and
IL-13 cytotoxin was well tolerated in cynomolgus monkeys.

The pharmacokinetic studies in CD2F1 mice, which received 50 �g/kg
IL-13 cytotoxin i.v. showed a serum half life (t1/2�) of the drug at 1.39 h with
the Cmax of 717 ng/ml, and the area under the curve (AUC) as 219 ng/h/ml.
In monkey studies, t1/2 was also short (Husain and Puri, unpublished
results).

Clinical studies
Based on the preclinical profile of IL-13 cytotoxin, we initiated three different
Phase I/II clinical trials in recurrent resectable malignant glioma patients
(Lang et al. 2002; Prados et al. 2002a; Prados et al. 2002b; Prados et al. 2001;
Weingart et al. 2001a; Weingart et al. 2001b). Patient inclusion criteria for the
first study required a prior diagnosis of supratentorial malignant glioma,
recurrence after radiotherapy (RT), measurable disease (1 to 5 cm in diameter),
and a stereotaxic biopsy confirming malignant glioma at the study entry
(Weingart et al. 2001a; Weingart et al. 2001b). In this clinical study, IL-13
cytotoxin is administered by micro-infusion via intratumoral catheters at
200 �l/catheter/h for 96 h (total 38.4 ml). The dose of the cytotoxin is
increased in each cohort of three patients to determine the maximum toler-
ated dose (MTD). Cohorts are expanded to six patients if one dose limiting
toxicity (DLT) is observed. At the initial dose level of 0.125 �g/ml infusion
concentration, one of the first three patients developed a symptomatic
increase in peritumoral edema soon after the first dose and was cleared by
corticosteroids. Guidelines for steroid prophlylaxis were subsequently insti-
tuted and three additional patients were accrued prior to dose escalation.
Dose escalation has proceeded in all three patient in each cohort at 0.25 and
0.5 �g/ml. A radiographic response was noted in one patient 7 weeks after
the initial infusion of the drug. The histopathology of the resected tissues
from this patient showed only necrosis. Two patients, who developed
progressive neurologic findings and increased contrast enhancement, under-
went debulking surgery. In both cases, histopathology of the resected tissue
showed only necrosis. Prolonged patient survival has also been observed. A
further dose-escalation study is currently underway to determine the MTD
that will be used to formally evaluate efficacy of this cytotoxin in the Phase II
portion of the study.

Because tumor cell-kill concentrations of IL-13 cytotoxin may be far
below an MTD defined by neurotoxicity, preresection intra-tumoral adminis-
tration may permit identification of a histologically effective concentration
(HEC). Histologic efficacy is defined as geographic necrosis caused by loss of
cellular integrity with eosinophilic staining or by complete cell loss. More
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than 90% of cell necrosis in the post-infusion specimen compared with the
preinfusion biopsy would define histologic evidence of the drug. For these
reasons, the second clinical trial (Lang et al. 2002; Prados et al. 2002a; Prados
et al. 2002b; Prados et al. 2001) focused on determining the HEC of IL-13 cyto-
toxin that may document the cytotoxicity to tumor. In stage 1 of the study, 
IL-13 cytotoxin is being infused for 2 days by IT continuous infusion into
recurrent malignant glioma prior to surgical resection. In addition, we also
aim to evaluate the toxicity of the drug infused via catheter into the brain
adjacent to the tumor resection site after surgical resection. The secondary
objective of this study also included the monitoring of disease progression
and survival of the patients. Patients to be included in this trial must have
had prior histologically confirmed diagnosis of supratentorial grade 3 or 4
malignant glioma including anaplastic astrocytoma, glioblastoma multi-
forme, or malignant oligoastrocytoma. After biopsy and catheter placement
on day 1, IL-13 cytotoxin is administered for 48 h at 400 �l/h on day 2 to 4.
Tumor is resected on day 8, with the goal of en bloc removal, and tissue
evaluated for necrosis adjacent to the catheter. Following resection, two or
three catheters are placed into the brain adjacent to the operative site; on days
10 to 14, IL-13 cytotoxin is given by intracerebral micro-infusion (ICM) at 
750 �l/h for 96 h. Escalating dose of IT and ICM concentrations, starting at
0.25 �g/ml, need to be studied separately in patients. After an HEC or MTD is
identified, IT administration will be omitted in stage 2 of the study. Escalation
of IL-13 cytotoxin concentration will then begin in ICM, and continue up to
the documented HEC or MTD. Tumor specimens from two patients after IT
injection at 0.5 �g/ml IL-13 cytotoxin revealed regional necrosis in an ovoid
zone extending 1 to 2 cm from catheter tip, consistent with drug effect. Using
ICM of 72 ml over 4 days (0.25 �g/ml), all patients tolerated infusion well
and experienced no subsequent neurotoxicity. Patient accrual continues in
the post-resection second stage of the study.

The third Phase I study focused on evaluating the MTD in terms of dura-
tion of infusion and drug concentration of IL-13 cytotxin delivered by CED
via one or two IT catheters into recurrent malignant glioma prior to surgical
resection. Initially, cohorts of three to six patients received a fixed drug
concentration (0.50 �g/ml) with escalating durations (4 to 7 days) of infusion
to determine an MTD. After determination of maximum duration, drug
concentration is escalated from 1.0 to 4.0 �g/ml in cohorts of three to six
patients to determine an MTD based on concentration. Tumor necrosis is
assessed 6 to 13 days after the end of infusion at the time of tumor resection.
Seven patients have been included to study dose escalation. Patient accrual
to determine the MTD based on duration continues. The safety and tolerabil-
ity of IL-13 cytotoxin observed in this study correlates well with data from
the other IL-13 cytotoxin studies in malignant glioma.

Similarly, our in vitro and preclinical results in RCC models encouraged us
to initiate a Phase I clinical trial in patients with advanced renal cell carcinoma.
Twelve patients (ten male, two female) with a median age of 64 years and
metastatic disease, who had been previously treated with standard agents and
had adequate organ function, were enrolled in this trial. The first cohort of
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three patients was dosed with IL-13 cytotoxin at 8 �g/kg i.v. bolus daily for five
consecutive days. All three patients at this dose had reversible platelet con-
sumption (decline �100 K) with rebound above baseline on day 8. One of three
patients developed acute renal failure (ARF) requiring dialysis after five doses
of IL-13 cytotoxin and the second patient developed ARF after three doses. This
second patient did not require chronic dialysis. The renal biopsies from these
two patients showed endothelial swelling, thrombotic glomerulopathy, and
tubular necrosis. One of these two patients also developed transient grade 3
AST/ALT elevation and erythematous rash. However, the third patient did not
show any renal toxicity. Upon further investigation, it was found that the third
patient had preexisting antibodies to PE and therefore the IL-13 cytotoxin effect
may have been neutralized (Kuzel et al. 2002).

Because of this unexpected renal toxicity, which was not observed in any
animal studies, IL-13 cytotoxin doses were reduced to 1 or 2 �g/kg every 
alternate day for three doses. These seven patients did not show any renal or
other toxicity indicating that 1 and 2 �g/kg dose is well tolerated. The
next cohort of patients received 4 �g/kg dose of IL-13 cytotoxin every alternate
day for 3 days. Adverse events in these patients noticed were grade 1/2 fever,
chills, nausea, fatigue, edema, and headache, but no platelet consumption was
observed. Of two patients treated at the 4 �g/kg dose, one had no nephrotox-
icity; however the other patient, despite weakly positive preexisting antibody,
had grade 4 ARF (irreversible) with marked platelet decrease (75% from base-
line) and schistocytes on peripheral blood smear, unresponsive to plasma-
pheresis. Therefore, the MTD was established at 2 �g/kg � q.o.d.

Pharmacokinetic studies in anti-PE antibody-negative patients after 1, 2, 4,
and 8 �g/kg doses on day 1 showed mean peak serum IL-13 cytotoxin levels of
4, 8, 13, and 79 ng/ml, respectively, with t1/2� of 30 min. This half-life is shorter
compared to murine and monkey pharmacokinetic studies though the dose
regimens were different. At 8 �g/kg, however, the mean peak level was 79
ng/ml with delayed clearance. All patients developed antibodies to IL-13 cyto-
toxin, and subsequent serum levels of the drug (if any) were markedly reduced.

The mechanism of IL-13 cytotoxin–induced ARF is not known. It is
possible that ARF occurring in three of twelve patients is due to expression of
IL-13 receptors in normal kidney cells or renal endothelium of these patients.
As normal monkeys and mice did not show this toxicity and they did not
have RCC, it is possible that the presence of RCC in kidney may activate 
IL-13R in normal kidney cells. Finally, since IL-13 cytoxin can eliminate 100%
RCC cells in vitro at 
1 ng/ml and the peak serum level of IL-13-PE at
2 �g/kg are well tolerated, it is possible that this dose level will mediate an
antitumor effect. In addition, other schedules or routes of administration,
e.g., intratumoral, may be tested that will avoid this toxic effect and may be
beneficial to patients with RCC (Kuzel et al. 2002).

Conclusions and future directions
In this chapter, we have provided comprehensive information on the expression
of IL-13 receptors on malignant brain tumor and RCC cell lines. Our studies
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have shown that the IL-13R is overexpressed in both types of tumor cell lines
at mRNA and protein levels. Further, studies on the structure of IL-13R have
demonstrated that human malignant brain tumor and RCC cells express
type I IL-13R. We have also shown that a majority of these two cell lines
express high numbers of IL-13R and are highly sensitive to the cytotoxic
effect of IL-13 cytotoxin. However, cell lines that express low numbers of 
IL-13R were considerably less sensitive to this chimeric fusion cytotoxin. The
molecular mechanism for differential expression of IL-13R on these tumor
cell lines and cytotoxicity to IL-13 cytoxin is not clear. Our recent study has
demonstrated that one of the two chains of IL-13R, IL-13R�2 chain, binds 
IL-13 with higher affinity and is internalized after binding to ligand. In addi-
tion, we have demonstrated that gene transfer of this chain into tumor cells
that do not express IL-13R�2 sensitizes them to the cytotoxic effect of IL-13
cytotoxin (Kawakami et al. 2002d). These studies suggest that IL-13R�2 chain
improves sensitivity to IL-13 cytotoxin in renal cell carcinoma.

In vivo experiments have shown that the administration of IL-13
cytotoxin in a nude mouse xenograft tumor model can induce significant
antitumor activity against human malignant gliomas, RCC, as well as other
human cancers such as SSCHN and AIDS- KS, without any evidence of
toxicity. Between these three different routes of administration, intratumoral
IL-13 cytotoxin injection caused a complete eradication of the established
human malignant gliomas and RCC tumors in less than a month. We expect
that local injection of the toxin will most likely saturate the tumor bed, which
will result in subsequent elimination of the tumor.

The Phase I clinical studies in recurrent glioma patients have demon-
strated to date that intratumoral infusion of IL-13 cytotxin is well tolerated.
The ongoing multi-center trials will further examine the safety and efficacy
of IL-13 cytotoxin in the treatment of gliomas. As glioblastoma is a markedly
heterogeneous tumor differing in receptor expression, a combination of ther-
apy using cytotoxins and other anticancer drugs may be another candidate
approach to overcome this deadly disease.

On the basis of our in vitro and in vivo results of RCC model, a Phase I
safety and pharmacokinetic study was initiated and 12 patients with metasta-
tic previously treated RCC were treated with IL-13 cytotoxin. This preliminary
study established a 2 �g/kg dose as the MTD. A Phase II study involving a
larger number of patients needs to be conducted at the MTD to determine the
efficacy of this cytotoxic agent for human RCC and perhaps other tumors that
express IL-13R. In addition, IL-13 cytotoxin should be tested with other
known cytotoxic or immunomodulatory approaches for cancer therapy.
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Introduction
Although most patients with Hodgkin’s lymphoma (HL) and many patients
with non-Hodgkin’s lymphoma (NHL) can be cured by conventional
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modalities including radiotherapy and polychemotherapy, a substantial
proportion of patients will succumb to their disease. The major reason for
tumor recurrence is the development of cell clones, which are resistant to
conventional therapy. These cells might be eradicated by new immunothera-
peutic agents such as monoclonal antibodies (MAbs) or MAb-based
constructs. Many naked murine MAbs demonstrated only moderate or no
antitumor activity. Thus, various immunotherapeutic approaches were
investigated including immunotoxins (ITs), radioimmunoconjugates or
bispecific antibodies to enhance cytotoxicity. ITs are hybrid molecules
constructed by linking or fusing a MAb or other cell-binding ligands to 
toxins or subunits of plantal, bacterial, or fungal origin. Ricin, which is
derived from the seeds of Ricinus communis (castor bean), is the most widely
used toxin for chemically linked ITs. Over the past decade several phase I/II
trials with ricin-based ITs were conducted in patients with refractory NHL
and HL. In this chapter we describe the clinical application of ricin-based ITs.

Background
Most patients with relapsed lymphoma are incurable with conventional
treatment. High-dose chemotherapy (HDCT) followed by transplantation of
autologous bone marrow (ABMT) or peripheral blood stem cell (PSCT) is
currently being used to treat patients with relapsed NHL and HL. However,
HDCT can be applied only to a minority of patients (i.e., those younger than
65, and those with no major organ dysfunction). Furthermore, substantial
morbidity and potential mortality is associated with these aggressive
regimens. Data from lymphoma patients as well as from patients with other
malignant diseases, including colorectal cancer and myeloid leukemia indi-
cate that residual tumor cells remaining after first-line treatment can cause
late relapses (Gribben et al., 1991; Gribben et al., 1993; Kanzler et al., 1996;
Riethmuller et al., 1994; Wolf et al., 1996; Roy et al., 1991). Thus, eliminating
residual lymphoma cells after first-line treatment might reduce relapse rates
and improve the outcome in patients with malignant lymphoma. Before the
advent of effective “naked” MAbs against Hodgkin/Reed-Sternberg (H-RS)
(Borchmann et al., 2003; Wahl et al., 2002), and lymphoma cells (Maloney,
1999; Leonard and Link, 2002), ITs consisting of a specific cell-binding moiety
and a potent toxin subunit were constructed to destroy selectively these
malignant cells (Vitetta et al., 1987). For several reasons lymphoma is a very
promising disease for IT treatment: First, lymphoma cells express surface
antigens such as CD19, CD22, CD25, and CD30 (Anderson et al., 1984;
Agnarsson and Kadin, 1989; Stein et al., 1985), which are internalized after
binding the IT. These antigens are present only on normal human lymphoma
cells but not on stem cells and other organs. Second, the mechanism of
cell destruction by ITs is different from that of conventional agents, thus
circumventing drug resistance. Third, ITs are capable of killing dormant non-
dividing cells.
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Ricin
Ricin was found by Stillmark in 1889 (Stillmark, 1897) as the first plant lectin
from the seeds of the castor plant, Ricinus communis. Ricin belongs to the class of
ribosome inhibiting proteins (RIPs). These toxins can be classified into type-1
RIPs (saporin), which are single-chain proteins, and type-2 RIPs (ricin)
containing two polypeptide chains. The A-chain (30 kDa), conferring RNA
N-glycosidase activity to cleave a specific adenine base from ribosomal RNA, is
connected through a disulfide linkage with the B-chain (32 kDa). Ricin acts as a
galactose-specific lectin (Youle et al., 1981) binding to normal mammalian cell-
surface oligosaccharides (Simmons et al., 1986). Bound ricin is internalized by
receptor-mediated endocytosis and by clathrin-independent endocytosis.
Subsequently, ricin is delivered to a transferring receptor-enriched endosomal
compartment. Approximately 90 to 95% of the internalized toxin is recycled to
the cell surface or delivered to the lysosomes. The remaining toxin is delivered
from the endosome to the trans-Golgi network. An increasing acidification
induces conformational changes rendering the toxin sensitive to sequence-
specific proteolysis. The interchain disulfide-bond is reduced before the
catalytic A-chain domain is delivered to the ribosomes where it inactivates the
60S ribosomal subunit needed for the binding of elongation factor-2 during
protein synthesis. The enzymatic A-chain hydrolyzes an adenin–ribose linkage
within the 28S rRNA whereby inhibiting the protein synthesis (Endo and
Tsurugi, 1988; Endo et al., 1987; Endo and Tsurugi, 1987).

Ricin A-chain ITs

Coupling of unmodified native ricin to MAbs resulted in substantial unspe-
cific toxicity against nontarget cells (Vitetta et al., 1993). Subsequently, only
the enzymatically active ricin A-chain was used for construction of ricin 
A-chain ITs replacing the lectin-binding B-chain of the whole ricin molecule
with MAbs or MAb fragments. Thus, ricin A-chain ITs bind selectively to
their specific target cells, which are subsequently destroyed upon internal-
ization. The first generation of ricin A-chain ITs defined as a construct of
intact MAb attached via nonsterically hindered linkers such as N-succinidyl-
3-(2-pyridyldithio) propionate (SPDP) to native ricin A-chain were active
in vitro but showed poor efficacy when used in vivo (Krolick et al., 1982).
Thus, second-generation ricin A-chain ITs were developed based on three
key modifications: (1) The constructs were highly purified via blue sepharose
(Knowles and Thorpe, 1987) separating unreacted material from the IT.
(2) Deglycosylation of mannose and fucose residues of the A-chain (dgA)
reduced unspecific binding to liver and RES cells (Thorpe et al., 1985; Thorpe
et al., 1987). (3) The introduction of the new crosslinker 4-succinimidyl-
oxycarbonyl-�-methyl-�-(2-pyridyldithio) toluene (SMPT) with a sterically
hindered disulfide bond between MAb and toxin (Thorpe et al., 1987)
improved the stability (Figure 4.1). These ITs showed a greatly improved
half-life of up to eight-fold in vivo (Blakey et al., 1987) and produced
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significantly better antitumor effects than their predecessors in animal
models (Fulton et al., 1988).

Blocked ricin ITs

Ricin A-chain ITs vary considerably in their potency. Only about 25% of MAb
conjugated to ricin A-chain form ITs with acceptable cytotoxicity (Vitetta and
Thorpe, 1991). Various attempts were evaluated to utilize the translocation
function of the B-chain either in its single form or linked to MAbs to potenti-
ate A-chain ITs (Vitetta et al., 1983; Vitetta et al., 1984). Alternatively, the whole
ricin molecule was used as toxic moiety with preservation of the transport
function of the B-chain, which is covalently modified at galactose-binding
sites to subvert the nonspecific binding (Lambert et al., 1991b). Therefore,
modified glycopeptides containing N-linked oligosaccharides derived from
fetuin were constructed with terminal galactose residues available for binding
and a reactive diclorotriazine moiety available for cross-linking to a protein.
These ligands adhere to the galactose binding sites and then become cova-
lently linked to the B-chain thereby minimizing the binding capability of ricin.
This “blocked ricin” demonstrates a 1000-fold reduction of in vitro potency
against a human B-cell NHL cell line (Namalwa) compared with unmodified
ricin (Lambert et al., 1991a). In contrast, the full toxicity potential of native
ricin is restored when blocked ricin is linked to a B-cell–specific MAb.

Ricin A-chain ITs in NHL

Several clinical phase I and II trials with ricin A-chain ITs of the first and
second generation against target antigens such as CD5, CD19, and CD22
were conducted in patients with T-cell and B-cell derived NHL (Table 4.1).
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half-life in vivo and decreased unspecific toxicity
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Table 4.1 Clinical trials with ricin A-chain ITs in NHL patients

Disease Antigen Construct Application Toxicity (MTD) Immunogenicity Response Reference

CTCL CD5 H65-RTA 1-h infusion VLS, hepatotoxicity 10/12 anti-immuno- 4/14 PR (LeMaistre 
day 1–10 (0.33 mg/kg/day) conjugate response et al., 1991)

B-NHL CD22 Fab� RFB4-dgA 4-h infusion VLS, myalgia, 1/14 HAMA 5/14 PR (Vitetta 
day 1–3–5–7 rhabdomyolysis 4/14 HARA et al., 1991)

(75 mg/m2)

B-NHL CD22 RFB4-SMPT-dgA 4-h infusion VLS, myalgia, 7/26 HAMA 1/26 CR, (Amlot 
day 1–3–5–7 rhabdomyolysis 8/26 HARA 5/26 PR et al., 1993)

(32 mg/m2)

B-NHL CD22 RFB4-SMPT-dgA Continuous VLS (19 mg/m2) 5/15 HAMA 4/16 PR (Sausville 
infusion Day 1–8 6/15 HARA et al., 1995)

B-NHL CD19 IgG-HD37-dgA 4-h infusion VLS, aphasia, 4/15 HAMA 1/23 CR, (Stone 
day 1–3–5–7 rhabdomyolysis, 5/15 HARA 1/23 PR et al., 1996)

acrocyanosis 
(16 mg/m2)

B-NHL CD19 IgG-HD37-dgA Continuous VLS, acrocyanosis 2/8 HAMA 1/9 PR (Stone et al., 
infusion Day 1–8 (19 mg/m2) 2/8 HARA 1996)

B-NHL CD19 IgG-HD37-dgA 4-h infusion VLS, myalgia, 2/7 HAMA/HARA 1/8 PR (Conry 
day 1–3–5–7 rhabdomyolysis et al., 1995)

(16 mg/m2)

B-NHL CD19 RFB4-SMPT-dgA Continuous VLs, hemolytic 5/22 HAMA 2/22 PR (Messmann 
CD22 IgG-HD37-dgA infusion Day 1–8 uremic syndrome 1/22 HARA et al., 2000)

(10 mg/m2)

Abbreviations: NHL, non-Hodgkin’s lymphoma; VLS, vascular leak syndrome, HAMA, human anti-mouse antibodies; HARA, human anti-ricin
antibodies; CR, complete remission; PR, partial remission.
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Ricin A-chain ITs in NHL against CD5
An initial trial with a first-generation ricin A-chain IT in NHL enrolled
14 patients with cutaneous T-cell lymphoma (LeMaistre et al., 1991). The anti-
CD5 IT, H65-RTA, consisted of the murine MAb H65 linked to undeglycosy-
lated ricin A-chain. The CD5 antigen is expressed on cutaneous T-cell
lymphoma cells and on lymphocytes but not on other normal human cells
(Wood et al., 1982; Holden et al., 1982). Patients received up to three cycles of
H65-RTA. The maximum tolerated dose (MTD) of H65-RTA was defined at
0.33 mg/kg/day administered intravenously over 1 h for 10 days. The dominant
toxicity was the occurrence of reversible hepatotoxicity and vascular leak
syndrome (VLS), characterized by hypoalbuminemia, edema, weight gain,
hypotension, tachycardia, dyspnea, and myalgia. Peak serum concentrations
were dose-dependent, ranging from 1.13 to 5.56 �g/ml, with a terminal 
half-life of 1.0 to 2.9 h. The development of human anti-mouse antibodies
(HAMA) and human anti-ricin antibodies (HARA) against the immunocon-
jugate was associated with a lower peak drug level, but not with enhanced
side effects. In four patients a partial response (PR) occurred lasting from 3 to
8 months. This IT was also used in patients with steroid-refractory graft-
versus-host reaction after allogeneic bone marrow transplantation resulting
in 50% durable complete or partial responses (Byers et al., 1990).

Ricin A-chain ITs in NHL against CD22
The CD22 antigen is expressed early in the B-cell lineage, shortly after CD19
at the late pro-B-cell stage, although mainly as an intracellular protein
(Banchereau and Rousset, 1992). Later in the B-cell development, CD22 is
strongly expressed on the cell surface. Vitetta and colleagues have conducted
a number of different clinical trials using the anti-CD22 MAb RFB4 or the
RFB4 Fab�-fragment linked to dgA (Vitetta et al., 1991; Amlot et al., 1993).
In the initial clinical study the RFB4 Fab�-dgA IT was used in 15 patients with
low- (6), intermediate- (8), and high-grade (1) lymphoma. The patients
received a 4 h i.v. infusion every other day over a 7 day period. As can be
expected for a relatively small molecule the serum half-life was only 86 min.
Serum levels were undetectable within 8 to 12 h after start of the infusion. The
MTD was 75 mg/m2 and dose-limiting toxicities (DLT) included VLS, fever,
myalgia, rhabdomyolysis, and expressive aphasia. Thirty percent of evalu-
able patients developed HARA and one patient HAMA. In 5 of 14 patients a
short (lasting 5 weeks to 4 months) PR occurred.

Since the production of Fab ITs was eight times more expensive when com-
pared to IgG-ITs, whole MAb constructs were used instead of Fab-fragments in
subsequent trials. In a phase I study using the bolus administration (four infu-
sions 48 h apart), 26 patients with relapsed B-NHL were treated with the IgG
counterpart RFB4-SMPT-dgA (Amlot et al., 1993). The MTD of RFB4-SMPT-
dgA was defined at 32 mg/m2 by VLS. Half-life (T1/2)of the construct did not
correlate directly with the given dose and averaged 7.8 h. Compared to the 
Fab�-IT, the toxicity profile was similar but there was a trend toward decreased
toxicity in patients with evidence of bulky disease. HAMAs were observed
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more frequently (7 of 26 patients). One complete remission (CR) and five PRs
were reported. In this trial high-peak concentrations of the IT, a longer T1/2, and
large area under the curve (AUC) correlated with both toxicity and clinical
response. In a subsequent phase I trial the same IT was administered as
continuous infusion over 8 days to reduce the incidence ofVLS (Sausville et al.,
1995). Nevertheless, compared to the intermittent bolus regimen this study gave
similar profiles in terms of toxicity, immunogenicity,y and clinical response. The
MTD was reached at 19 mg/m2. High IT serum concentrations (�1000 ng/ml)
by day 3 and the absence of circulating tumor cells were predictive for severe
VLS. Even small numbers of circulating tumor cells (detectable by flow cyto-
metry) prevented from severe VLS. Of 16 evaluable patients 4 achieved a PR. In
all trials with this anti-CD22 IT, there was a notable trend to better clinical
response in patients with small tumor burden (�100 cm2). In summary, there is
no advantage of continuous infusion compared with the bolus regimen.
However, bolus infusion is less expensive and more convenient. An obstacle in
the use of anti-CD22-directed ITs is the variable expression of CD22 with a max-
imum of 70% positive tumor cells (Engert et al., 1998; Anderson et al., 1984).
Thus, pan B-cell markers like CD19 or CD20 might be more reasonable targets.

Ricin A-chain ITs in NHL against CD19
The CD19 antigen is one of the earliest known B-cell markers and appears at
the pro-B-cell stage (Banchereau and Rousset, 1992). CD19 is expressed in
more than 95% of B-NHL cases (Anderson et al., 1984). The anti-CD19 dgA IT
HD37-dgA was administered in phase I trials either using intermittent bolus
or continuous regimen. Eight patients with refractory B-NHL were treated
with four doses at 4 h intervals with total doses ranging from 4 to 12 mg/m2

(Conry et al., 1995). The plasma half-life of HD37-dgA averaged 17 h and
peak serum concentrations varied from 0.36 to 5.63 �g/ml. The toxicity
profile was mainly related to VLS with one patient dying from severe VLS
with bronchopneumonia and rhabdomyolysis. The MTD was established at
8 mg/m2. Two of seven evaluable patients developed HAMA and HARA.
None of the patients responded to treatment. In another trial, Stone and
colleagues (Stone et al., 1996) treated 32 patients with low- or intermediate-
grade B-NHL with the same IT. Twenty-three patients received the bolus
schedule and a further nine patients the continuous infusion. When given as
intermittent bolus infusion the MTD was 16 mg/m2 with the DLTs consisting
of VLS, aphasia, and rhabdomyolysis at 24 mg/m2. Using the continuous
infusion regimen, the MTD was again defined by VLS at 19.2 mg/m2, which
is comparable with the bolus administration. At the MTD of both regimens,
10% of patients experienced acrocyanosis with reversible superficial distal
digital skin necrosis in the absence of overt evidence of systemic vasculitis.
This phenomenon was not seen earlier, during IT treatment and the etiology
remains unclear. Compared to the trial of Conry (Conry et al., 1995) less
toxicity was observed probably related to the different intervals of IT admin-
istration. Of 23 evaluable patients on the bolus schedule, there was 1 persisting
CR (40� months) and 1 PR. Of 9 evaluable patients on the continuous
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infusion regimen, there was 1 PR. Pharmacokinetic parameters for the bolus
regimen at the MTD showed a mean maximum serum concentration of
1209 ng/ml, with a median T1/2 for all courses of 18.2 h. For the CI regimen
at MTD, the mean maximum serum concentration was 963 ng/ml, with a
median T1/2 for all courses of 22.8 h. There was a clear linear correlation
between the maximum serum concentration of the IT and the administered
dose. Twenty-five percent of the patients on the bolus infusion regimen and
30% on the continuous infusion regimen developed HAMA and/or HARA.
Again, there is no significant advantage for either of the regimens.

Ricin A-chain IT cocktail in NHL
One obstacle associated with MAb-based therapeutic approaches is the
heterogenicity of tumor cells in malignant lymphoma (Anderson et al., 1984).
A further problem observed after IT treatment in animal models is the survival
of antigen-deficient mutants causing late relapse (Thorpe et al., 1988). A “cock-
tail” of two or more ITs against different antigens might overcome this pro-
blem. Preclinical studies in SCID mice with Daudi lymphoma showed superior
results with a mixture of the anti-CD22 IT RFB4-SMPT-dgA and the anti-CD19
IT HD37-SMPT-dgA as compared to either IT alone (Ghetie et al., 1992). This
“cocktail” was curative in SCID mice with advanced Daudi lymphoma after
initial chemotherapy (Ghetie et al., 1996). Similar observations were made in
nude mice with solid Hodgkin tumors receiving either a combination of two
dgA-ITs directed against CD25 and IRac or the single ITs (Engert et al., 1995).

Thus, 22 patients with refractory B-NHL were treated in a phase I trial
with a continuous infusion of a combination (mixture 1:1) of IgG-HD37.dgA
and IgG-RFB4.dgA (Combotox) at doses of 10 to 30 mg/m2 (Messmann et al.,
2000). The MTD was reached at 10 mg/m2. Toxicities in this trial included
VLS and hemolytic uremic syndrome (HUS). Two patients died related to
HUS. Patients with more than 49/�l circulating tumor cells in peripheral
blood tolerated all doses without major toxicity. The maximum level of
serum IT achieved in this group was 345 ng/ml of RFB4-dgA and 660 ng/ml
of HD37-dgA, respectively. In contrast, patients with less circulating tumor
cells had unpredictable clinical courses. Prior autologous bone marrow or
peripheral blood stem cell transplantation (P2 � 0.003) and a history of radi-
ation therapy (P2 � 0.036) were associated with significant mortality. Since
both, high-dose chemotherapy and irradiation, can damage the endothelium
(Baker and Krochak, 1989; Bertomeu et al., 1990), this might have predis-
posed for IT-mediated VLS (Lindstrom et al., 1997; Kuan et al., 1995; 
Soler-Rodriguez et al., 1993). In addition, thawed HD37-dgA tended to aggre-
gate and formed HD37-dgA dimer and trimer (Messmann et al., 2000). It is
not clear if this aggregation of HD37-dgA was related to enhanced toxicity.
Clinical response in this trial was moderate including two PRs.

Blocked ricin ITs in NHL

The IT anti-B4-bR consists of blocked ricin and the murine MAb anti-B4,
which binds to the CD19 cell-surface antigen (Nadler et al., 1983). Anti-B4-bR
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is the blocked ricin ITs analyzed most extensively in clinical trials (Table 4.2).
Anti-B4-bR was effective in different SCID mice models against CD19-
expressing cell lines (Shah et al., 1993a) and in cynomolgus monkeys (Shah
et al., 1993b). Grossbard and coworkers subsequently performed the first
phase I study in 25 patients with refractory or resistant B-cell neoplasms
including NHL, chronic lymphocytic leukemia (CLL), and acute lym-
phoblastic leukemia (ALL) (Grossbard et al., 1992). Anti-B4-bR was adminis-
tered daily as 1-h bolus infusion for 5 consecutive days with doses ranging
from 1 to 60 �g/kg/day. Serum levels above 1 nmol/l were achieved tran-
siently in most patients treated at the MTD of 50 �g/kg/day for 5 days.
Compared with dgA-based ITs the DLT with blocked ricin-based ITs was
different manifesting as transient, reversible grade III elevations in hepatic
transaminases, without impaired hepatic synthetic function. Minor toxicities
included transient hypoalbuminemia, thrombocytopenia, and fevers. Nine
patients made HAMA and/or HARA within 1 month following therapy. One
patient achieved a CR and two patients PRs.

In a phase II trial in 16 patients with relapsed CD19-positive NHL anti-
B4-bR was administered at the previously established MTD (50 �g/kg/day)
using a bolus infusion for 5 consecutive days (Multani et al., 1998). Toxicity
was similar to what has been described previously. Six patients made HARA
and three patients developed HAMA. No clinical responses were docu-
mented. The poor response might be explained by detection of anti-B4-bR in
only one of seven tissue samples removed after IT infusion. In contrast, anti-
B4-bR was detected in three of four bone marrow aspirates. Thus, anti-B4-bR
did not consistently penetrate in all sites of disease. A similar distinct pattern
of tissue penetration was observed with the humanized anti-CD52 MAb
alemtuzumab (Osterborg et al., 1996; Osterborg et al., 1997).

To possibly overcome the major shortcoming of the bolus application of
anti-B4-bR, namely the evidence of therapeutic serum levels only over a
period of 4 to 6 h, a new phase I trial with continuous infusion over 7 days was
initiated (Grossbard et al., 1993b). Thirty-four patients with resistant B-cell
malignancies (26 NHL, 4 CLL, 4 ALL) received 7-day continuous infusion of
anti-B4-bR at doses of 10 to 70 �g/kg/day for 7 days. The initial three cohorts
of patients (10, 20, and 30 �g/kg/day 	 7 days) also received a bolus infu-
sion of 20 �g/kg before start of the continuous infusion. The MTD was
reached at 50 �g/kg/day. Compared to bolus application, toxicity was
higher with DLT represented by reversible grade IV elevations of hepatic
transaminases and grade IV thrombocytopenia. VLS, myalgia, nausea, and
fever were also reported. The pharmacokinetic profile demonstrated thera-
peutic serum levels after 48 h lasting over the 7 day period. Lower serum
levels were achieved in patients with CLL and ALL and high numbers of
peripheral tumor cells. Of 34 patients developed HAMA and/or HARA. CRs
were reported in two patients presenting with low tumor mass and a PR in
further three patients. In summary, patients treated with continuous infu-
sions achieved a higher MTD accompanied by more severe side effects
including VLS, nausea, fever, and myalgia. This might be due to a prolonged
exposition of the endothelial cells to the IT resulting in nonspecific uptake.
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82Table 4.2 Clinical trials with blocked ricin A-chain ITs in NHL patients

Disease Antigen Construct Application Toxicity (MTD) Immunogenicity Response Reference

B-NHL, CLL, CD19 Anti-B4-bR 1-h infusion Transaminase elevation, 9/25 1/25 CR (Grossbard 
ALL Day 1–5 VLS, thrombocytopenia HAMA/HARA 2/25 PR et al., 1992)

(250 �g/kg)
B-NHL, CLL, CD19 Anti-B4-bR 1-h infusion Transaminase elevation, 19/34 HAMA 2/34 CR (Grossbard 

ALL Day 1–7 VLS, thrombocytopenia 18/34 HARA 3/34 PR et al., 1993b)
(350 �g/kg)

B-NHL CD19 Anti-B4-bR 1-h infusion Transaminase elevation, 3/16 HAMA none (Multani 
Day 1–5 VLS, thrombocytopenia 6/16 HARA et al., 1998)

B-NHL CD19 Anti-B4-bR Continuous Transaminase elevation, 5/12 HAMA 7/12 patients CCR (Grossbard 
post-ABMT infusion VLS, thrombocytopenia 7/12 Hara 31–67 months et al., 1993a)

Day1–7 (280 �g/kg) post-ABMT
B-NHL CD19 Anti-B4-bR Continuous Transaminase elevation, 2/49 HAMA 27/49 patients in (Grossbard 
post-ABMT infusion VLS, thrombocytopenia 23/49 HARA CCr in median 37 et al., 1999)

Day 1–7 months post-ABMT
B-NHL CD19 Anti-B4-bR Continuous Transaminase elevation, 27/35 HARA 11/44 patients in (Longo 
post-CX infusion VLS, thrombocytopenia CCR at 5 years et al., 2000)

Day 1–7
B-NHL CD19 Anti-B4-bR Continuous Transaminase elevation, 1/9 HAMA 1/9 CR (Tulpule 

HIV-related infusion VLS, thrombocytopenia 3/9 HARA 1/9 PR et al., 1994)
Day 1–28

B-NHL CD19 Anti-B4-bR Continuous Transaminase elevation, 4/26 HAMA 13/26 CR (Scadden 
HIV-related infusion flue-like symptoms 8/26 HARA 12/26 PR et al., 1998)
with CX Day 1–7 

(140 �g/kg)

Abbreviations: ALL, acute lymphoblastic leukemia; NHL, non-Hodgkin’s lymphoma; CLL, chronic lymphocytic leukemia; ABMT, autologous bone marrow
transplantation; CX, chemotherapy; VLS, vascular leak syndrome, HAMA, human anti-mouse antibodies; HARA, human anti-ricin antibodies; CR, complete
remission; CCR, continuous CR; PR, partial remission.
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This observation is contrary to results from preclinical animal studies
(O’Toole et al., 1998; Shah et al., 1993b).

In another phase I trial, anti-B4-bR was administered in an adjuvant set-
ting to patients with chemosensitive relapsed B-NHL in CR after ABMT
(Grossbard et al., 1993a). Twelve patients were treated with a 7 day continu-
ous infusion at 20, 40, and 50 �g/kg/day. Retreatment was performed every
28 days. Potentially therapeutic serum levels could be sustained for 3 to
4 days. The MTD was 40 �g/kg/day for 7 days, which was lower compared
with prior trials due to minimal or negligible tumor burden. The DLTs were
reversible grade IV thrombocytopenia and elevation of hepatic transami-
nases. The comparatively mild VLS observed was not dose-limiting. Despite
imunosuppression after ABMT, five patients made HAMA and seven
patients made HARA. Eleven patients remained in CR between 13 and 26
months post-ABMT (median 17 months). In an updated report seven patients
remained in CR within a median follow-up of more than 4 years (O’Toole
et al., 1998). In a subsequent phase II study, anti-B4-bR was administered at a
median of 112 days post-ABMT at a reduced dose of 30 �g/kg/day over
7 days every 14 days in 49 patients with B-cell NHL in CR (Grossbard et al.,
1999). Since anti-B4-bR is a lipophobic compound dosing was modified to
reflect the lean body mass (LBM) rather than the actual weight. The mean
serum level on day 7 of the first course was 0.77�/
0.41 nM. Toxicity was
clearly reduced compared with the prior phase I trial. Reversible toxicities
included hepatic transaminase elevations, thrombocytopenia, myalgia,
fatigue, nausea, and VLS. Twenty-three patients developed HAMA and/or
HARA at a median of 22 days from the initiation of treatment. The 4 year
disease-free survival and overall survival were estimated at 56% and 72%
indicating continued relapse, respectively. Twenty-six patients remained in
CR after a median follow-up of 54.5 months. This study demonstrated that
anti-B4-bR can be administered safely to patients in an adjuvant setting.
Based on these results, the Cancer and Acute Leukemia Group B (CALGB)
initiated a randomized multicenter phase III study in which patients in CR
received either anti-B4-bR after HDCT 60 and 120 days after ABMT or were
observed without any additive treatment.

A similar phase II trial was initiated in advanced-stage indolent B-NHL
patients who were in CR or PR after conventional polychemotherapy (Longo
et al., 2000). Forty-four patients with minimal residual disease received six
cycles of ProMACE-CytaBOM (prednisone, methotrexate, doxorubicin,
cyclophosphamide, etoposide-cytarabine, bleomycin, vincristine, mechlore-
thamine) followed by a 7 day continuous infusion of anti-B4-blocked ricin IT
at 30 �g/kg/day given every 14 days for up to six cycles. A median number
of two courses was delivered due to the development of HARA (27 of
35 patients). Toxicity was very similar to prior trials. CR was achieved in 25
of 44 patients (57%), 22 after chemotherapy. Three patients converted from
PR to CR after IT application. Interestingly, patients with PCR positivity of
bcl-2 after all treatment relapsed, whereas the patients converting from bcl-2
positivity to bcl-2 negativity after IT administration remained in CR. Median
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duration of remission was 2 years. With a median follow-up of 5 years, 14 of
25 patients with CR have relapsed (56%) and overall survival was 61%.
In conclusion, polychemotherapy in combination with anti-B4-bR did not
produce durable CRs in the majority of patients with indolent lymphoma.

Other clinical investigations explored anti-B4-bR in HIV-related NHL in
combination with polychemotherapy (Scadden et al., 1998) and to purge
harvested bone marrow cells of patients with NHL before reinfusion of the
bone marrow cells (Roy et al., 1995).

Ricin A-chain ITs in HL
A vast amount of murine MAbs against CD25 and CD30 was tested for their
potential use against Hodgkin-derived cell lines without identifying a MAb
with reasonable intrinsic cytotoxicity (Engert et al., 1990; Engert et al., 1991).
Thus, ricin A-chain ITs against Hodgkin-associated antigens were developed.

Ricin A-chain ITs against CD25

A potential target for a selective immunotherapy of HL is the IL-2 receptor,
which is expressed in high amounts on the vast majority of H-RS cells
(Strauchen and Breakstone, 1987). The IL-2 receptor is composed of three
different membrane components (�-, �-, �-chain) (Taniguchi and Minami,
1993). CD25, a 55 kD glycoprotein, represents the �-chain and is undetectable
in resting lymphocytes and stem cells but is efficiently induced upon T-cell
activation. The most potent anti-CD25 IT, RFT5.dgA, inhibited the protein
synthesis of H-RS cells (L540Cy) at a concentration (IC50) of 7 	 10–12 M,
which is nearly identical to that of native ricin under the same experimental
conditions (Engert et al., 1991). RFT5.dgA showed no major cross-reactivity
with any human tissue other than lymphoid, where a few large cells in tonsils
and lymph nodes were stained. This construct was evaluated in triple-beige
nude mice with subcutaneous Hodgkin tumors and SCID mice with dissem-
inated human Hodgkin tumors inducing CRs in 78% and 95%, respectively
(Engert et al., 1991; Winkler et al., 1994).

RFT5.dgA was subsequently selected for a phase I/II clinical trial in
15 patients with refractory HD (Engert et al., 1997). The IT was administered
i.v. over 4 h every other day for 7 days. The MTD was determined at 15 mg/m2.
Side effects were related to transient VLS. Two patients experienced an allergic
reaction with generalized urticaria and mild bronchospasm. Seven of fifteen
patients made HARA�1 �g/ml and six patients developed HAMA�1 �g/ml.
Maximum serum concentrations ranged from 0.2 to 9.7 �g/ml with a half-life
of 4.0 to 10.5 h. Subsequently, further patients were treated at MTD to better
assess the efficacy of RFT5.dgA in heavily pretreated HL patients (Schnell et al.,
2000). Therapy was well tolerated with grade 3 toxicities (VLS, myalgia) in five
of eighteen patients. Response of seventeen evaluable patients included two
PRs, one minor response (MR), and five SD. One reason for the moderate
response might be the strong expression of CD25 on only 30% of H-RS cells.
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Ricin A-chain ITs against CD30

The lymphocyte activation marker CD30 is expressed consistently on the
malignant cells in HL and has been shown to be an excellent potential target
for immunotherapy of human HL. The CD30 antigen was originally discover-
ed on cultured H-RS cells using the MAb Ki-1 (Stein et al., 1985). Normal
human organs revealed no major cross-reactivity of CD30 MAbs. The most
effective ricin A-chain IT, Ki-4.dgA, was five times more potent in vitro com-
pared to former CD30 A-chain ITs and demonstrated high efficacy in the
treatment of disseminated human HL in a SCID mouse model (Schnell et al.,
1995). Thus, Ki-4.dgA was selected for a clinical phase I trial in 17 heavily
pretreated patients with refractory CD30 positive HL and NHL (Schnell et al.,
2002). The IT was given in four bolus infusions every other day in escalating
doses. Peak serum concentrations of the intact IT varied from 0.23 to
1.7 �g/ml. Side effects were related to the VLS and the MTD was reached at
5 mg/m2. The low MTD could be in part explained by binding of the intact
IT to soluble CD30 after infusion of the IT. Forty percent of patients made
HARA and one patient made HAMA. Responses included one PR and one
MR. This lower than expected response rate might be at least in part related
to the low dose of IT administered.

In conclusion, RFT5.dgA and Ki-4.dgA given to patients with resistant
HL demonstrated moderate tolerability and efficacy (Table 4.3). One of the
explanations for these results were the unfavorable group of patients selected
in these studies. Most patients were heavily pretreated with multiple prior
chemotherapies presenting with highly active disease and large tumor
burden. VLS occurred at lower doses in the Ki-4.dgA trial compared with the
RFT5.dgA trial and similar trials with other ITs in patients with NHL. This
might be due to the small numbers of CD30� peripheral blood mononuclear
cells (PBMCs), the binding of Ki-4.dgA to sCD30, and the lack of shed anti-
gens such as CD19 and CD22 in NHL patients. A strong inverse correlation
between circulating tumor cells and toxicity has been reported in other trials
(Messmann et al., 2000). In the RFT5.dgA trial, binding of RFT5.dgA to sCD25
was not detected even though it bound to CD25� PBMCs. To reduce binding
of Ki-4.dgA to sCD30 it might be prudent to infuse the native MAb before
treatment with the IT. Since metalloproteinases induce the shedding of CD30,
the blockade by hydroxamic acid-based metalloproteinase inhibitors might
also reduce toxicity (Hansen et al., 1995; Hansen et al., 2002). In contrast to the
trials in NHL patients, in HL patients neither pulmonary edema nor aphasia
related to VLS was observed (Schnell et al., 2003). Since � 50% of the patients
in the HL trials had pulmonary HL other reasons must be considered. As well
in contrast to the NHL studies nearly all HL patients received irradiation
therapy before IT treatment without influencing VLS. The most obvious
explanation apart from the different histology is the younger age of patients
enrolled in the HL trials (30 to 35 years) compared with 49 to 60 years in the
NHL trials. Thus, different symptoms of VLS might be prevalent in patients
of different ages or suggesting that HL and NHL have different predisposing
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Table 4.3 Clinical trials with ricin A-chain ITs in HL patients

Disease Antigen Construct Application Toxicity (MTD) Immunogenicity Response Reference

HL CD25 RFT5.dgA 4-h infusion, VLS, myalgia, 6/15 HAMA 2/15 PR (Engert 
days 1–3-5–7 nausea, fatigue 7/15 HARA et al., 1997)

(15 mg/m2)
HL CD25 RFT5.dgA 4-h infusion, VLS, myalgia, 11/18 HAMA 2/17 PR (Schnell 

days 1–3-5–7 nausea, fatigue 11/18 HARA et al., 2000)
(15 mg/m2)

HL CD30 Ki-4.dgA 4-h infusion, VLS, myalgia, 1/17 HAMA 1/17 PR (Schnell 
days 1–3-5–7 nausea, fatigue 1/17 HARA et al., 2002)

(5 mg/m2)

Abbreviations: HL, Hodgkin’s lymphoma; VLS, vascular leak syndrome, HAMA, human anti-mouse antibodies; HARA, human anti-ricin; PR, partial
remission.
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factors that have not been identified yet. The moderate response rate might
be explained by the relatively low dose of administered IT in the anti-CD30
IT trial. In the anti-CD25 IT trial this might be related to a strong expression
of CD25 on only 30% of H-RS cells. Thus, the IL-2 receptor or the CD25 anti-
gen might not be the optimal target in HL, which is supported by other trials
with recombinant anti-CD25 ITs or anti-IL-2 constructs demonstrating very
similar disappointing response rates (Kreitman et al., 2000; LeMaistre et al.,
1992; LeMaistre et al., 1993; LeMaistre et al., 1998).

Obstacles of ricin ITs
Clinical trials with A-chain ITs or blocked ricin ITs in patients with relapsed
or refractory B-cell NHL or HL demonstrated efficacy but also revealed
obstacles. ITs containing deglycosylated ricin A-chain hepatotoxicity was
successfully eliminated. This was however the DLT in trials using blocked
ricin. Some patients in the blocked ricin trials developed reversible thrombo-
cytopenia but a more pronounced myelosuppression was not reported. The
most common side effect was VLS, which was described in all trials and
defined the DLT in the dgA trials. A further possible obstacle to a prolonged
clinical application in either ricin conjugate was the development of antibodies
against the two components of the IT.

Vascular leak syndrome

VLS is clinically characterized by hypoalbuminemia with consecutive
edema, weight gain, hypotension, dyspnea, tachycardia, and myalgia in
patients without intrinsic cardiac, renal, or hepatic disease. Severe VLS
caused some deaths in trials with dgA ITs. A retrospective analysis of 102
NHL patients treated with two different dgA ITs (RFB4.dgA, HD37.dgA)
indicates that the VLS was more frequent and more severe in patients who
had prior irradiation (Schindler et al., 2001) leading to the suggested conse-
quence to exclude irradiated patients from IT trials. Other clinical predictors
for VLS are the absence of even very small numbers of circulating tumor cells
and sustained IT serum levels �1 �g/ml (Messmann et al., 2000). The VLS
had previously been observed in patients treated with IL-2 (Rosenstein et al.,
1986). Thus, initial speculations of VLS in IT treatment focused on increases
of cytokines. Efforts to document a potential involvement of a variety of
different cytokines including IL-1, IL-2, IL-4, IL-6, IL-10, or soluble adhesion
molecules like sELAM or sICAM during IT treatment have failed (Sausville
et al., 1995). In patients with severe VLS higher levels of tumor necrosis
factor (TNF-�) were observed (Baluna et al., 1996b). In vitro models (human
umbilical vein endothelial cells, HUVEC) studying VLS indicate a dramatic
change in morphology of HUVECs after treatment with ricin A-chain ITs
(Soler-Rodriguez et al., 1993). In addition, the permeability of HUVEC
increased related to morphologic changes, which appeared just 1 h after
exposure to the toxins, whereas inhibition of protein synthesis was not

Chapter 4: Ricin immunotoxins in lymphomas 87

Koji_Ch-04.qxd  10/6/04  11:55 AM  Page 87

© 2005 by CRC Press



detectable until 4 h after exposure. This effect of dgA ITs on HUVECs can be
suppressed in the presence of fibronectin (Fn), an extracellular matrix
protein, which plays a role in the maintenance of vascular integrity (Baluna
et al., 1996a), suggesting an interference with Fn-mediated adhesion.
Recently, it was demonstrated that a three amino acid sequence motif,
(x)D(y), where x are L, I, G, or V and y are V, L, or S, in toxins and IL-2 dam-
ages endothelial cells (Baluna et al., 1999). Thus, when peptides from ricin 
A-chain containing this sequence motif are linked to murine IgG, they bind to
and damage endothelial cell both in vitro and in vivo. A detailed analysis of the
three amino acid sequence LDV demonstrated binding to and damage of
endothelial cells and the induction of early manifestations of apoptosis in
HUVECs by activating caspase-3 (Baluna et al., 2000). These data might indicate
that ricin A-chain-mediated inhibition of protein synthesis (due to its active site)
and apoptosis (due to LDV) are mediated by different sites of the toxin. Thus,
mutations or deletions of LDV may obtain the ability to eradicate tumor cells in
the absence of endothelial cell-mediated VLS (Smallshaw et al., 2003).

Immunogenicity

The development of HAMA and HARA has been reported in most clinical
phase I/II trials. These antibodies can neutralize circulating IT in the peri-
pheral blood of patients resulting in decreased half-life and ineffective killing of
tumor cells. Attempts to reduce the immune response by coadministration
of immunosuppressive agents have been unsuccessful so far. The development
of chimeric, humanized, or human ligands (Morrison et al., 1984; Woodard
et al., 1998; Lonberg et al., 1994; Huhn et al., 2001; Zewe et al., 1997) and toxins
(Huhn et al., 2001; Zewe et al., 1997) might solve this problem. The extensive
experience with the chimeric anti-CD20 antibody rituximab demonstrated
human anti-chimeric antibodies (HACA) in less than 1% (Maeda et al., 2001;
McLaughlin et al., 1998) compared to HAMA response in up to 60% in trials
using ricin-based constructs.

Summary and perspectives
Several clinical trials in B-NHL and HL using ricin-based ITs have been
conducted from which the following conclusions emerge.

(1) The different ITs demonstrated biologic activity, even in heavily
pretreated patients with bulky relapsed disease. Response rates varied from
6% to 23%. (2) VLS, myalgia, transient liver enzyme elevations, and throm-
bocytopenia are the most common side effects. It seems that the “therapeutic
window,” which is needed between concentrations mediating targeted
efficacy and nontargeted toxicity is relatively small. (3) Immunogenicity of
ricin-based ITs compromises cytotoxicity and the potential to deliver repeat
courses of therapy. (4) No randomized phase III trial has been published yet,
which demonstrated a benefit to administer ITs.
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Since ricin-based ITs were developed before the introduction of highly
active MAbs like the chimeric MAb rituximab (Maloney et al., 1997; Davis
et al., 1999; Coiffier et al., 2002; McLaughlin et al., 1998) or the humanized
MAb alemtuzumab (Osterborg et al., 1997), it is questionable if ITs can com-
pete with these molecules. Rituximab combines effectiveness and low toxi-
city, which is infusion related. Other promising constructs in B-NHL are
radioimmunoconstructs such as yttrium-90 ibritumomab tiuxetan and
iodine-131 tositumomab, which also demonstrated impressive response rates
with tolerable toxicity (Witzig et al., 1999; Witzig et al., 2002; Kaminski et al.,
2001). These two constructs are commercially available for refractory B-NHL.
Recently, chimeric or complete human anti-CD30 MAbs were described and
are currently under clinical investigation in HL (Wahl et al., 2002; Barlett,
2002; Borchmann et al., 2003). Immunoconjugates like bispecific MAbs
showed impressive antitumor response in refractory HL patients without
reaching the MTD (Borchmann et al., 2002; Hartmann et al., 2001; Hartmann
et al., 1997). Thus, the clinically tested ricin-based ITs might be of moderate
clinical value due to the small therapeutic window. Genetic engineered ITs
with mutations in the three-amino acid motif inducing VLS might solve this
problem. The newly developed mutant RFB4-N97A was more effective in
xenografted SCID mice compared to ricin A-chain used before without caus-
ing VLS at the same dose (Smallshaw et al., 2003). Further clinical trials with
this new generation of ricin-based ITs are needed to define a potential role in
lymphoma therapy.
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Introduction
Malignant gliomas have a poor prognosis. The median survival for treated
patients with glioblastoma multiforme (GBM) is less than 1 year with less
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than 20% surviving two years.1 In addition to primary surgical intervention,
adjuvant treatment with chemotherapy and radiation therapy has become
the standard of care for treating brain tumors. Certain central nervous system
(CNS) tumors are especially sensitive to chemotherapy such as oligoden-
drogliomas and primary CNS lymphomas.2–4 However, the majority of
malignant CNS tumors do not respond to treatment.5–7 There are numerous
reasons why most treatment modalities have failed. Surgical resection will
only treat to the tumor boundaries as defined by CT and MRI. These imaging
techniques demonstrate the tumor boundary as the rim of contrast enhance-
ment around the tumor where the blood-brain barrier (BBB) is disrupted.
Unfortunately, blood-brain barrier disruption is greatest at the center of the
tumor and less at the periphery;8,9 therefore, it is not surprising that most
tumor recurrences occur within 2 cm of the tumor resection margin.10–12

Failure of chemotherapy regimens can be attributed to an inability to achieve
therapeutic concentrations within the tumor because of the BBB (which 
prevents the passage of drugs with molecular weight greater than 180 kDa),13

a low growth fraction for portions of tumors,14 decreased uptake, and repair
of drug-induced damage by the tumor.15 Furthermore, the side effects 
of chemotherapy such as neutropenia, gastrointestinal ulceration, nephro-
toxicity, neuropathy, and ototoxicity, limit the amount of drug that can be
administered. Similarly, radiation therapy is limited by the sensitivity of 
the lesion to radiation and by the dose-dependent side effects such as 
cognitive deficits, leukomalacia, necrosis, and pituitary and hypothalamic
dysfunction.

Oncology research is always striving to develop a tumor-specific
treatment for cancer as an alternative to chemotherapy. Such an approach
would target cancer cells specifically without damaging normal adjacent
tissue.16 By selectively targeting overexpressed antigens on tumor cells and
having a selectivity as high as 200,000-fold compared to the native toxin,
immunotoxins represent a highly selective alternative therapy.17,18

Immunotoxins were first shown to be potent tumor cell killers in the early
1970s; however, it was not until 1987 that there were any published results of
the effects of immuntoxins on primary CNS tumors.19 Since then, 12 clinical
studies assessing the safety and efficacy of immunotoxin use in primary CNS
tumor treatment have been published (Table 5.1). Although these trials have
shown some efficacy in the use of immunotoxins to treat CNS tumors, the
trials have not shown the dramatic response of treating tumors with
immunotoxins as demonstrated in in vitro and in vivo models. Two obstacles
that need to be overcome for immuntoxins to become standard treatment for
brain tumors are their nonuniform distribution within tumors and nonspecific
treatment-related neural toxicity. Future direction in immunotoxin clinical
trials will undoubtedly involve the use of immunotoxin combinations with
affinities for various antigens expressed either on the tumor cells, the
surrounding neural matrix, or the neovasculature. In this manner, the dose-
dependent toxicity of the individual immunotoxins can be reduced without

Cytotoxins and Immunotoxins for Cancer Therapy98

Koji_Ch-05.qxd  10/6/04  11:55 AM  Page 98

© 2005 by CRC Press



C
hapter 5: D

iphtheria-based im
m

unotoxins
99

Table 5.1 CNS immunotoxin clinical trials

Author Immuntoxin Adminstrative Tumor type Primary or # with Outcome Adverse 
route recurrent resection effects

prior to 
treatment

Riva et al. Anti-Tenascin-I131 Intratumoral 58 GBM, 4 AA 31 primary 62 23 months  Headache, 
Mab 31 recurrent median survival HAMA

12 months 
median relapse

Laske et al. Tf-CRM107 Intratumoral 9 GBM, 5 AA, 15 recurrent 11 9/15 patients Seizure, cerebral 
1 AO with � 60% edema, peritumoral 

tumor reduction cerebral injury
Wersäll Anti-EGFR Mab Intratumoral 8 GBM 4 primary 5 6 Patients with Nephropathy,  
et al. 4 recurrent evidence of headache, ataxia, 

tumor necrosis hemiparesis, 
septicemia, HAMA,
nausea/vomiting

Brady et al. Anti-EGFR-I125 intravenous/ 15 GBM, 25 primary 12 15.6 months Nonreported
Mab intraarterial 10 AA median survival

Stragliotti Anti-EGFR Mab Intravenous 16 GBM 16 recurrent 12 No major Neutropenia, 
et al. response hepatitis, skin rash

Rand et al. IL-4(38–37)- Intratumoral 9 GBM 9 recurrent 9 6/9 patients  Headache, 
PE38KDEL with evidence  seizure, dysphasia, 

of tumor hydrocephalus, 
necrosis weakness

Ascher NBI-3001 Intratumoral 31 malignant 31 recurrent 31 8.2 months Cerebral edema, 
et al. gliomas median seizure, aphasia, 

survival hemiparesis, 
coma, somnolence
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100Table 5.1 Continued

Author Immuntoxin Adminstrative Tumor type Primary or # with Outcome Adverse 
route recurrent resection effects

prior to 
treatment

Lang et al. IL13-PE38QQR Intratumoral 9 GBM, 1 AA, 12 recurrent 12 1� to 42� cerebral edema,
1 AO, 1 MO weeks seizure, cranial 

nerve palsy, sensory
neuropathy, ataxia

Laske et al. 454A12-rRA Intraventricular 8 leptomeningeal 8 primary NA 4/8 patients Headache, mental
neoplasia with � 50% status change, 

reduction in vomiting
CSF tumor 
cell count

Cokgor 81C6 Anti- Intratumoral 32 GBM, 3AA, 42 primary 42 79 weeks Hemiparesis, 
et al. Tenascin-I131 5 AO, 2 MO median dysphasia, ataxia, 

MAb survival memory loss, 
neutropenia,
thrombocytopenia

Snelling Anti-EGFR-I125 Intravenous 46 GBM, 13 AA 59 primary 48 13.5 months Nonreported
et al. MAb median

survival
Kalofonos Anti-EGFR-I131 Intravenous/ 7 GBM, 1 AA, 2 10 recurrent 8 42 days to 3 year Thrombocytopenia,
et al. Mab intraarterial brainstem survival rate neutropenia, HAMA

Anti-H17E2-I131 gliomas
MAb

GBM, glioblastoma multiforme; AA, anaplastic astrocytoma; AO, anaplastic oligodendroglioma; MO, mixed oligodendroglioma; HAMA, Human anti-
mouse Antibody; NA, not applicable.
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compromising their efficacy. In addition, combinations of various delivery
techniques such as intratumoral convection-enhanced delivery (CED), intraar-
terial injections following BBB disruption, and intraventricular administra-
tion can be used to attack the tumor cells at the margin. Alternatively the use
of biological response modifiers such as interferon20 to increase the density
of the antigenic sites on tumor cells or the intratumoral co-injection of
hyaluronidase to facilitate the distribution of immunotoxins21 before
treatment with immunotoxin can decrease the toxicity to surrounding cells.
The addition of substances such as chloroquine to decrease the toxicity of
transferrin-bound immunotoxins can also be employed.22 Finally, the use
of immunotoxins that are enzymatically activated after they have bound to
the tumor antigen, should reduce the potential for systemic toxicity.

Numerous tumor antigen candidates have been targeted by immunotox-
ins. Although a large amount of important work has been published in the
field (as reviewed in this book), in this chapter we focus on a comparison of
two agents produced in our laboratory, DTAT and DT390IL13.23,24

IL-13 receptor
Targeting the IL-13 receptor with immunotoxin has proven already to have
tremendous potential for treating brain tumors (see previous chapters in this
volume). IL-13 is a cytokine that is structurally similar to IL-4. It is secreted
by activated type-2 T-cells and mast cells.25–27 Like IL-4, IL-13 modulates
human monocyte and B-cell function, but unlike IL-4 it does not have bio-
logical action on T-cells.28,29 The IL-13 receptor (IL-13R) is composed of two
subunits: IL-13R�1 or IL-13R�2 and IL-4R�.30 IL-13R�1 and IL-13R�2 have a
45% homology in structure. Both proteins have short cytoplasmic domains,
four conserved cysteine residues, two consensus patterns, and WSXWS motif
(signature of the hemopoietic cytokine receptor family) in the C-terminal
domain.31

IL-13R�2 has been found to be overexpressed in cultured human GBM
cell lines and surgical GBM specimens but not in normal human brain,32,33

whereas IL-13R�1 is detected in keratinocytes, hair follicles, sebaceous and
sweat glands, foveola cells, gastric glands, and hepatocytes.34 IL-13R�1 does
not transduce a signal when bound to IL-13, but the heterodimerization of 
IL-13R�1 and IL-4R� transduces a signal when either IL-4 or IL-13 is bound.30

Unlike IL-4 receptor, IL-13R is not species-specific.35 Although IL-13R�2 has
three orders of greater affinity for IL-13 than does IL-13R�1, it acts as a decoy
in the sense that it does not transduce a signal due to its very short cytoplas-
mic domain.30,36,37

The heterodimerization of IL-13R�1 and IL-4R� activates Tyk2, a mem-
ber of the Janus tyrosine kinase (Jak) family, STAT 3 and STAT 6, which are
members of a family of molecules known as signal transducers and activators
of transcription.38–40 Phosphorylation of STAT 6 results in its translocation to
the nucleus where specific genes are upregulated. Research has indicated
that the upregulated genes play a role in the pathogenesis of allergic diseases

Chapter 5: Diphtheria-based immunotoxins 101

Koji_Ch-05.qxd  10/6/04  11:55 AM  Page 101

© 2005 by CRC Press



such as bronchial asthma, atopic dermatitis, allergic rhinitis, and allergic
conjunctivitis by type 1 or immediate hypersensitivity reactions involving
IgE synthesis.34 Furthermore, overexpression of IL-13 can induce allergic
reactions independent of type 1 hypersensitivity.41

In terms of immunotoxin therapy, IL-13R has been shown to be overex-
pressed on many human malignancies including GBM, renal cell carcinoma,
ovarian carcinoma, colon adenocarcinoma, epidermoid carcinoma, AIDS-
associated Kaposi sarcoma, prostate cancer, and pancreatic carcinoma.33,42–46

uPA receptor
The hallmark of a neoplasm transitioning from a benign tumor to malignant
cancer is its ability to invade local tissue and to also metastasize. Various pro-
teases (such as metalloproteases, type 4 collagenases, serine proteases, and
plasmin-related enzymes) have been shown to play crucial roles in this initial
step.47–49 Within the past few years attention has turned to the urokinase-type
plasminogen activator receptor (uPAR) as a target for inhibiting tumor cell
metastass.24,50,51 In accordance with this, uPAR has been shown to be overex-
pressed in a number of tumor cell lines including: GBM, breast cancer,
melanoma, colon cancer, and prostate cancer.24,52–56 In addition to its function
in the plasminogen activating cascade, deficiency of uPAR has been shown to
decrease T-cell and macrophage recruitment and impair transendothelial
migration of neutrophils.57–59 uPAR is a 270 residue, 55 kDa, glycosyl phos-
phatidylinositol (GPI)-linked protein, which is bound to the cell membrane
through a GPI-linked ligand.60 uPAR resides in low density lipoprotein
domains.61 Since GPI-linked proteins are unable to transduce a transmem-
brane signal, it is thought that uPAR signaling occurs through protein–
protein complexes.61 Furthermore, not all proteins that coexist in rafts form a
protein–protein complex however, studies have been done which show that
uPAR does function through such a pathway. Resonance energy transfer has
been observed between uPAR and several integrins indicating that such
complexes do exist.62 Other eloquent experiments have shown a disruption
of uPAR–integrin interaction by using a peptide with a homologous
sequence to a suspected uPAR-binding site.63,64 Recent studies indicate that
the �2-macroglobulin receptor, LDL-related receptor protein, very low
density lipoprotein receptor, and the epithelial glycoprotein-330 are involved
in the internalization of uPAR.65,66–69 uPAR consists of three heavily glycosy-
lated domains, which are connected by interdomain peptides and disulfide
bonds.70–72 Domain 1 is the amino-terminal portion that functions as the
binding site for uPA and also provides the catalytic site for the plasminogen
cascade. Furthermore, domain 1 participates in a limited autocleavage which
exposes a sequence between domain 1 and 2 that in turn results in the chemo-
taxis property of the uPAR. The carboxyl terminal (domain 3) allows for
anchoring of the GPI, which in turn attaches the receptor to the plasma
membrane. Several models have been proposed for the various functions of
the uPAR. In tumors the binding of uPA to uPAR results in a complex formation
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with �5�1 which then binds to fibronectin. Through a caveolin-independent
mechanism, a signal cascade is initiated, which activates the mitogen-
activated protein kinase (Mek)-extracellular regulated kinase (ERK) path-
way,61,73 and simultaneously inhibits the growth suppressive pathway
p38MAPK (stress-activated protein kinase 2). This inhibition leads to prolifera-
tion of tumor cells. In kidney epithelial cells, monocytes, and vascular
smooth muscle cells, a two-domain form of uPAR (devoid of domain 1),
which does not bind uPA, forms a complex with membrane integrins and in
a caveolin-dependent manner activates Src Family kinases, which then acti-
vates focal adhesion kinase (FAK) and Fyn, a member of the nonreceptor
tyrosine kinase family. This leads to ERK activation, which combined with
FAK leads to matrix-dependent migration.61,70,74,75 Tumor cell migration
results from uPA-dependent binding of uPAR, which activates FAK and Src
phosphorylation leading to activation of the Shc-Ras-Mek-ERK pathway.61

The myosin light chain kinase (MLCK) is activated and phosphorylates the
myosin regulatory light chain and initiates cytoskeleton contraction and cell
migration.76

Plasminogen activator inhibitor (PAI)-1 inhibits uPA–uPAR activity by
inducing internalization and degradation of uPA while recycling the free
uPAR to the cell surface.77 Furthermore, PAI-1 inhibits the binding of
vitronectin to uPAR and inhibits cell adhesion and migration.78,79

Immunotoxin design
The accessibility of these two glioblastoma-associated receptors caused us to
consider both as targets for IT therapy. Thus, we used established procedures
to design hybrid immunotoxins with IL-13 or the amino terminal fragment of
urokinase as the ligand moieties and truncated DT as the toxin moiety.
Recombinant DTAT (diphtheria toxin amino terminal fragment of urokinase-
type plasminogen activator) was synthesized by a technique described
previously.80 The hybrid gene was constructed by the method of gene
splicing. An Nco1/Xho1 gene fragment was cloned by polymerase chain
reaction (with a splice overlap extension encoding the 390-amino acid
portion of DT390, an EASGGPE linker, and the downstream 135-amino acid
ATF from uPA) and ligated into the pET21d expression vector forming
plasmid pDTAT.pET21d (Novagen, Madison, WI).81 The DT390 consists of
193-amino acid N-terminal A-chain, the 342-amino acid B-chain with a
hydrophobic translocation enhancing region, a disulfide bond between
chains A and B, with the deletion of 145-amino acid native binding region.
Restriction endonuclease digestion and DNA sequencing analysis were used
to verify that the hybrid gene had been cloned in frame. Once this was veri-
fied, the plasmid was transformed into the Escherichia coli strain BL21(DE3)
(Novagen). Expression was induced and the protein was refolded and purified
from inclusion bodies. The pellets were washed and inclusion bodies were
collected by centrifugation. Solubilization of the inclusion body pellet was
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achieved by sonicating in denaturant buffer. Renaturation was initiated by a
rapid dilution of the denatured protein into chilled refolding buffer at
10�C for 48 h. Ultrafiltration was performed and samples were loaded on a 
Q-Sepharose (Sigma-Aldrich, St. Louis, MO) ion exchange column and
eluted with 1 M NaCl in 20 mM Tris (pH 7.8). The protein was diluted and
subsequently applied to a Resource Q column (Pharmacia Biotech, Uppsala,
Sweden) and eluted with a linear salt gradient and dialyzed. The main peak
from the Resource Q column was further purified by a size-exclusion
chromatography. The purity of DTAT was determined to be greater than
95% based on a standard sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS–PAGE) analysis. DT390IL13 was synthesized in a similar
fashion with a 95% purity.

DTIL13 efficacy
Investigators have developed and studied IL-13PE32,35,45 and we reasoned
that an IL-13/DT hybrid protein also would be selective and potent. Human
immunization to DT would not be a problem because of use of the protein in
the brain, an immunologically priviledged site. To determine the potency of
DT390IL13, various cell lines were cultured in the presence of increasing
concentrations of DT390IL13. Cells were pulsed with [methyl-3H] thymidine
and the radioactivity was counted. Human GBM cell lines U373 MG, U87 MG,
T98 G, and control cell lines C1498 (murine leukemia) and HUT-102
(human T-cell lymphoma), which do not express IL-13R, were examined.
Previous work by Debinski et al.32,82 had determined that U373 MG had 
≈ 16, 400 IL-13R/cell whereas T98 G had only 549 receptors/cell, and U87
MG was intermediate in receptor density. The IC50 correlated directly with the
receptor density with 12 pM for DT390IL13 and 1 nM for U87 MG cells. Higher
concentrations of DT390IL13 had minimal or no effect on the control cells and
T98 G. A kinetic study of DT390IL13 against U373 MG cells revealed greater
than 50% cell death with concentrations less than 0.1 nM. DT390IL13 also was
tested against primary explant cells originating from three patients with
GBM. All three samples were sensitive to DT390IL13 in nM concentrations. To
assess the specificity of DT390IL13, U373 MG cells were incubated with
DT390IL13, DT390IL2 and DT390mIL4 (mouse IL-4 construct). Whereas
DT390IL13 was highly toxic, DT390IL2 and DT390mIL4 showed no cytotoxicity.
Furthermore, while polyclonal anti-human IL-13 antibody at 1.0 �g/ml effec-
tively neutralized the cytotoxicity of DT390IL13, co-incubation with antihuman
IL-4R or antimurine IL-4 antibody had no effect. To test the efficacy of
DT390IL13 in vivo, a nude mouse tumor flank model was used. U373 MG cells
were inoculated subcutaneously into the right flank of nude mice. On day 12
the tumors (ranging from 0.1 to 0.25 cm3) were treated every other day with
intratumoral injections of either DT390IL13, DT390hIL2, or PBS for a total of
five doses. All tumors treated with DT390IL13 had complete regression 
(p � 0.005) whereas tumors injected with nonspecific immunotoxin or saline
continued to grow.20
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Although tumor flank models can provide further evidence of immunotoxin
efficacy, the model has several drawbacks compared to an intracranial tumor
model. First, flank models are known to autoinfarct once a critical mass
threshold has been reached. Second, the intratumoral pressure within the
flank model does not reach the pressure that occurs in an intracranial tumor
due to the fact that the skull has a fixed volume. Third, flank xenograft models
can elicit an immune response to the tumor cells whereas the intracranial
model is privileged because of the blood-brain barrier.83 Fourth, the nonspe-
cific toxicity that can occur with immunotoxin treatment such as vascular leak
syndrome can be deleterious in an intracranial model thus limiting the dose of
immunotoxin that can be safely injected.84,85 Finally, human GBM cells trans-
planted in nude mice brain show an infiltrative pattern of growth similar to
the human pathology; whereas, similar cell transplants into mice flank do not
infiltrate adjacent stroma.86 We have developed an intracranial model using
U373 MG cells to test the efficacy of DT390IL13. Athymic nude mice were
anesthetized and placed in a stereotactic frame. The scalp was cleansed and a
midline incision was made extending from the bregma to the lambda. A
power drill was used to perforate the skull on the right approximately 2 mm
lateral to the midpoint between the bregma and the lambda. A stereotactically
guided Hamilton needle was passed approximately 3.5 mm into the
parenchyma to deliver the tumor cells and the scalp was sutured closed.
Magnetic resonance imaging (MRI) was used to assess tumor size and
posttreatment efficacy in athymic nude mice. Figure 5.1 shows a histology brain
section in which U373 cells were injected intracranially and the tumor was visu-
alized using H and E staining on day 30 post-injection. In the left panel, the
tumor margins and needle tract can clearly be observed. In order to create an
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Figure 5.1 Histology brain section (stained with H and E) obtained from the puta-
men of nude mice given a single injection of U373 MG glioblastoma cells. Panel A
shows tumor with the needle track visible in the upper left margin 200�. Panel B
shows active mitosis and hypercellularity within the tumor 400�
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in vivo model that approximated the clinical condition, the mice were treated
at a point in time when only a week of life would be expected based on the elu-
cidated natural history of the intracranial tumor model. After DT390IL13 treat-
ment, an MRI with contrast was obtained, which showed significant tumor
shrinkage. The survival of the treated group was statistically significant 
(p � 0.05) compared with the normal saline-treated control group. Although
the efficacy of DT390IL13 against U373 MG tumors was evident, the fact that
tumor cells in the periphery were still present on posttreatment scans indi-
cates that a CED of DT390IL13 will be required in future clinical trials.

DTAT efficacy
The in vitro cytotoxicity of DTAT was measured by inhibition of DNA
synthesis in various cell lines including U87 MG, U118 MG, Neuro-2a
(murine neuroblastoma cell line), Daudi (human Burkitt’s lymphoma cell
line), and SKBR3 (human mammary gland adenocarcinoma cell line).24

Whereas U87 MG and U118 MG were highly sensitive to DTAT, the remaining
cells that do not express uPAR were not, except for Neuro-2a. Neuro-2a
showed some sensitivity at higher concentrations of DTAT probably due to
the uptake of uPa by the low density lipoprotein complexes on neurons and
glial cell membranes.65–69 Since uPAR is known to be upregulated in neovas-
cularization, wound healing, and placental development, DTAT efficacy was
tested against human umbilical vein endothelial cells (HUVEC). DTAT was
shown to inhibit the proliferation of HUVEC in a dose-dependent manner
with an IC50 of 2 nM. To test the specificity of DTAT against HUVEC, a 72 h
proliferation assay consisting of several interleukin-based immunotoxins
(both mouse- and human-based gene constructions) was completed. Only
DTAT had significant toxicity against HUVEC. The specificity of DTAT was
also tested by the ability of anti-urokinase antibody to block the cytotoxicity
of DTAT against HUVEC. A comparison of the cytotoxicity of DTAT and
DT390IL13 was performed using U118 MG cells in a proliferation assay. U118 MG
is known to coexpress IL13R and uPAR. Whereas DTAT resulted in greater
than 90% cytoreduction at 48 h, only a 75% reduction was noted with
DT390IL13 (p� 0.001). In vivo efficacy of DTAT was tested using an athymic
nude mice flank tumor model. Four groups of ten mice were transplanted
with U118 MG cells in the flank and on day 28 when the average tumor size
had reached 0.2 cm3, the animals were treated with intratumoral injections of
DTAT, DThIL2, PBS, or DT390IL13. By day 65, 9 of 10 mice treated with DTAT
were tumor free whereas mice not treated with DTAT continued to have
tumor growth. One interesting finding was that U118 MG flank tumors
treated with DTIL13 did not show as favorable a response as the mice treated
with DTAT. This response could be due to downregulation of the IL-13R
in vivo. Wen et al.,87 have shown that receptor density on tumor cells can
vary depending on the micro-environment near the tumor cells. Another
explanation for this result could be the poor diffusion of DT390IL13 through
the tumor bed.
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Recently, we completed an intracranial tumor model study assessing the
efficacy of DTAT on U87 MG cells. Figure 5.2 shows an MRI scan with
contrast that demonstrated the tumor growth of the U87 MG glioblastoma in
the putamen of a nude mouse. DTAT administration resulted in a statistically
significant (p � 0.0001) increase in the survival of the mice compared to
controls. In order to screen for intracranial bleeding or vascular leak
syndrome, serial post-injection MRI scans were obtained in rats after under-
going intraparenchymal DTAT or normal saline injections. Gradient echo
scans showed no intracranial bleeding at 1 h or again at 72 h post-injection. 
T2-weighted and FLAIR (fluid-attenuated inversion recovery) images also
showed no cerebral edema.

Toxicities
To assess the nonspecific and specific systemic toxicity of DT390IL13 and
DTAT, C57BL/6 mice were injected subcutaneously with repeat doses of
either DT390IL13 or DTAT. The maximal tolerated dose (MTD) was calculated
based on immunotoxin-related death. For DT390IL13, the therapeutic window
was determined to be between 1 and 30 �g/dose. For DTAT, the MTD was
20 �g/dose. Frozen tissue specimens were stained with hematoxylin and
eosin and examined microscopically. Few neutrophil and mononuclear cell
infiltrates were detected in kidney glomeruli in both DTAT- and DT390IL13-
treated mice. However, serum analysis indicated normal levels of creatinine
indicating no kidney dysfunction was present. DT390IL13 did result in a dose-
dependent liver damage. To evaluate whether this toxicity was specific or a
bystander effect, IL4R knock-out mice were tested since IL-13R requires 
IL-4R to be functional [88]. Liver specimens from IL-4R knock-out mice treated
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Figure 5.2 TI-weighted post-contrast MRI scan of nude mouse brain showing U87
tumor growth with central necrosis (arrow)

Koji_Ch-05.qxd  10/6/04  11:55 AM  Page 107

© 2005 by CRC Press



with DT390IL13 showed no fatty liver damage, and their liver function
enzymes were not significantly increased. Although DTAT also showed mild
elevation in liver enzymes, this result did not correlate with any histological
changes in the liver structure.

Does DTAT have an advantage over DTIL13?
As far as their ability to kill target cells in vitro and their ability to inhibit the
growth of established tumors, both DTAT and DT390IL13 are highly effective
and do not appear to show major differences. However, one important
distinction is the ability of DTAT to target the tumor neovasculature rather
than only overexpressed receptors on the surface of tumor cells. At this stage,
it is not possible to know whether vascular targeting is a welcome side bene-
fit or an undesirable risk. We can anticipate that DTAT will kill endothelial
cells in the tumor vasculature and spare normal endothelial cells because
immunohistochemical studies revealed that uPAR is mostly expressed in
tissues undergoing extensive remodeling, e.g., in trophoblast cells in the
placenta, in keratinocytes at the edge of incisional wounds, and in cells of
primary tumor and metastasis.89 Also, uPAR expression may be differentially
higher in the proliferating endothelium. Conversely, targeting the tumor
vascular in the brain may enhance the risk of intracranial bleeding and
subsequent clot formation. Another advantage may be that DTAT and
DT390IL13 successfully target two unrelated receptors. Studies show23 that 
IL-13R expression varies on glioblastoma lines and we have observed that
some lines are inhibited more by DTAT and others are inhibited more by
DT390IL13. We expect that the same will be largely true for the treatment of
clinical brain tumors. Tumors that express high levels of IL13R will respond
well to DT390IL13 and those that do not express high levels will not respond
well. In these cases, it will be helpful to have an agent such as DTAT that
targets a totally unrelated marker, one that appears to be expressed in high
copy number on glioblastoma cells. In fact, it is possible that we may derive
an additive effect of the two drugs when used in combination in vivo.

Future direction
Although very informative, we have reached the limitations of what we can
learn in the flank tumor experiments in mice. Having demonstrated the
efficacy of DTAT and DT390IL13 in vitro and in vivo, future experiments will
focus on establishing the MTD and therapeutic index in the intracranial
mouse model that we have reported here. Undoubtedly, this different route
of inoculation will have an impact on the efficacy and toxicity of these agents,
particularly DTAT because of its vascular affects. It will also be important to
perform pharmacokinetic analysis and dose escalation studies in primates to
understand the dosing and dose scheduling required for the optimum effect
of this agent.
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Introduction
The systemic therapy of cancer has relied for many years on the nonspecific
actions of cytotoxic chemicals to kill neoplastic cells. However, chemotherapy
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is limited by collateral damage to normal tissues, which results in 
dose-limiting toxicities. Even when bone marrow toxicity is overcome by
hematopoietic stem cell transplantation after high-dose chemotherapy, other
organs, such as the heart, lungs, and liver, can develop dose-limiting toxicities.
The most common cause of treatment failure after high-dose chemotherapy
and autologous stem cell rescue is relapse of primary disease,1 demonstrating
that even maximal doses of cytotoxic drugs have limited effects against some
malignant clones. The narrow therapeutic index of cytotoxic drugs and the
ability of cancer cells to develop resistance to these drugs make it imperative
to develop new mechanisms of attacking malignancies alone, or in combination
with, cytotoxic agents. The rational design of novel agents in the treatment of
cancer should address the systemic nature of many diseases, be selective for
the target tumor cell population, and employ novel mechanisms of action.
DAB389IL-2, denileukin diftitox (Ontak™ [Ligand Pharmaceuticals Inc, San
Diego, CA]) and its precursor DAB486IL-2 are genetically engineered fusion
toxin that encompass these characteristics. This chapter describes the
development of DAB389IL-2 and current treatment modalities.

Diphtheria toxin
Native diphtheria toxin (DT) is a 535-amino acid protein consisting of three
domains. Fragment A is the enzymatically active domain, fragment B has a
hydrophobic domain at the N-terminal portion, and the C-terminal portion of
fragment B is the receptor-binding domain.2 DT intoxicates sensitive eukary-
otic cells by receptor-mediated endocytosis. Once internalized into an acidic
vesicle, the enzymatically active fragment Aportion is released into the cytosol.
Protein synthesis is inhibited via fragment A-catalyzed adenine diphosphate
(ADP) ribosylation of elongation factor 2 and ultimately results in cell death.2,3

This is a potent and efficient process such that one molecule of diphtheria toxin
can inhibit up to 2000 ribosomes/min in cell-free systems.4

IL-2 receptor expression
The human interleukin-2 receptor (IL-2R) can be present in low-, intermediate-,
and high-affinity forms that are defined by three distinct proteins. The 
low-affinity receptor is defined by a 55 kD protein alone (CD25, p55, TAC,
� chain) and the intermediate-affinity receptor is defined by a combination of
a 75 kD (CD122, p75, � chain) and 64 kD (CD 132, p64, � chain) protein. All
three proteins together constitute the high affinity IL-2R.5,6 Expression of the
p55 alpha subunit has been reported in a variety of normal and malignant
cells, but most resting T-cells, B-cells, and macrophages in the circulation do
not display IL-2 receptors. Approximately 5% of freshly isolated, unstimu-
lated human peripheral blood T lymphocytes react with anti-Tac.7 The
intermediate-affinity receptor can be constitutively expressed on natural
killer cells.5,8 The high-affinity receptor is normally restricted to activated 
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T- and B-lymphocytes and macrophages.9 All or part of the IL-2R have been
reported on various hematologic malignancies, including low and intermediate
grade non-Hodgkin’s lymphoma (NHL), Hodgkin’s disease (HD), human 
T-cell lymphotropic virus type 1 associated adult T-cell leukemia (HTLV-1),
chronic lymphocytic leukemia (CLL), and cutaneous T-cell lymphoma
(CTCL).10–13

Development of a fusion immunotoxin
Targeting cells that expressed the IL-2R for selective cell death afforded the
possibility of selective treatment of some hematologic malignancies, as well
as manipulation of mediators of important immune functions. The first
recombinant ligand toxin fusion protein tested in vitro and in animals was
DAB486IL-2. The recombinant gene was created by replacing the DT receptor-
binding domain with a synthetic gene encoding IL-2 and a translational stop
signal.14 DAB486IL-2 was expressed in Escherichia coli and recovered by
immunoaffinity chromatography and high performance liquid chromatogra-
phy. This 68 kD protein contains the first 486 amino acids of DT and the 
full-length sequence for human IL-2.14,15 The protein product of this recombi-
nant fusion gene is biologically active as a ligand that is capable of binding
and initiating signal transduction events in cells expressing IL-2R.16 The
purified chimeric toxin has been shown to selectively inhibit protein synthesis
in high-affinity IL-2R-bearing target cells, and to not intoxicate cells that bear
either the low or intermediate form of IL-2R.17 Approximately 10 to 40 sites
are bound in an hour at optimal concentrations in vitro. As with native DT,
internalization of only one molecule is theoretically required to cause cell
death. Inhibition of protein synthesis occurs in 1 to 4 h with apoptotic cell
death occurring in 1 to 4 days.17,18

Early clinical studies of DAB486IL-2

In the first study of a genetically engineered ligand–fusion protein, 18
patients with hematologic malignancies were given escalating doses of drug
from 0.0007 to 1.4 mg/kg/day from 1 to 7 days, each dose delivered as a bolus
over 1 to 5 min.19 The maximal tolerated dose (MTD) was 0.1 mg/kg/day for
10 doses, established by asymptomatic, reversible elevations of hepatic
transaminases. Mild side effects of nausea and localized rash occurred in one
patient each. Proteinuria that was reversible developed in three patients.
Fever was sporadically observed in five patients, but either spontaneously
resolved or responded to acetaminophen. No infections occurred that were
felt to be drug related. Pharmacokinetic data showed that the serum half-life
of DAB486IL-2 was approximately 5 min and that clearance of the drug closely
fit a one-compartment open mathematical model. Soluble receptors for 
IL-2 were present in all 18 patients and were shown to decline in 3 patients
in association with a response. Before receiving DAB486IL-2 four patients
had detectable anti-DT antibodies, and two patients had detectable 
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anti-DAB486IL-2 antibodies. Of the 18 patients 9 were found to have antibody
to both DT and DAB486IL-2 by the end of the study period. Two patients
experienced a partial response in the presence of antibodies to DT and
DAB486IL-2. One patient was given an infusion of IVIG in-between doses of
DAB486IL-2 with pharmacokinetic studies performed before and after each
dose. Despite the presence of significant levels of anti-DT antibodies after the
IVIG infusion, there was no effect on peak serum levels or clearance of the
fusion toxin. No detectable effects on immune function were observed and
no significant changes in complement levels were observed in this study. Of
12 non-leukemic patients 10 had no significant changes in the absolute
number of lymphocytes in the peripheral circulation. Two patients had a
lymphocytosis in conjunction with DAB486IL-2 administration with an
increase in the percent and absolute number of cells that coexpress CD4 and
CD25. No changes in circulating cells expressing CD16 or CD56 were
observed. Antitumor effects were observed in at least one patient treated at
each dose level. A patient with a follicular large cell lymphoma had a com-
plete response that lasted for over 18 months. A patient with CLL and one
with follicular small cell lymphoma each developed a partial remission lasting
5 and 12 months, respectively.

In a follow up study, the short half-life of DAB486IL-2 was addressed by
using a 90 min infusion of the drug.20 Since optimal cell killing in vitro is a
function of both concentration and contact time, this study was performed to
determine if response rates could be improved with longer infusions. Of the
23 patients treated, 17 had hematologic diseases similar to the previous study
and 3 had cutaneous T-cell lymphoma (CTCL) and 3 had Kaposi’s sarcoma.
A total of 51 courses of DAB486IL-2 were delivered in a dose escalation format
beginning at 0.2 mg/kg/day daily for 5 days. Toxicities were similar to the
previous report and the MTD was 0.3 mg/kg/day defined by renal insuffi-
ciency associated with evidence of hemolysis, anemia, and thrombocytopenia.
Seven infections were noted in five patients, however none were felt to be
study related. Pharmacokinetic analysis fit a one-compartment model with a
mean serum half-life of 11.5 min. Neither clearance nor area under the curve
were significantly different from the earlier study. After one or more treat-
ments 10 of 18 patients tested had low-level anti-IL-2 titers and all patients
with tumor responses developed anti-IL-2 antibodies. Two patients had
partial remissions, one with non-Hodgkin’s lymphoma and the other with
CTCL. Although it was feasible to maintain target concentrations during the
infusion, a correlation with tumor response was not demonstrated.

Another study noted the response of five patients with CTCL to
DAB486IL-2.21 One patient attained a CR sustained for over 33 months, and
two others achieved PRs. A phase II study of DAB486IL-2 was performed in 15
patients with refractory CTCL.22 One patient had a PR with significant clearing
of plaque stage disease. Two patients with Sezary syndrome had improve-
ments in skin disease without significantly affecting circulating Sezary cells.
In none of these studies was there a clinical correlation of disease response to
the presence of the IL-2 receptor. These studies collectively demonstrated the
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premise that a rationally designed fusion toxin ligand could safely be
administered to patients in bolus infusions and have some clinical activity in
lymphoid malignancies. Because of the short half-life of DAB486IL-2, as well
as the complexity of its production, modifications of the molecule were made
resulting in the development of a new and more potent fusion toxin ligand.

Development of DAB389IL-2
DAB389IL-2 differs from the earlier version, DAB486IL-2, in the deletion of 97
amino acids from a portion of the native receptor-binding domain resulting
in a lower molecular weight (57 kD VS. 68 kD, respectively). This modification
also resulted in a five-fold improvement in affinity of DAB389IL-2 for the 
IL-2R, approximately 10-fold increase in potency, and longer half-life
compared to the earlier version.23

DAB389IL-2 is a recombinant DNA-derived cytotoxic protein composed
of the amino acid sequences for DT fragments A and B (Met1-Thr387)-His fol-
lowed by the sequences for IL-2 (Ala1-Thr133) (Figure 6.1) and is produced
in an E.coli expression system. The gene is carried on a genetically engineered
plasmid and the protein is recovered as an inclusion body following an exten-
sive washing procedure. DAB389IL-2 is further purified by reverse phase
chromatography followed by a multistep diafiltration process. Biodistri-
bution and excretion studies determined that the kidneys and liver were the
primary sites of accumulation outside the vasculature. DAB389IL-2 was
metabolized by proteolytic degradation with 25% of the total injected dose
excreted in low molecular weight breakdown products.24 The mechanism of
action for targeted cell death is the same as described for the 486 fusion toxin
and is depicted in Figure 6.2.

Clinical studies with DAB389IL-2
Preclinical studies done with murine models of lymphoma were important
predictors of observations about DAB389IL-2 made in the clinic. For example,
CP3, a cell line expressing high-affinity IL-2 receptors causes a fatal lym-
phoma when injected into C57BL/6 mice. These mice develop a malignancy,
which causes adenopathy in 25 days and death by day 40. DAB389IL-2 was
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Figure 6.1 Immunotoxin fusion ligand DAB389IL-2. DAB389IL-2 is a recombinant DNA
derived cytotoxic protein composed of IL-2 protein sequence fused to the active por-
tion of diphtheria toxin. IL-2, interleukin 2 (Courtesy of Ligand Pharmaceuticals Inc.)
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shown to delay the onset of tumors, extend median survival, and result in 80
to 100% long-term, tumor-free survival. The presence of anti-DT antibodies
did increase clearance and diminish antitumor activity. This effect appeared
to be overcome with increased dose.

Multi-institutional phase I/II studies evaluated dosing and pharmacoki-
netics of DAB389IL-2 in humans with IL-2R expressing malignancies.26,27 In
the first study, immunostaining with an anti-CD25 antibody of greater than
25% on tumor cells was required for enrollment. Patients were enrolled in
cohorts of three beginning at 3 �g/kg/day of DAB389IL-2 in successively
increasing dose levels. A treatment cycle consisted of a short infusion over
5 min daily for 5 days and was repeated every 3 to 4 weeks. No premedica-
tions were allowed except for acetaminophen and diphenhydramine. There
were 230 patients screened for enrollment into this trial and 109 patients were
found to have tumors meeting entry criteria for IL-2 expression: 63%
expressed p55 only, 6% expressed p75 only, and 31% expressed both p55 and
p75. Of the 73 patients enrolled in the study, 35 patients had CTCL, 17 had
NHL, and 21 had HD. A total of 245 courses of DAB389IL-2 were administered
with the median number of courses per patient being three and 71% of
patients receiving at least two courses.

Dose-limiting toxicity occurred at 31 �g/kg/day due to reversible asthenia,
fever, and nausea/vomiting. Nearly all (84 of 91, 92%) of the grade 3 and 4
clinical adverse events occurred during the first or second course of treat-
ment, with a significant decrease in subsequent courses. This observation of
fewer side effects with repeated cycles has been confirmed in other studies
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Figure 6.2 Mechanism of action of DAB389IL-2. The fusion toxin selectively binds to
cells bearing the high-affinity IL-2 receptor and is internalized resulting in cell death.
DT, diphtheria toxin; IL2, interleukin 2 (Courtesy of Ligand Pharmaceuticals Inc.)
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and may correlate with the appearance of antibodies. Of 73 patients 15 (21%)
had evidence of a hypersensitivity reaction manifested by wheezing,
dyspnea, bronchospasm, or chest tightness. Of the 15 patients 9 experienced
these symptoms only during course 1 and only one patient, with circulating
malignant NHL cells, experienced symptoms severe enough to be discontinued
from the study. Hypotension was reported in 40 patients and 23 patients
(32%) required treatment with fluids. Six patients (8%), all with CTCL, expe-
rienced hypotension, decreased serum albumin, and edema, representing a
vascular leak syndrome (VLS). The most frequent laboratory abnormalities
were reversible hepatic transaminase elevations (62%) and decreased serum
albumin (86%).

Pharmacokinetic parameters revealed a monophasic clearance with an
overall half-life of 72 min and there was no accumulation of drug with repeated
administrations. Antibody titers to DAB389IL-2, DT, and IL-2 revealed that 38%
of patients had detectable titers of antibody at baseline and 92% of patients had
detectable titers after two courses (Figure 6.3). The presence of antibodies did
not preclude a response and the same proportion of patients with and without
a response to treatment had significant titers of antibody. Baseline data on
soluble IL-2R was available in 67 patients and 37 patients (55%) had levels that
were greater than 150 pmol/l. There was generally a decrease in the mean
soluble IL-2R level over the first two treatment courses (Figure 6.4). Peripheral
blood lymphocyte evaluations reveal there was an increase in overall T-cell
expression of CD25 after DAB389IL-2, but there was no change in the propor-
tion of cells expressing CD3, CD4, and CD8 with CD25.

Overall, there were 16 patients who experienced tumor response. In 35
patients with CTCL there were 5 CRs and 8 PRs (RR 37%), and 3 of 17 patients
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Figure 6.3 Antibody titers after administration of DAB389IL-2. Percent of patients
with rank titers for antibodies to DAB389IL-2, DT, and IL-2 by course. Relative rank
titers are shown with the following designations: rank titer 1, dilution 1:5; rank titer 2
to 3, dilution 1:25 to 1:125; rank titer 4 to 5, dilution 1:625 to 1:3125; rank titer 6, dilu-
tion 1:15625 (From LeMaistre, C.F. et al., Blood, 1998, 91, 399.)
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with NHL responded (1CR and 2 PRs). The median time to response was 2
months with a median duration of 10 months (range 2.4 to 39�). One patient
with an intermediate grade NHL relapsing after autologous stem cell trans-
plant remains in CR more than a decade after receiving DAB389IL-2
(LeMaistre, personal communication). No patients with HD responded,
however this was a very heavily pretreated group with over half of the
patients having prior high-dose chemotherapy and an autologous stem cell
transplant.

The most impressive responses to treatment with DAB389IL-2 were seen
in the CTCL patients as described by Saleh et al. in the same patient popula-
tion.26 A patient with extensive tumor stage CTCL had a CR, as well as
another patient with diffuse erythroderma. The CTCL patients had rapid
responses within the first two cycles of therapy and a median duration of
response of 15 months in the patients who achieved a CR. Interestingly, two
of four patients who had previously received DAB486IL-2 responded and
another patient had stabilization of disease. This clinical observation sup-
ports the increase in potency of DAB389IL-2 compared to DAB486IL-2.

Phase III pivotal study of DAB389IL-2 in CTCL
CTCL is a group of diseases characterized by infiltration of the skin by mature
malignant clonal lymphocytes that are usually CD4� or CD8� cells.28–30

Included in this group of diseases are mycosis fungoides, Sezary syndrome,
and peripheral T-cell lymphomas involving the skin.30 Initial therapies are
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Figure 6.4 Serum IL-2R concentrations. Median serum IL-2R levels for all patients by
diagnosis before and after DAB389IL-2 administration. (�) Hodgkin’s disease;
(●) cutaneous T-cell lymphoma; (�) non-Hodgkin’s lymphoma (From LeMaistre, C.F.
et al., Blood, 1998, 91, 399.)
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directed at treating the symptoms such as pruritus and recurrent skin
infections with agents including mechlorethamine, carmustine, psoralen and
ultraviolet A light (PUVA), and electron beam irradiation.31–33 Patients who
fail local skin therapy or develop advanced stage disease with visceral or
lymph node involvement are candidates for systemic chemotherapy. Immune
therapy with interferon alfa results in response rates up to 90% in untreated
patients, but only 30% in heavily pretreated patients.34 Combination
chemotherapy is usually given to patients who have failed several trials of
prior therapy and may result in 80% response rates, but responses are not
durable and may range from 3 to 22 months.35 Small studies have evaluated
using purine analogues alone or in combination with other agents. In these
heavily pretreated patients response rates ranged from 40 to 70% but
responses were not durable.36 Recently, retinoids have been shown to be
effective in some patients with both early and advanced disease.37

Based on the response rates seen in CTCL patients in phase I trials, a
multi-institutional phase III study to evaluate DAB389IL-2 in CTCL patients
was performed.38 Patients had to have biopsy proven disease with 20% or
greater lymphocytes within the biopsy stain positive for CD25 by immuno-
histochemistry. Patients with stage I to III disease had to have disease recur
after four or more prior treatments. Patients with stage IV disease had to have
failed at least one previous therapy. Patients were randomly assigned to one
of two dose levels of DAB389IL-2 either 9 or 18 �g/kg/day dosed daily for 5
consecutive days and then repeated every 21 days. Patients were premed-
icated with acetaminophen and antihistamine 30 to 60 min prior to dosing.
Of 276 patients screened, 71 met inclusion criteria. Objective responses were
seen in 21 of 71 patients (30%), 8 of 35 patients on the 9 �g/kg/day arm, and
13 of 36 patients on the 18 �g/kg/day arm (p � NS). In patients with more
advanced disease (stage IIb or greater) 2 of 21 patients (10%) responded in the
9 �g/kg/day arm compared to 9 of 24 patients (38%) in the 18 �g/kg/day
arm (p � 0.07). Of the 50 patients classified as nonresponders, 25 patients
were withdrawn early because of adverse events and were nonevaluable
because predefined disease evaluation parameters were not met. However,
9 of these 25 patients had a 50% decrease in tumor burden at the time they
discontinued from the study. Of the 23 patients classified with stable disease,
13 patients showed significant improvement in pruritus.

Treatment was discontinued early in 41 of 71 patients (58%) because of
adverse events (37%), treatment failure (11%), and other reasons (10%). The
first occurrence of adverse events in most patients was during the first treat-
ment course (87%). Hypersensitivity events within 24 h of the infusion
included dyspnea (20%), back pain (17%), hypotension (17%), chest tightness
(13%), pruritus (13%), and flushing (13%). The above events were treated
with stopping or slowing the infusion, and treatment with antihistamines
and corticosteroids. The most frequent adverse event seen in 92% of patients
was constitutional and gastrointestinal symptoms consisting of chills, fever,
asthenia, nausea/vomiting, myalgia, arthralgia, headache, diarrhea, and
anorexia. Infections of various types were reported in 56% of patients, but

Chapter 6: DAB389IL-2 (Ontak™) 123

Koji_Ch-06.qxd  10/7/04  10:40 PM  Page 123

© 2005 by CRC Press



most infections were considered unrelated to treatment and typical of those
seen in heavily pretreated patients with CTCL. Elevations of transaminases
greater than five times the normal occurred in 17% of patients and hypo-
albuminemia less than 2.3 g/dl occurred in 15% of patients. More than a 50%
increase in creatinine occurred in 10% of patients and may have been related
to VLS. VLS was seen in 25% of patients defined as edema, hypoalbumine-
mia less than 2.9 g/dl, and/or hypotension occurring between days 1 to 14 of
a treatment cycle. This syndrome was usually self-limited and treated by
supportive measures. Grade 3 and 4 toxicities are summarized in Table 6.1.
The authors reported that a serum albumin of 3.0 g/dl seemed to predict and
may predispose for this syndrome. However, subsequent study of non-
lymphoid malignancies and premedication with corticosteroids has resulted
in a lower reported incidence of VLS.

Detectable levels of anti-DT antibodies by ELISA assay were seen in 19 of
60 patients (32%) and at the end of two courses of therapy this increased to
59 of 60 patients. Development of anti- DAB389IL-2 neutralizing antibodies
paralleled the increase in anti-DAB389IL-2 ELISA titers and was not different
in the two dosing groups or correlated to adverse events. Both responders
and nonresponders had similar levels of antibody development, and devel-
opment of antibodies to IL-2 did not preclude response. Pharmacokinetic
analysis displayed two-compartment behavior with a distribution phase
half-life of 2 to 5 min and a longer terminal phase with a half-life of 70 to 80 min.
Clearance of DAB389IL-2 increased by at least two-fold between course 1
and course 3, most likely because of the development of antibodies. This
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Table 6.1 Percent grade 3 and 4 toxicities of DAB389IL-2 in CTCL patients

Toxicity 9 �g/kg/day 18 �g/kg/day

Constitutional symptoms 37 47
Hypotension 11 8
Pruritus 0 6
Vasodilation 3 3
Dyspnea 6 11
Chest pain 9 0
Gastrointestinal 20 36
Vascular leak 17 25
Transaminases � 5 	 normal  14 24
Creatinine � 4 mg/dl 3 0
Neutropenia 3 3
Thrombocytopenia 0 3
Albumin less than 2.3 g/dl 14 17

Source: Adopted from E. Olsen, M. Duvic, A. Frankel, Y. Kim, et al., “Pivotal phase III trial of
two dose levels of denileukin diftitox for the treatment of cutaneous T-cell lymphoma”, J Clin Oncol
19, 2001, 376–388.
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increased clearance may help explain why most patients who responded had
responses within the first two treatment cycles and may be important in
prolonged or repeated dosing.

In summary, DAB389IL-2 has demonstrated acceptable toxicity and to be
of clinical benefit to patients with advanced and refractory CTCL. DAB389IL-2
is now FDA approved for the treatment of patients with CTCL whose tumor
cells express CD25. Studies are now ongoing to evaluate DAB389IL-2 in
patients with low or absent levels of CD25 as well as continuing to study
optimal dosing strategies.

DAB389IL-2: what have we learned?
Decreasing DAB389IL-2 toxicity

Patient safety and comfort is an important part of any therapy, and studies
have been done to decrease the toxicities of DAB389IL-2. Foss et al. retrospec-
tively reviewed 15 patients with CTCL who received DAB389IL-2 as dosed 
in the phase III study, however these patients were allowed to receive an 
oral loading dose of prednisone 20 mg prior to each DAB389IL-2 infusion or
dexamethasone 8 mg i.v. on day 1 followed by dexamethasone 8 mg i.v. 
prior to each dose. In addition, all patients received diphenhydramine 
and anti-emetics. Only three patients experienced acute infusion events 
and only two patients developed clinically apparent VLS. The authors 
concluded that steroid premedication significantly improves the tolerability
of DAB389IL-2.39

Two reports of DAB389IL-2 in steroid resistant acute graft versus host
disease (GVHD) reported a low incidence of VLS and infusion-related toxic-
ities even though many of these patients had serum albumins below
3 g/dl.40,41 This low incidence of VLS may be secondary to the concomitant
use of high doses of corticosteroids or also to the lack of circulating malignant
lymphoid cells.

Issues with detecting the IL-2R in the clinic

As previously discussed, the IL-2R is a heterotrimeric complex and the initial
studies of DAB389IL-2 required the presence of 20% or greater of p55 (CD25)
on tumor specimens. However, detection of the intermediate or high affinity
IL-2R may provide a better marker for determining patients to treat and fol-
low responses. Although CD25 expression was a determinate for treatment
with DAB389IL-2, there was intrapatient variability within the same patient
demonstrating different levels of CD25 expression from different biopsy
specimens. Also, low or absent CD25 expression could be demonstrated
because of receptor down modulation from DAB389IL-2 therapy or possibly
to selection of non-IL-2R expressing cells. Some patients with low or absent
CD25 expression that had received prior DAB389IL-2 and were retreated at
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relapse had responses. Studies are ongoing to determine the clinical benefit
of DAB389IL-2 in CTCL patients with low or absent levels of CD25 expression
and to better characterize responses with markers for the intermediate-
(CD122) and high-affinity (CD132) IL-2R. Other clinical issues with measuring
the IL-2R are that the immunoassay for CD25 expression must be performed
on frozen tissue, requiring rebiopsies, and any measure of the IL-2R will need
to be standardized outside of reference laboratories.

Soluble IL-2R

It appears that the presence of soluble IL-2R (sIL-2R) has little impact on the
effect of DAB389IL-2. In vitro experiments demonstrated sIL-2R at levels

5000 pmol/l had no impact on the cytotoxicity of DAB389IL-2, suggesting
that sIL-2R competes poorly for this agent with the IL-2R.4 In the phase
I studies reported by LeMaistre et al. on both the 486 and 389 fusion toxins
the presence of sIL-2R did not prevent antitumor response. However, in the
phase I study of DAB389IL-2 the CTCL patients who did not respond had
significantly higher levels of sIL-2R than those patients who experienced an
antitumor response. Future studies in CTCL patients will need to determine
if a certain threshold of sIL-2R may inhibit response or whether sIL-2 is a
marker of extensive tumor burden in this setting.

Issues with antibodies

Many people have received vaccinations for diphtheria and therefore may
have antibodies against the active component of the fusion toxin. In the phase I
study of DAB389IL-2 40% of patients had detectable titers of anti-DT or 
anti-DAB389IL-2 antibodies at study entry. After two cycles of therapy, anti-
body titers could be detected in almost all patients. In the phase I studies of
both the 486 and 389 fusion toxins there was no apparent relationship
between dose or dose level and peak antibody titer. Neither did the presence
of antibodies preclude the opportunity for tumor response, suggesting that
not all DAB389IL-2 antibodies can effectively neutralize its activity. In the
phase I study of DAB389IL-2 there was a significant association of hypoalbu-
minemia with the presence of antibody titers to DT and DAB389IL-2. In the
phase III study clearance was increased between course 1 and 3 most likely
because of antibody formation. Measuring antibody levels does not appear
to be clinically necessary since steroid premedication can significantly dimin-
ish infusion-related reactions of DAB389IL-2 and antibody levels do not cor-
relate with response.

DAB389IL-2 in combination with other agents

DAB389IL-2 mediates its effect by binding to the high-affinity IL-2 receptor
and upregulation of this receptor may enhance cellular intoxication by the
fusion toxin. Rexinoids are ligands for transcription factors for nuclear
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receptors and are capable of upregulating high-affinity IL-2 receptor expression
as well as enhancing susceptibility of cells to DAB389IL-2.42 A case report
describes a CTCL patient with disease that had relapse after prior treatment
with DAB389IL-2 who then received the combination of DAB389IL-2
18 �g/kg/day for 3 days repeated every 21 days with a retinoid, bexarotene,
225 mg/day. After completing 5 cycles of the combined therapy the patient
obtained a CR and has maintained the response for over a year on mainte-
nance bexarotene. The patient did develop a serum triglyceride level of
559 mg/dl and required treatment with atorvastatin as well as increased dosing
of levothyroxine sodium tablets for preexisting hypothyroidism.43 These
investigators further discuss the results of a phase I trial with escalating
doses of bexarotene combined with DAB389IL-2 in patients with lymphoid
malignancies. Bexarotene was administered to nine patients at 75, 150, 225, or
300 mg/day, and DAB389IL-2 was given at 18 �g/kg/day daily for 3 days
every 21 days. The bexarotene was given 7 days prior to the first dose of
DAB389IL-2. Six of nine patients responded with a CR in three patients. The
six responding patients had upregulation of the CD25 subunit of the IL-2R in
peripheral blood. The investigators concluded the combination of drugs was
well tolerated with VLS noted in three patients, grade 1/2 hepatotoxicity in
five patients, and grade 3/4 lymphopenia in five patients. The most common
side effects were hypothyroidism in 67% of patients and hypertriglyc-
eridemia in 87% of patients.44

DAB389IL-2 in the treatment of other lymphoid malignancies

As mentioned in the previous section, a small number of patients with B-cell
NHL had responded to DAB389IL-2 in the phase I/II studies. Preliminary data
on patients with fludarabine refractory CLL treated with DAB389IL-2 has
been reported. Eighteen patients were treated with DAB389IL-2 at 9 or
18 �g/kg/day as a 1 h infusion for 5 days given every 21 days. Ten patients
had received at least three courses, of which nine patients had reductions in
peripheral circulating malignant cells. Six of the ten patients also had some
reduction of peripheral lymphadenopathy. Bone marrow responses showed
six of the ten patients had 50% or greater reduction in CLL marrow index.
Overall, one of twelve evaluable patients had a partial response. Toxicities
were similar to previous reports and patients in this study were not given
steroid premedication.45 In another study 31 patients with relapsed or refractory
B- and T-cell NHL were given DAB389IL-2 at 18 �g/kg/day for 5 days over
60 min and then repeated every 3 weeks to a maximum of 8 cycles. Of
25 patients evaluable for response, one patient with follicular mixed NHL
had a CR and four other patients had PRs. Two of the patients that had a PR
also had cells that were negative for CD25. Patients were allowed premed-
ication with steroids to prevent infusion-related reactions and VLS and
overall the investigators found the drug to be well tolerated.46 Case reports
have also demonstrated activity in primary refractory T-cell NHL47 and T-cell
anaplastic large cell lymphoma.48
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The recommended treatment regimen for CTCL is 9 or 18 mcg/kg/day
intravenously for 5 consecutive days repeated every 21 days based on the
dosing used in the pivotal phase III study. There was no demonstrated
dose–response effect and no significant difference in toxicity between the two
doses. However, there was a trend toward a higher response rate in patients
with more advanced disease in the higher dose group, as well as increased
hypotension and hypoalbuminemia. It is possible that the treatment of more
patients with advanced disease at the higher dose level with corticosteroid
premedication may be able to detect a significant difference in disease
response. There are ongoing phase IV studies comparing these same dosing
schedules in patients with earlier stage disease and less prior therapy. Dose-
limiting toxicities occurred at a dose of 31 �g/kg/day and higher doses have
not been evaluated in humans. Prolonged or continuous infusions would
probably not be beneficial with DAB389IL-2 because the half-life of the fusion
toxin allows adequate presentation of the toxin to susceptible cells. The
optimal schedule and length of treatment has not been determined, and other
phase II studies may further delineate the best schedule based on time to
response, duration of response, and cost.

Combination with other chemotherapy

Chemotherapy drug resistance is often a mode of therapy failure and
ultimately disease relapse in many different neoplastic diseases. Drug resistance
is often mediated by transmembrane transporter molecules, including 
P-glycoprotein or the multi-drug resistance associated protein, or associated
with the inactivation of the p53 tumor suppressor gene, as well as overex-
pression of the anti-apoptotic protein bcl-2. Fusion toxins may circumvent
these modes of drug resistance, as exemplified by Perentesis et al. who used
a fusion of DT with granulocyte-macrophage colony stimulating factor
(GMCSF) to kill greater than 99% of primary leukemic progenitor cells from
therapy refractory AML patients.49 Targeting the high affinity IL-2R with
DAB389IL-2 in addition to cytotoxic chemotherapy may use multiple
pathways to destroy malignant clones and therefore prevent drug resistance.

Immune-mediated diseases

Immune-mediated nonmalignant diseases may be treated by DAB389IL-2
because of its ability to target activated T-cells yet spare the hematologic and
nonhematologic toxicity of many other immunosuppressive agents. Some
patients with long-standing rheumatoid arthritis despite the use of steroids,
NSAIDS, or methotrexate showed a greater than 25% improvement in both
tender and swollen joints counts when treated with DAB389IL-2.50 In several
small trials using both DAB486IL-2 and DAB389IL-2 up to 33% of patients had
some response to treatment.51 In another study of psoriasis patients 30 of
91 patients (33%) who received DAB389IL-2 had a 50% decrease in disease
activity.52,53 In the aforementioned studies patients experienced similar
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toxicities as those mentioned for lymphoma patients, however, the frequency
and severity of events was generally lower. The doses and schedules of
DAB389IL-2 were done in a variety of ways and no clear dose response or opti-
mal schedule can be deduced.

GVHD occurs after allogeneic hematopoietic stem cell transplantation
(ASCT) when donor T-cells recognize host antigen as nonself and mediate
tissue damage. GVHD is now one of the leading causes of morbidity and
mortality after ASCT and can be associated with a greater than 80% 1 year
mortality if refractory to treatment with corticosteroids. An initial experience
with DAB389IL-2 in steroid refractory GVHD described 11 patients treated
with a dose of 4.5 �g/kg/day for 5 days and then the same dose repeated
weekly for 4 weeks.40 Ten patients experienced a greater than 1 grade
response, with three patients later progressing before the end of the study.
Five patients demonstrated a CR and two patients had a PR but later died of
infection before the end of treatment. Overall survival was 55% (6/10) with
two patients in continued CR and on tapering doses of steroids. Two patients
had aGVHD flares after the end of treatment and two patients had progressed
while on treatment and were placed on other therapy. Infusion related toxicities
were minimal, and only one patient experienced VLS. All patients were on
high doses of corticosteroids, which may have helped ameliorate the infusion-
related toxicities but also contributed to the infectious complications of these
patients. One infection with nocardia and aspergillus each and two cases of
CMV infection were seen in study patients. Only one patient relapsed with
their underlying hematologic malignancy after treatment with DAB389IL-2.
This patient had a refractory intermediate grade NHL and relapsed their NHL
with ongoing steroid refractory aGVHD a month after the DAB389IL-2 was
stopped for VLS. In another report 14 patients were treated with DAB389IL-2
for steroid refractory GVHD who had failed other immunosuppressive
agents.41 Patients were treated at two dose levels, seven patients received
9 �g/kg/day on days 1 and 15, and seven patients received the same dose on
days 1, 3, 5, 15, 17, and 19. Four patients obtained a CR, four patients a PR, and
three patients did not respond. All patients who achieved a CR were on regimen
2. One patient experienced a mild infusion-related reaction and two patients
had transaminitis. Overall, DAB389IL-2 was well tolerated in this population
of patients and demonstrated activity in treating steroid-resistant GVHD. It is
possible that the high dose of steroids or the lack of active malignancy in these
patients contributed to the paucity of infusion-related events.

Summary
DAB389IL-2 is a fusion toxin that targets the high-affinity IL-2R and efficiently
intoxicates and kills cells bearing this receptor. This selective action has
proven clinically beneficial to patients with CTCL that have failed other
therapies, and further study in patients with earlier stage disease, who may
or may not express the IL-2R, may further widen its therapeutic application.
Optimal dosing and schedules of delivery of DAB389IL-2 in CTCL, as well as
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other malignancies and immune-mediated diseases, are currently under
study. Combining DAB389IL-2 with drugs that potentiate IL-2R expression or
in combination with other conventional cytotoxic drugs may help increase
response rates and prevent or overcome drug resistance.
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Introduction
Primary brain tumors are a significant cause of morbidity and mortality with
new malignant brain tumors diagnosed in approximately 17,000 Americans
each year (American Cancer Society, 2002). The most common primary brain
tumors are glial tumors, including the highly malignant glioblastoma multi-
forme (GBM). Malignant gliomas constitute at least 35% of all primary brain
tumors and are the third leading cause of death from cancer in persons 15 to
34 years of age (Salcman 1990: 95). In addition, recent evidence suggests that
the incidence of primary brain tumors is increasing among the elderly (Grieg
et al. 1990: 1621).

The prognosis for patients with malignant gliomas is poor and despite
aggressive therapy, including surgery, postoperative high-dose radiation and
chemotherapy, the median survival from diagnosis in patients with GBM is
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less than 1 year (Schold et al. 1997: 51). Standard chemotherapy has only had
a modest effect on the survival of patients with high-grade glioma. A recently
published meta-analysis of 3004 patients in 12 randomized trials of
chemotherapy indicated an absolute increase in 1-year survival of 6%
(Glioma Meta-analysis Trialists Group 2002: 1011). Recent developments in
the basic cellular biology of gliomas is now leading to a better understanding
of these tumors, which may ultimately lead to improved therapies and 
outcomes. Furthermore, improved drug delivery technology is enabling the
exposure of tumor cells to increased amounts of therapeutic agents whilst
limiting systemic toxicity.

Targeted protein toxins
The poor prognosis for central nervous system (CNS) malignancy is related
to a number of factors including poor distribution of systemically given
drugs to tumor tissue due to the blood-brain barrier (BBB) or poor diffusion
within the tumor for locally administered therapies (e.g., carmustine impreg-
nated polymer implants), and the lack of potent agents with adequate tumor
specificity. Targeting to specific cell receptors provides the possibility of
creating novel therapeutic agents with greater tumor specificity than
conventional chemotherapy. Targeted protein toxins consist of a targeting
polypeptide linked to a peptide toxin. Monoclonal antibodies against tumor-
associated antigens and other binding moieties, which provide tumor
selectivity, have been conjugated with radionuclides and with various toxins
(Fitzgerald and Pastan 1989: 1455; Frankel et al. 2000: 326; Gilliland et al.
1980: 4539; Jansen et al. 1982: 185; Lashford et al. 1988: 857; Trowbridge and
Domingo 1981: 171; Uhr 1984: i; Youle and Colombatti 1986: 173).

Investigators have studied a targeted protein toxin, which uses the phys-
iological binding of human transferrin (Tf) to transferrin receptors (TfR)
expressed on metabolically active cells, to achieve tumor specificity. This
targeted protein toxin is transferrin-CRM107 (Tf-CRM107, TransMIDTM), a
conjugate of human Tf and diphtheria toxin (DT) with a point mutation
(CRM107) that inactivates the nonspecific binding to mammalian cells
(Greenfield et al. 1987: 536). DT belongs to a group of protein toxins that
consist of A and B subunits. The B subunit is responsible for toxin-binding to
the cell surface and for translocation of the A-chain into the cytosol, which
catalyzes the transfer of adenosine diphosphateribose to elongation factor 2
(EF-2). This prevents the transfer of peptidyl-tRNA on ribosomes, thereby
inhibiting protein synthesis and killing the cell. The modification of CRM107
consists of one amino acid change in the B-chain (phenylalanine for serine at
position 525) that reduces binding 8000-fold, but leaves translocation and
enzymatic functions intact. The modified DT (CRM107) and Tf are joined by
a stable, nonreducible thioether bond (Johnson et a1. 1989: 240), and the
resulting conjugate has a molecular weight of approximately 140 kD.

TfRs transport iron into cells and are overexpressed on rapidly dividing
cells, most notably on hematopoietic cells and various tumor cells, including
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glioblastoma cells. This is thought to reflect the increased iron requirements
of rapidly dividing cells (Faulk et al. 1980: 390; Galbraith et al. 1980: 215;
Gatter et al. 1983: 539; Larrick and Cresswell 1979: 579; Shindelman et al.
1981: 329; Trowbridge et al. 1984: 925; Hamilton et al. 1984: 2285; Klausner
et al. 1983: 4715). Further studies have demonstrated an even higher expres-
sion on glioblastoma and medulloblastoma tumor cell lines in comparison to
the erythroleukemia cell line K562, which is known to express TfR at a high
level of approximately 1.6 � 105 TfR sites/cell (Zovickian 1987: 850). In con-
trast to this, TfRs in normal brain tissue are sparse and are largely restricted
to the luminal surface of brain capillaries (Angelova-Gateva 1980: 27; Connor
and Fine 1986: 319; Hill et al. 1985: 4553; Jefferies et al. 1984: 162).

Preclinical studies
Several in vitro cytotoxicity assays have been performed to evaluate the
potency of Tf-CRM107.

The cytotoxicity and specificity of Tf-CRM107 in comparison to free toxin
CRM107 was investigated using a protein synthesis inhibition assay in three
different cell lines (Jurkat, K562, and SNB75). In addition, the inhibition of
toxicity by free transferrin was evaluated. The IC50 values ranged between
2.0 � 10�12 and 1.7 � 10�11 M for Tf-CRM107 and between 2.5 � 10�8 and
5.4 � 10�7 M for the free toxin CRM107 in the three cell lines tested. This indi-
cated that the free toxin was 1,000- to 100,000-fold less toxic than the
conjugated toxin. A dose of 3.6 � 10�10 M of Tf-CRM107 decreased protein
synthesis in K562 cells to 0.7% of the control. This effect could be completely
inhibited by adding 300 �g/ml of free transferrin demonstrating that the
cytotoxic effect of Tf-CRM107 is specifically mediated by the binding of 
Tf-CRM107 to the transferrin receptor (Johnson 1988: 1295).

The in vitro efficacy of Tf-CRM107 compared to the free unconjugated
toxin CRM107 was also evaluated on human tumor-derived cell lines. Four
medulloblastoma (two established cell lines and two primary medulloblas-
toma cultures), three glioblastoma, and three breast carcinoma cell lines were
examined using an inhibition of protein synthesis assay. The IC50 values
ranged from 3.9 � 10�13 to 1.1 � 10�10 M. The free toxin CRM107 was 10,000-
to 1,000,000-fold less toxic than the conjugated toxin (Johnson et al. 1989: 240)

In a further study the in vitro efficacy and cytotoxicity of Tf-CRM107 was
investigated in three other cell lines (bladder cancer, glioblastoma, and medul-
loblastoma) and on operative specimens from three pediatric brain tumors (two
pilocytic astrocytomas and one craniopharyngioma). The IC50 values ranged
between 1.6 � 10�11 and 4.0 � 10�10 M for the tumor cell lines and between 
2.0 � 10�11 and �105 M (craniopharyngioma) for the primary tumor cells.

The in vivo efficacy of Tf-CRM107 was shown in a direct intratumoral
injection study in nude mice bearing solid human gliomas (U251). All three
doses of Tf-CRM107 (0.1, 1.0, and 10 �g) resulted in significant dose-
dependent inhibition of tumor growth and tumor weight reduction.
Treatment with unconjugated CRM107 was 10 to 100 times less effective in
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growth inhibition. Animals treated with phosphate buffered saline (PBS)
showed continuing tumor growth (Laske 1994: 520)

Toxicology
In a single dose, intracerebral, stereotactic infusion study with Tf-CRM107 in
rats (Oldfield 1992) the maximum tolerated dose (MTD), defined as the
highest dose that resulted in no animal deaths, was 0.33 �g/kg Tf-CRM107
when infusing a volume of 10 �l, and a dose of 1.67 �g/kg Tf-CRM107 when
infusing a volume of 50 �l, based on an infusate concentration of 7.0 � 10�8

M. When infusing volumes of 10 �l or 50 �l, infusate concentrations of 3.5 �
10�8 or 7.0 � 10�8 M, respectively, were the lowest concentrations at which his-
tologic changes occurred. These changes were characterized by encephalo-
malacia of the right frontal lobe.

In single-dose, intrathecal injection studies with Tf-CRM107, the MTD
consistent with survival corresponded to a cerebrospinal fluid (CSF) concen-
tration of 2.0 � 10�9 M in guinea pigs and of more than 2.0 � 10�9 M in rhesus
monkeys (Johnson 1989: 240).

The whole body distribution of Tf-CRM107 was studied following single
bolus intra-cerebroventricular (i.c.v.) and intravenous (i.v.) injections into
healthy mice and rats. Tf-CRM107 escapes from the brain in the absence of a
tumor and is mainly distributed in the lungs, liver, kidneys, heart, and
gastrointestinal tract. Tf-CRM107 was detected in plasma but not urine
following intravenous administration to rats with a mean plasma half-life of
8.7 and 18.1 h after doses of 1 and 10 �g/kg, respectively. Tf-CRM107 did not
appear to be metabolized either in vitro in homogenates or microsomes or
in vivo in rats.

Drug delivery
A major hurdle in the treatment of brain tumors is delivering enough of the
therapeutic agent to the site of the tumor and surrounding infiltrated tissue
whilst avoiding neurotoxicity. Drug administration to the CNS is impaired
because of the BBB, which, when not disrupted, will prevent the passage of
molecules that are larger than 180 kD into the brain. One strategy that has
been used to circumvent the BBB is direct intratumoral chemotherapy. This
has been administered by direct injection, intracavity instillation, intracavity
topical application, chronic low flow microinfusion, and by controlled
release from polymer implants. However, the efficacy of direct intratumoral
chemotherapy is restricted by the poor diffusion of drug through the tumor
relative to tissue clearance so that only a small volume of tissue surrounding
the drug source is treated. The technique of convection-enhanced delivery
(CED) uses a positive pressure gradient to enhance the distribution of both
small and large molecules within the brain, including high molecular weight
proteins (Bobo et al. 1994: 2076).
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The biodistribution of intracerebrally infused 111In-transferrin was studied
in 12 anesthetized mongrel cats (Bobo et al. 1994: 2076). Three volumes of
mock cerebrospinal fluid containing 111In-transferrin were infused into the
corona radiata bilaterally over 1 to 4 h. All the interstitial infusions were well
tolerated and were not associated with any hemodynamic instability during
the infusion. A linear increase of the intracerebral volume of distribution with
the infusion volume was observed, and the systemic concentrations of 
111In-transferrin were at least four orders of magnitude lower than the intra-
cerebral concentrations. These data indicated that interstitial infusion can
achieve a high concentration of compound locally with low systemic
concentrations (�1% of brain concentrations).

Phase I clinical study
Aphase I clinical study of regional therapy in patients with refractory malignant
brain tumors was performed with Tf-CRM107 at the National Institute of
Health (NIH) under a physician-sponsored IND (Study PHCN-001).

The objectives of the study were to determine the toxicity of Tf-CRM107
when delivered to malignant brain tumors by intratumoral and peritumoral
slow infusion in a dose escalation schedule and to determine the antitumor
effect of such regional therapy.

Patients enrolled in the trial had a malignant brain tumor (primary or
metastatic) that had failed standard therapy (including surgery and radiation
therapy) and was radiographically documented as recurrent or progressive.
Patients were over 18 years of age with a Karnofsky Performance Scale Score
�30 and had no other cancer therapy within 4 weeks of inclusion into the
trial. Other exclusion criteria included: pregnancy, active infection, abnormal
liver or renal function, thrombocytopenia, neutropenia, abnormal clotting
function, or infection with human immunodeficiency virus (HIV).

A total of 28 patients (32 tumors), 13 women and 15 men, with an average
age of 46.5 years were included in the study. All had previously been treated
with surgery and radiotherapy for their tumors, and 20 patients had
previously received chemotherapy. The median Karnofsky Performance
Scale score at baseline was 80, with a range of 30 to 100. The tumor location
was the left side in 14 patients, right side in 11 and bilateral in 3. Of these
tumors, eight were fronto-parietal, seven were frontal, seven were temporal,
two were occipito-parietal, one was occipital, one was parietal, one was
fronto-temporal and one was tempo-parietal.

The histopathologic diagnoses were 16 glioblastoma, 8 anaplastic
astrocytoma, 2 metastatic disease (lung carcinoma), 1 anaplastic oligoden-
droglioma, and 1 anaplastic glial tumor. Of 24 patients tested 19 had tumors
that stained positive for transferrin receptors (i.e. �10 cells). The median
tumor volume was 10.6 cm3, with a range of 0.6 to 50 cm3 (baseline tumor
volume measurements were made for only 28 of the 32 tumors). Anti-DT
titers were below the lower limit of normal in 17 of the 28 patients prior to the
infusion of Tf-CRM107.
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Tf-CRM107 was administered via CED through CT-guided, stereotactically
placed, silastic infusion catheters placed directly into the tumor or
peritumoral region. The infusions were initiated at a slow rate and increased
in a step-wise manner. The rates for each of the complete infusions ranged
from 0.021 to 0.714 ml/h, administered through one to three catheters.

The initial Tf-CRM107 total dose was 0.5 �g, in a volume of 5 ml (i.e., a
concentration of 0.1 �g/ml). This dose was escalated to a maximum dose of
128 �g and a maximum volume of 240 ml (i.e., a maximum concentration of
3.2 �g/ml). Patients were treated with intravenous prophylactic antibiotics
and steroids prior to and for the duration of the infusion of Tf-CRM107.
Antibiotics were stopped at the end of the infusion, but steroid doses were
tapered as clinically indicated.

Magnetic resonance imaging (MRI), with and without gadolinium
enhancement, was performed at baseline, immediately following each infu-
sion. During and immediately after the Tf-CRM107 infusion, and at subse-
quent follow-up visits, neurological status, serum chemistries, anti-DT toxin
antibody titers, blood count, and anticoagulation profiles were monitored.
Patients returned every 4 to 6 weeks for evaluation (and re-treatment, if
necessary) for the first 6 months following the last dose of Tf-CRM107 and
patients were followed up until death.

The criteria for tumor response in this trial were as follows:

● Complete Responder (CR): No remaining tumor on MRI at any mea-
sured time point.

● Partial Responder (PR): Greater than 50% decrease in tumor volume by
MRI at any measured time point.

● Nonresponder (NR): No observable decrease in the size of the tumor by
MRI scan or a progression (increase) in the size of the tumor.

Clinical chemistry and hematology values were graded according to the
National Cancer Institute (NCI) toxicity grading scale.

Twenty-eight patients were administered a total of 65 infusions with 
Tf-CRM107. On a per patient basis, the median total number of catheters
placed for each patient was 4 (range 1 to 10). The median total number of
days of infusion was 19.5 (range 3 to 45). The median total volume of drug
infused was 165 ml (range 5.5 to 393 ml) and the median total dose given was
68.5 �g (range 0.55 to 233.6 �g).

In total, 28 patients with 32 separate tumors were evaluated. Of these
32 tumors, two complete responses were reported. In addition, there were
partial responses reported for eight tumors, nineteen were reported as
nonresponders, and three were not evaluable. Two patients with metastatic
lung carcinoma underwent tumor resection after therapy and were therefore
not evaluable for response and one patient withdrew from the trial after
6 weeks and could not be evaluated for radiographic response. Of the respond-
ers, four of the ten were on larger steroid doses at the time the response was
apparent compared to baseline. Four patients responded after receiving one
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infusion, and four patients responded after receiving two infusions. Of the
remaining two responders, one responded after three infusions, and the other
responded after five infusions. TfR expression did not appear to correlate
with tumor response. As of the final follow-up date the median patient
survival/duration of follow-up was 273 days longer (451 versus 178) in the
responders versus nonresponders.

The 65 infusions administered to these 28 patients included seven drug
concentrations (0.1 to 3.2 �g/ml) and 20 dose volumes (0.5 to 240.0 ml) resulting
in 29 different doses (0.05 to 128.0 �g). The number of infusions administered
ranged from 1 to 6, which were separated by periods of 25 to 287 days (mean
81.4 days). The mean time between the first and second infusion was 
49 (25 to 134) days. The mean dose was 35.5 �g and the median dose was 
26.8 �g. Five infusions of 26.8 �g (40 ml of 0.67 �g/ml) were administered.

Twenty of the 28 patients (71%) reported at least one adverse event (AE).
A total of 52 AEs were reported by these 20 patients. Of the 52 AEs 18 were
judged by the investigator to be unrelated to the treatment. These events
were attributed directly to the patients’ underlying disease, concomitant
medication, or procedures.

Neurologic events were the most frequently reported AEs, accounting
for 41 of the 52 events (79%). Of 31 neurological AEs 20 reported for the first
21 patients treated were considered serious (this classification is not available
for AEs reported for the final seven patients treated). Of these, only four (dys-
phasia, right-sided weakness affecting the arm and two episodes of left arm
weakness) were considered to be related to Tf-CRM107 and six were of
uncertain relationship.

Of the 52 AEs, 39 (75%) occurred within 50 days of the start of infusion. Six
AEs occurred more than 100 days (111 to 522 days) after the start of infusion (five
occurrences of neurological toxicity and one occurrence of hydrocephalus).
More than half (27/52; 52%) of the AEs occurred within 17 days after the start of
infusion; the majority of these (24/27; 89%) were neurologic adverse events.

All 28 patients had at least one abnormality in hematology or serum
chemistry parameters prior to receiving Tf-CRM107. However, no laboratory
parameters other than ALT, AST, and albumin showed increasing or decreas-
ing trends during the study. The trends that were observed in ALT (increasing),
AST (increasing), and albumin (decreasing) were transient and not severe.
There were no clinical signs associated with the changes. The relationship of
these trends to Tf-CRM107 administration is complicated by anti-epileptic
medication that the majority of the patients received throughout the trial.

Sustained neurotoxicity (continued �1 increase in NCI neurological
toxicity grade) and MRI evidence of toxicity (defined as subcortical stripes or
increased signal on unenhanced T1-weighted sequences in peritumoral brain
tissue that took up to 1 month after treatment to develop and were suggestive
of thrombosis in normal vasculature) were determined to be the dose-limiting
toxicities in the phase I study. MRI evidence of toxicity occurred in eight of the
first twenty-one patients but was not evaluated in the final seven patients; it
was noted only after the first infusion for six of the eight patients. The other two

Chapter 7: Transferrin diphtheria toxin for brain tumor therapy 141

Koji_Ch-07.qxd  10/6/04  1:27 PM  Page 141

© 2005 by CRC Press



patients had MRI evidence of toxicity noted only after the second infusion.
Only one patient had an additional follow-up evaluation to determine the sta-
tus of the MRI evidence of toxicity. For this patient, the toxicity noted after the
first infusion was no longer observed over three subsequent examinations up
to 122 days later. Of the eight patients with MRI evidence of toxicity, five had
sustained neurologic deficits; the remaining three patients reported no AEs.

Total doses greater than 28 �g, and concentrations greater than
0.7 �g/ml resulted in a notable increase (approximately three-fold) in the
number of sustained neurological deficits when compared with patients
receiving doses below 28 mg or concentration 	0.7 mg/ml. The MTD was
determined to be 26.8 �g (40 ml of 0.67 �g/ml); 9 of the 12 sustained neuro-
logical deficits (in nine patients) occurred at a higher concentration. Three
sustained neurological deficits occurred at a lower dose and concentration
but none of these were considered related to Tf-CRM107 infusion.

Based on these phase I study results, an infusion of 40 ml of 0.67 �g/ml
giving a dose of 26.8 �g per infusion was selected for the phase II study.
Because the majority of all laboratory abnormalities began during the infu-
sion and resolved within 2 to 4 weeks after the start of the infusion, it was
decided to include two infusions spaced 4 to 10 weeks apart in the phase II
study, as well as to include follow-up laboratory measurements at 10 days
after initiation of each infusion to closely monitor any laboratory changes.
This period also allows time for the patients to recover from biopsy, catheter
placement, and the previous infusion.

Phase II clinical study
The phase II clinical study of regional therapy with Tf-CRM107 in patients
with refractory and progressive glioblastoma multiforme or anaplastic astro-
cytoma was completed at nine centers in the U.S. The objectives of the study
were to evaluate the efficacy of intratumoral/interstitial regional therapy
with Tf-CRM107 in patients with refractory and progressive GBM or anaplas-
tic astrocytoma (AA) and to further evaluate the safety of intratumoral/
interstitial regional therapy with Tf-CRM107. Secondary objectives were to
evaluate and compare possible differences in efficacy between histological
types (GBM or AA), degree of transferrin receptor expression in tumor tissue,
and serum anti-DT antibody titer levels and to estimate survival.

This was a multicenter, open-label, single-treatment arm study in which
each patient received two separate infusions of Tf-CRM107 between 4 and
10 weeks apart. On each treatment occasion, the total dose of Tf-CRM107 was
to be 40 ml of solution at a concentration of 0.67 �g/ml (resulting in a total
expected dose of Tf-CRM107 of 26.8 �g during each treatment). The infusion
was to be delivered continuously by CED over a period of 5 to 7 days via two
catheters stereotactically implanted in the tumor(s). The permitted maximum
rate of administration was 0.20 ml/h through each catheter (i.e., total of
0.40 ml/h) up to a total of 40 ml.

Forty-four patients, with a diagnosis of refractory progressive high grade
glioma who met all entrance criteria were enrolled. Patients were aged
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between 18 and 75 years (mean 52 years). All patients had previously
undergone conventional treatment (biopsy or debulking surgery and radiation
therapy) but their disease was still shown to be progressive.

All patients had a baseline evaluation consisting of blood and urine
analyses, neurological testing, Karnofsky Performance Scale Score, and an
unenhanced and gadolinium-enhanced MRI scan performed within 24 h to
14 days prior to infusion with Tf-CRM107.

Once admitted to hospital, a CT-guided biopsy of the tumor was
performed, the tumor was histologically evaluated, and two silastic catheters
were inserted into the tumor. If a satellite tumor was present, one catheter
could be placed in the primary tumor and one was placed in the satellite. On
the following day, the infusion of Tf-CRM107 (Treatment 1) was initiated
through the two catheters at an escalating rate up to 0.20 ml/h for each
catheter. Over the next 5 to 7 days, Tf-CRM107 was continuously infused until
a total volume of 40 ml was delivered. The catheters were removed after the
infusion was completed. Each patient was observed for up to 24 h postinfusion
and discharged. At 10 days after initiation of infusion of Tf-CRM107, the
patient returned to the hospital for physical and neurological examinations,
Karnofsky Performance Scale Score, AE occurrence, and blood/urine tests. The
patient also had an additional follow-up visit at 16 to 18 days after the start of
the infusion to assess clinical progress and AE occurrence.

Between 4 and 10 weeks after discharge from Treatment 1, the patient was
again admitted to the hospital and the same procedure as used in the first
treatment regimen was repeated (Treatment 2), including the evaluations at 10
and 16 to 18 days after initiation of the second infusion. Following a protocol
amendment, patients who experienced serious cerebral edema during or after
their first infusion of Tf-CRM107 were not given a second infusion.

Patients were followed-up at monthly intervals for the first 6 months,
and then at 3-monthly intervals for a further 6 months after completion of
Treatment 2 (i.e., a total follow-up period of 12 months). Additionally, unen-
hanced and enhanced MRIs were performed at the 2-, 4-, 6-, 9-, and 12-month
follow-up visits.

Unenhanced and gadolinium-enhanced MRIs (TI-weighted) were
performed on the same machine for each patient at each specified time point.
If considered relevant, T2-weighted images were also obtained. All technical
factors, including image orientation, were identical for both the unenhanced
and enhanced images. For at least 7 days prior to each MRI, the patient’s
steroid dose was kept constant. Tumor volume was calculated from contigu-
ous slices (i.e., no interslice gap) according to the central image analysis using
software provided by the manufacturer of each MR machine.

Efficacy responses for the tumor(s) treated were categorized according to
a scale modified from McDonald et al. (1990) as follows:

Complete response: Complete disappearance of all contrast-enhancing
tumor in the area of treatment on MRI; tapering of steroid dose to
physiological levels; and normalization (return to baseline) of all
signs and symptoms of disease for at least 28 days. (Provided that all
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other criteria were met, patients on steroids for other indications were
evaluated as complete responders.)

Partial response: �50% reduction in volume of contrast-enhancing
tumor for all treated sites on MRI; stabilized or reduced steroid
requirements compared to baseline; and the absence of new or
progressing lesions in the area of treatment for a minimum of 28 days.

Stable disease: 	50% reduction or 	25% increase in contrast-enhancing
tumor volume on MRI; stabilized or increased steroid requirements
compared to baseline; and the absence of new lesions in the area of
treatment for a minimum of 28 days.

Progressive disease: � 25% increase in contrast-enhanced tumor volume
or the presence of any new lesion in the area of treatment.

Nonevaluable (NE): Patients who have withdrawn from study due to
tumor progression and/or for safety reasons.

This survival time for each patient was defined as the number of days
from start of first infusion to the date of death or December 31, 1999, if the
patient survived beyond that date.

All patients who received infusions with Tf-CRM107 and had a follow-
up MRI performed at least 2 months after the final treatment were considered
evaluable for response in relation to efficacy. Of the 44 patients 31 (70%) com-
pleted both treatment phases (i.e., Treatments 1 and 2). Of the 44 patients 34
(77%) were evaluated for efficacy based on investigator assessments of tumor
response; the remaining 10 were considered as not evaluable. A total of five
(11.4%) complete responses and seven (15.9%) partial responses were
recorded. If all 44 patients are considered the response rates are 11 and 16%
for complete and partial responders, respectively.

The median and mean survival times were 37 and 45 weeks, respectively,
for all 44 patients. Atotal of 13 (30%) of the patients survived beyond 12 months
from the time of first infusion and one patient was still alive after 5 years.

All of the 44 patients who enrolled in the study received at least one
infusion of Tf-CRM107 and were therefore considered evaluable for safety.

In 25 patients 57 serious adverse events (SAEs) were reported during the
study; 8 cases of cerebral edema were reported in six patients.

Of the 270 AEs that began during the study, 15 (in 11 patients) were asso-
ciated with an outcome of death. These three events (20%; all cerebral edema)
in two patients were judged to have a likely relationship to Tf-CRM107. One
patient had two occurrences of cerebral edema with an onset within 5 days of
the Tf-CRM107 infusions. The first infusion was associated with a neurolog-
ical deficit secondary to cerebral edema, which was judged as likely to be
related to Tf-CRM107. The patient underwent a second infusion, also was
associated with cerebral edema, which was thought likely to be related to 
Tf-CRM107. The cause of death in this patient was reported as brain edema,
brain tumor, and transtentorial herniation. The investigator did not feel that
the cerebral edema was immediately life threatening and considered that it
could have been reversed with aggressive treatment. However the patient’s
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family elected to withdraw all support and the patient died two days later.
The investigator did not consider that the death was related to Tf-CRM107.
The second patient received a single infusion of Tf-CRM107 and had two
episodes of cerebral edema, which was judged to have a likely relationship to
the study drug. The patient died from respiratory arrest secondary to his
brain tumor progression and the death was judged unlikely to be related to
Tf-CRM107 by the investigator. Of the 29 poststudy SAEs, 24 events (in 23
patients) were reported to be associated with an outcome of death but none
were judged to be related to Tf-CRM107.

Overall, the adverse event profile for Tf-CRM107 was as expected, based
on this study population’s underlying disease. The most clinically significant
adverse events involved cerebral edema, which in a number of cases was
serious and required aggressive therapy. The cause of this effect is not clear
but may be related to the tumoricidal effect of Tf-CRM107 on the tumor,
volume of fluid infused, or an inflammatory response.

Three patients experienced laboratory abnormalities that were reported
as AEs but none of these was considered related to Tf-CRM107. There were
some transient elevations in systolic blood pressure, which appeared to be
related to the procedure.

Conclusions and future directions
The prognosis for relapsing patients with malignant glioma remains poor
and there is no standard of care in this situation. Repeat surgery or radio-
therapy is often not feasible at relapse and chemotherapy is often given with
little expectation of success. A variety of agents have been used, e.g.,
nitrosoureas, temozolamide, platinum compounds, procarbazine, or combi-
nation therapy such as PCV (procarbazine, lomustine, and vincristine). The
median survival of recurrent GBM following chemotherapy in small clinical
trials is reported, in the literature, to be approximately 26 weeks (Huncharek
and Muscat 1998: 1303).

These phase I and II clinical trials with Tf-CRM107 demonstrate that the
drug is able to induce responses in a significant number of patients with
high-grade gliomas that have failed conventional therapy. The median
survival of 37 weeks in the phase II study compares favorably with other
therapies that have been used in this patient population (Bower et al. 1997:
484). The majority of adverse events were neurological and reversible. The
commonest serious adverse event was cerebral edema. In most patients the
edema was controlled by standard management including steroid therapy.
The mechanism of cerebral edema is unclear but may be related to the tumo-
ricidal effect of Tf-CRM107 on the tumor, the volume of fluid infused or an
inflammatory response or all three of these mechanisms. Prophylactic use of
dexamethasone and aggressive management of edema should reduce this
complication in future studies.

MRI evidence of toxicity (cortical striping on unenhanced T1 sequences)
has been seen in some patients and may represent venous thrombosis. This
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may be due to the higher expression of TfRs on the surface of capillary
endothelial cells and the target specificity of Tf-CRM107. However, despite the
presence of cortical striping some patients achieved a complete or partial
response with good survival, therefore the clinical relevance of this phenomenon
is unclear. Hagihara et al. (2000) reported a study in rats using systemic chloro-
quine as a potential vascular protective agent. Chloroquine was shown to block
the toxicity of DT by increasing and then neutralizing endosomal pH and to
block the toxicity of Tf-CRM107, presumably via the same mechanism (Leppla
et al. 1980: 2247). In this study the MTD of Tf-CRM107 given by intracerebral
infusion was increased from 0.2 to 0.3 �g. These findings raise the possibility
that some of the adverse events associated with Tf-CRM107 may be reduced
with systemic administration of chloroquine while allowing greater doses of 
Tf-CRM107 to be delivered to the tumor. Interestingly, chronic administration of
chloroquine has recently been shown to enhance the response of GBM tumors
to anti-neoplastic therapy possibly by its anti-mutagenic action preventing the
appearance of resistant malignant clones (Briceno 2003: 1).

Studies with Tf-CRM107 reported to date have focused on supratentor-
ial tumors. Recently it has been reported that CED can be successfully used
to perfuse primate brainstems safely and effectively with macromolecules
(Lonser et al. 2002: 905). If this safety is confirmed in humans it may be
possible to treat intrinsic tumors of the brainstem including brainstem
gliomas, which have been difficult or impossible to treat in the past.

Localized delivery of targeted toxins has a promising future in the 
treatment of malignant brain tumors. A randomized phase III study of 
Tf-CRM107 versus best standard care in patients with relapsed and/or
progressive unresectable GBM has now  commenced at centers in the US,
Europe and Israel.
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Introduction
Patients with chemotherapy refractory acute myeloid leukemia (AML)
respond poorly to further cytotoxic drugs and have a median survival of less
than 6 months. The leukemic stem cells from these patients often show
multidrug resistance to a variety of agents that modify DNA synthesis or cell
proliferation. Novel agents that kill leukemic cells by different mechanisms
are needed. One such new class of antileukemia drugs are diphtheria fusion
proteins, which consist of the catalytic and translocation domains of
diphtheria toxin (DT) fused to leukemic blast selective ligands. Our laboratory
has focused on the synthesis and testing of diphtheria fusion proteins for
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AML. In this chapter, we review our preclinical and clinical experiences with
DT388GMCSF prepared by genetically linking DT388 to human granulocyte-
macrophage colony stimulating factor (GMCSF).

AML
AML is the most common acute leukemia in adults and the second most com-
mon leukemia in children.1 There are 10,000 estimated new cases per year in
the U.S. With the prolonged hospitalizations associated with treatment and
complications, the disease represents a significant share of health care costs.
Two types of drugs have shown significant activity in AML including
cytosine arabinoside and the topoisomerase inhibitors — anthracyclines,
amsacrine, and etoposide. With combination induction and consolidation
chemotherapy, complete remission rates of about 70% have been achieved.2

However, most patients ultimately relapse and die from the disease or
complications of treatment.

The prognosis is dismal for patients with relapsed or refractory AML.
Except for the minority of patients who undergo allogeneic bone marrow
transplants or have initial complete remissions of �12 months, patients
receive similar salvage therapy to that used in their induction/consolidation
and have median survival of weeks to months.3 Two-year survival in this
subgroup of relapsed and refractory patients is rare (Figure 8.1).4 The main-
stay of therapy for relapsed AML other than allogeneic stem cell transplant is
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Figure 8.1 Survival probability of relapsed or refractory AML patients whose initial
complete remission was �1 year. ---, investigational agents (171 patients); —, high-dose
cytarabine (176 patients).4 These patients represent 72% of the total relapsed/refrac-
tory patients
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high-dose cytarabine. Other salvage regimens that have been tested include
anti-CD33 antibody–calicheamicin conjugate (Mylotarg®), aclarubicin �
etoposide, subcutaneous cytarabine � etoposide, cyclophosphamide �
etoposide, interleukin-2, topotecan, thalidomide, gemcitabine, troxacitabine,
anti-CD33 antibody-213Bi conjugate, temozolomide, and Zarnestra farnesyl
transferase inhibitor. None have produced durable remissions in the majority
of relapsed AML patients.5–16

Chemotherapy-resistant blasts contribute to treatment failure in AML
patients.17 These blasts are resistant to numerous cytotoxic agents including
those to which the patient has not been previously exposed. This multidrug
resistance has been linked to altered expression of one or more resistance
proteins, which may influence drug efflux (P-glycoprotein and lung resistance
protein), drug metabolism (glutathione S-transferase and metallothionein),
substrate levels (thymidylate synthetase and topoisomerase II), or cell death
regulation (Bcl2 and p53). Prospective and retrospective clinical studies have
shown a worse prognosis for de novo AML with resistance phenotypes due
to abnormal concentrations of these molecules.18–24 Further, patients with
abnormal levels of more than two of these factors had significantly higher
relapse rates.25 Since most of the multidrug resistance phenotypes target
small molecular weight inhibitors of DNA synthesis or cell proliferation,
investigators have sought agents that induce leukemia cell death by other
than damage to DNA or cell division. An added benefit of such new agents
would be the possibility of distinct, nonoverlapping toxicities with current
cytotoxic chemotherapy permitting combinations.

AML-targeted toxins
Targeted toxins consist of protein synthesis inactivating peptide toxins
covalently linked to tumor-selective ligands. Several toxins targeted to AML
have been made with monoclonal antibodies reactive to the AML cell-surface
antigens — CD13, CD14, CD33, and CD71.26–29 In addition, fusion proteins
using the AML blast ligand granulocyte-macrophage colony-stimulating
factor were made.30,31 The toxins used included the plant toxins (ricin, gelonin,
saporin) and the bacterial toxin (Pseudomonas exotoxin). In each case, the
chimeric toxins had low potency on myeloid cells. These toxins need to route
after internalization to the endoplasmic reticulum in order for translocation to
the cytosol.32 However, in myeloid cells, most endocytosed proteins are
rapidly trafficked to lysosomes where they are degraded. A different toxin is
needed, which can escape to the cytosol from AML blast early endosomes.

DT fusion proteins
DT enters the cytosol from an early endosomal compartment. Thus, it may
avoid premature lysosomal degradation by myeloid cells. DT is a 535-amino
acid protein with three domains consisting of a catalytic domain also called the
A fragment (amino acids 1–186) connected by a 14-amino acid arginine-rich
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disulfide loop to a translocation domain containing multiple amphipathic
helices (amino acids 187–381) followed by a flexible linker peptide (amino acids
382–390) and a �-sheet-rich cell-binding domain (amino acids 390–535).33

DT binds via amino acid residues in the cell-binding domain including
Lys-516 to a crevice (amino acid residues 122–148 including Glu-141) in the
extracellular epidermal (EGF)-like domain of cell-surface expressed heparin-
binding epidermal growth factor-like (HB-EGF) precursor in association with
CD9 and heparin sulfate proteoglycan.34 The complex undergoes clathrin
and dynamin-dependent endocytosis.35 In early endosomes, DT undergoes
low pH-induced protonation of the translocation domain helical hairpin car-
boxylates (Glu-349 and Asp-352 of the TH8-TH9 hairpin), insertion of the
TH8 and TH9 amphipathic helices into the vesicle membrane, furin cleavage
at the arginine-rich loop, unfolding of the catalytic domain, reduction of the
disulfide bridge linking the A fragment to the remainder of DT, and transfer
of the A fragment to the cytosol.36 In the cytosol, the A fragment including
residues 39–46 and Glu-148 catalyze the ADP-ribosylation of the diph-
thamide residue in domain IV of elongation factor 2 (EF2).37 The modified
EF2 cannot displace the tRNA–peptidyl complex from the A site to the P site
of the ribosome, and cellular protein synthesis is halted. Cells undergo lysis
or programmed cell death.38

New targeting specificities for DT have been achieved by genetically
replacing the C-terminal receptor-binding domain (amino acid residues
391–535) with cell selective ligands such as melanocyte-stimulating hor-
mone, interleukin-2, interleukin-6, gastrin-releasing peptide, and others.39

These DT fusion proteins have shown potent and selective killing to receptor
positive cells in tissue culture, animal models, and patients.

GMCSF receptor
GMCSF is a multifunctional 124-amino acid cytokine important in the prolif-
eration and differentiation of myeloid progenitors.40 The crystal structure of
GMCSF shows that it folds into an antiparallel four-helix bundle.41 The receptor
for GMCSF has been identified on myeloid progenitors, mature monocytes,
granulocytes, macrophages, and on myeloid leukemias.42,43 GMCSF residues at
both the N-terminus and C-terminus bind the receptor. While the GMCSF
receptor on leukemic blasts undergoes rapid receptor-mediated endocytosis
after ligand binding, this does not occur as rapidly with ligand binding to nor-
mal progenitor receptors.43 Based on the limited normal tissue distribution of
its receptor and its efficient internalization by myeloid blasts, we chose GMCSF
for fusion to the enzymatic and translocation domains of DT.

DT388GMCSF
DT388GMCSF was produced by genetic engineering. Briefly, the pET3a
plasmid, which has the T7 promoter, pMB1 replicator, and �-lactamase gene,
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was digested with restriction enzymes and DNA was inserted encoding
methionine, amino acids 1–388 of DT, a histidine–methionine linker, and
amino acids 1–124 of human GMCSF.31 This plasmid, pRKDTGM, and
pUBS500 (which has a kanamycin resistance gene and encodes the dna Y gene 
product — tRNAArg

AGA/AGG) were used to transform BL21(DE3) competent
Escherichia coli.44 Recombinant protein was induced with isopropyl-�-D-
thiogalactopyranoside (ITPG). Cells were extracted and inclusion bodies
were washed, denatured with guanidine hydrochloride and dithioerythritol.
Protein was refolded at 4 �C in an arginine/Tris/EDTA/oxidized glutathione
buffer. After dialysis, DT388GMCSF was purified by anion exchange,
size exclusion, and polymixin B affinity chromatography. Protein was asepti-
cally vialed at 1.5 mg/ml in phosphate-buffered saline and stored at �80�C
until used.

DT388GMCSF was characterized chemically. A model of the molecule is
shown in Figure 8.2. The protein was 99% pure by gel electrophoresis, and
there were �1% aggregates by high pressure liquid chromatography. There
were low levels of endotoxin (1.7 eu/mg) and bacterial DNA contamination
(�113 pg/mg). The DT388GMCSF affinity for the GMCSF receptor was 
1.3 � 109 M�1/l. This compares favorably to the GMCSF affinity for the
GMCSF receptor, which was 6.7 � 109 M�1/l (five-fold higher). The 
ADP-ribosylating activity was identical to CRM107 DT. The molecular
weight determined by tandem mass spectroscopy was 57,232 Da, which was
similar to the calculated molecular weight of 57,082 Da. There were no free
thiols (	0.17/molecule), and the protein had a pI of 6.0 by isoelectric focusing.
The molecule reacted with antibodies to DT and GMCSF by immunoblots.
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Figure 8.2 Ribbon diagram of a three-dimensional structure for the 
-carbon
backbone of DT388GMCSF. The lower right shows the DT catalytic domain; the upper
right shows the DT translocation domain; the left shows the GMCSF
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Preclinical studies with DT388GMCSF
DT388GMCSF prepared in our laboratory and similar compounds made by
others were toxic to AML cell lines and patient leukemic progenitors.45–50

Further, cytotoxicity to chemotherapy-resistant cell lines and therapy-refractory
AML patient progenitors was also observed.51 Significantly, DT388GMCSF was
not toxic to normal human myeloid progenitors.31,47,52,53 When DT388GMCSF
was combined with cytotoxic drugs, synergistic cell killing of AML cell lines
was seen.54,55 We recently examined factors predicting DT388GMCSF sensitivity
of patient leukemic progenitors and found that neither receptor density nor
receptor internalization correlated with cell-kill (Figure 8.2). Cells intoxicated by
the fusion protein showed programmed cell death, which was FADD but not
death receptor dependent suggesting a novel apoptotic pathway.56 Because of
liver toxicity observed in the clinical trial described later, assays of fusion protein
cytotoxicity to hepatocyte cell lines and primary cultures were undertaken.
No damage to human or rat hepatocytes was observed after incubation with
DT388GMCSF or DT388mGMCSF, respectively.

Animal studies with DT388GMCSF have been done in mice, rats, and
cynomolgus monkeys. Mice treated with the human GMCSF receptor-
targeted fusion protein by intraperitoneal injections daily for 5 days tolerated
a daily dose of 84 �g/kg/day.57 The dose-limiting toxicity was acute proximal
tubular necrosis. The drug had a peak level at 40 min after intraperitoneal
injection and a circulating half-life of 24 min. The circulating drug concentra-
tions exceeded levels needed to kill leukemic blasts for over 5 h. Only 24%
of mice developed a weak immune response 3 weeks after treatment. Severe
combined immunodeficient (SCID) mice inoculated with HL-60 human AML
cells develop leukemia with abdominal masses, infiltration of the liver and
bone marrow, and peripheral blasts and have a median survival of
42.5 days.58 Treatment of these animals with five daily intraperitoneal injec-
tions of 84 �g/kg/day DT388GMCSF significantly prolonged survival to a
median of 83 days (p � 0.001), and six of fifteen treated animals had no visi-
ble disease at �150 days. No evidence of microscopic disease based on
histopathology was observed in three of these animals. Similar efficacy in
mouse leukemia models was reported by others.59,60 Cynomolgus monkeys
have GMCSF receptors that cross-react with DT388GMCSF. Monkeys treated
with five daily intravenous bolus infusion of 10 �g/kg/day DT388GMCSF
developed dose-limiting neutropenia and sepsis.61 Necropsies of these
animals showed no damage to organs other than the bone marrow including
kidney, heart, liver, central nervous system, or lung. The maximal tolerated
dose (MTD) was 7.5 �g/kg/day DT388GMCSF for 5 days where only
transient myelosuppression and hypoalbuminemia were seen. The fusion
protein half-life in the circulation was 30 min. Immune responses were minimal
in all monkeys tested at both 2 and 4 weeks postinfusions with antibody
concentrations of �1 �g/ml. Similar results were reported by others.59

To better explore receptor-specific toxicities of DT388GMCSF in a model
more amenable to study than monkeys, we evaluated DT388mGMCSF in rats.
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At intraperitoneal doses of 37.5 �g/kg/day for 3 to 7 days, transaminasemia,
disappearance of liver Kupffer cells, and appearance of apoptotic cells in
liver sinusoids were seen. Significant mortality was observed at this and
higher doses, but there was no evidence of severe liver injury nor sepsis on
necropsies. Liver enzyme elevations after DT388mGMCSF administration
to rats has been previously reported.62 Coadministration of steroids with
DT388mGMCSF worsened the rat transaminasemia in our study. Circulating
rat interleukin-18 levels increased, but administration of glycine or an
interleukin-18 inhibitor (2357) failed to prevent the rat transaminasemia.

Clinical studies with DT388GMCSF
Thirty-seven patients with AML have been treated with DT388GMCSF for a
total of 46 courses (nine patients received a second course).63 The mean age
was 54 years (range, 12 to 84), and there were 16 males and 21 females
(Table 8.1). Although the eligibility criteria stipulated age �18 years, one
child was allowed under a Federal Drug Administration–approved exemp-
tion. Four patients were in first relapse; two patients were in second relapse;
and thirty-one patients had refractory AML. Seven patients had undergone
autologous bone marrow transplants; six had previously received allogeneic
bone marrow transplants, and twenty-four had not received transplants. The
cytogenetics were poor risk in seventeen patients, intermediate risk in eleven
patients, and good risk in two patients. In seven patients, cytogenetics were
not performed. Prior myelodysplasia had been present in seven of the thirty-
seven patients.

Patients were treated at one of six dose levels of DT388GMCSF (1, 2, 3, 4,
4.5, or 5 �g/kg/day) for up to 5 days. The first nine patients were treated at
1 or 2 �g/kg/day with premedications consisting of acetaminophen and
diphenhydramine. Because of infusion-associated fevers and chills, the next
twenty-four patients were treated at 3, 4, 4.5, or 5 �g/kg/day DT388GMCSF
with the addition of corticosteroids to the premedication (solumedrol intra-
venously 0.5 mg/kg every 6 h followed by a taper). Based on the hypothesis
that steroids worsened liver injury from the DT fusion protein, the last four
patients were treated at 3 or 4 �g/kg/day without corticosteroid premedica-
tion. The fusion protein was administered over 15 min by slow bolus intra-
venous infusion. Patients also received at least 1 l of intravenous fluids daily.
After one month or longer, nine patients received a second course.

The dose-limiting toxicity for DT388GMCSF plus steroids was liver injury.
Nine patients were treated at the 4.5 to 5 �g/kg/day dose levels, and two of
these patients had severe hepatic toxicity. Patient 28 developed liver failure
and died 1 week after treatment. This was coincident with florid leukemic
progression. Necropsy showed centrilobular hepatic necrosis. Patient 31
developed transient hepatic encephalopathy with elevated ammonia levels 4
days after therapy. The liver dysfunction resolved, but the patient developed
renal failure contributed to by aminoglycosides, amphotericin, and high salt
formulated DT388GMCSF. Without dialysis, the patient died 1 week later.
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156Table 8.1 Clinical characteristics of DT388GMCSF-treated AML patients

Disease Circulating Bone
Patient Age year/ status (year blast count marrow
no. Sex from diagnosis) Treatment history Cytogenetics (/�l) blast %

1 69/F Ref. (2) Hydrea;Topo 46XiX(p10) 0 5
2 55/M 1st Rel. (1) AlloBMT;DLI;Ara-C Del7(q22) 1,127 6
3 66/F 1st Rel. (1) Ida/Ara-Cx2 �8,�11,t(1;16) 0 10
4 46/F 2nd Rel. (5) Dauno/Ara-C;Ara-C;AutoBMT Normal 72 32
5 69/F Ref. (1) Mito/Ara-C;Ara-C;CTX/VP16 Normal 8,024 10
6 41/F Ref. (1) Dauno/Ara-C;Ara-C/VP16;AutoBMT �21,�22 10,004 98
7 84/F Ref. (1) Cytarabine;6TG;Mito;Vinc ND 684 93
8 61/M 1st Rel. (1) Ida/Ara-C;Ara-C ND 96 30
9 76/M Ref. (0.5) Ida/Ara-C;Ara-C;CTX/VP16 ND 240 10,LC

10 53/F Ref. (1) Ida/Ara-C;Ara-C;Topo �19,�1–2r 276 30
11 60/M Ref. (2) Dauno/Ara-C;Ara-C;Topo;Mito �13 4,485 87
12 27/F Ref. (1) Dauno/Ara-C;Ara-C;VP16/Mito; t(1;9)(q21;q21) 15,696 90

Topo/Ara-C;Flud/Ara-C
13 77/M Ref. (1) Dauno/Ara-C;Ara-C;VP16/Mito;Topo/Ara-C; Normal 4,324 89
14 24/F 1st Rel. (0.5) Ida/Ara-C;Ida �8,�11,�13 0 35
15 45/M 2nd Rel. (2.5) VP16/Ara-C;Dauno/Ara-C;AutoBMT ND 616 80
16 25/M Ref. (1.5) Dauno/VP16/Ara-C;Ara-C;AutoBMT; Del11(q22), 0 40

Mito/VP16/Ara-C;Topo/Ara-C Del5(q12)
17 52/F Ref. (1) Ida/Ara-C;Ara-C;Mito/VP16/Ara-C; Normal 6,300 95

VP16/Ara-C;Topo/Ara-C
18 39/F Ref. (2) Dauno/Ara-C;Ara-C;MTX/Ara-C/Ida;CTX t(8;21) 0 52
19 52/F 3rd Rel. (2) Mito/Ara-C;Ara-C;AlloBMTx2; Normal 0 75,LC

VP16/Ara-C;IT Ara-C;WBI
20 54/M Ref. (2) Dauno/VP16/Ara-C;VP16/Ara-C;Ida/ �2,�5,�8,�11,� 14,168 60

Ara-C;AutoBMT 16,�21
21 73/F 1st Rel. (1) Ida/Ara-C;Ara-C t(1;11),t(2;11),�4,�6 208 88
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22 72/F Ref. (4) Ida/Ara-C;Topo/Ara-C Normal 0 28
23 46/M Ref. (0.5) Ida/VP16/Ara-C;Topo/Ara-C �11,Del7 1,588 82
24 32/F Ref. (1) Ida/Ara-C;AlloBMT;VP16;CTX ND 424 14
25 77/M Ref. (1) Ida/Ara-Cx2 Del7(q22) 50 15
26 67/M Ref. (0.5) Topo;Topo/Ara-C;Mito/Ara-C ND 0 91
27 61/M Ref. (1) Dauno/Ara-C;VP16/Ara-C;CTX/ Normal 0 23

VP16;AutoBMT
28 57/F Ref. (0.5) CTX/Ara-C/Topo t(2;8),Del8,�5,Del7 0 11
29 12/F Ref. (0.5) Dauno/Ara-C/6TG;Ara-C;AlloBMT �19 0 87
30 31/M Ref. (1) Dauno/Ara-C;VP16/Ara-C;Flud/CPT11; Normal 500 92

Gem/CPT11;Mylotarg;CTX/VP16
31 80/F Ref. (1) Dauno/Ara-C/VP16;Ara-C;Mylotarg ND 60 47
32 19/M Ref. (1) Ida/Ara-C;Ara-C;Flud/Ara-C t(8;21) 400 96
33 60/M Ref. (0.5) Dauno/Ara-C;Ara-C;AutoBMT �7,Del5 0 9
34 34/F Ref. (2) Ida/Ara-C;AlloBMT;Flud/Ara-C;DLI; t(4;15),Del2,�13, 600 22

Adria;Mylotarg;Flud/Topo/Ara-C Del5
35 57/F Ref. (1) CTX;Flud;AlloBMT Normal 500 85
36 76/F Ref. (1) Dauno/Ara-C;Mylotarg;Ara-C Normal 4,200 90
37 30/M Ref. (1) Dauno/Ara-C;Ara-C;Mito/VP16; Normal 4,000 100

Mylotarg;Flud/Ara-C

LC, leukemia cutis; Ara-C, cytarabine; CTX, cyclophosphamide; VP16, etoposide; Ida, idarubicin; Mito, mitoxantrone; Dauno, daunorubicin; DLI, donor
lymphocyte infusion; BMT, bone marrow transplant; TG, thioguanine; Auto, autologous; Allo, allogeneic; r, ring; Flud, fludarabine; IT, intrathecal; WBI,
whote brain irradiation; Topo, topotecan; ND, not determined; Ref., refractory; Rel., relapsed; vinc, vincristine; Mylotarg, gemtuzumab ozogamicin; Gem,
gemcitabine.
Patient #29 was treated under an IND exemption because of age.
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Transient elevations in AST were seen in most patients (Table 8.2).
Furthermore, the peak AST level correlated with the dose (p � 0.002) and
peak DT388GMCSF level (p � 0.0002). The AST rose disproportionately rela-
tive to ALT and GGT. Steroids, calcium channel blocker, rofecoxib, and anti-
body to TNF-
 did not influence this toxicity. In contrast, patients not
receiving steroid prophylaxis had much less evidence of liver injury. No liver
biopsies have been performed in DT388GMCSF-treated patients, but elevated
circulating levels of two inflammatory cytokines, IL-8 and IL-18, were
observed. There was a significant positive association of IL-18 levels with
AST levels (p � 0.05). The elevation of IL-18 occurred earlier (by day 2) than
the elevation of IL-8 (day 4 to 8). A transient asymptomatic sinus bradycardia
occurred in some patients with steroid prophylaxis that was responsive to
oral theophyllines. Echocardiograms, during and after treatment, did not
show reduced cardiac function. There were no cardiac enzyme elevations
(CPK-MB fractions) and no evidence of heart block by electrocardiography.
Asymptomatic, transient hypocalcemia occurred between days 4 and 10. The
incidence of hypocalcemia was dose dependent but only occurred with
steroid prophylaxis. Neither neurological nor muscular abnormalities were
observed. When measured the vitamin D levels were normal and the
parathyroid hormone levels were slightly increased. Serum calcium values of
�7 mg/dl were treated with intravenous calcium gluconate. Serum calcium
values were not corrected for the serum albumin levels. Transient CPK and
lactate dehydrogenase elevations were observed in most patients and paral-
leled the changes in AST. However, there were not signs of muscle injury or
RBC injury measured by serum aldolase and haptoglobin or peripheral smear.
Vascular leak syndrome (VLS) with the combination of edema, weight gain,
hypoxia, hypotension, and hypoalbuminemia was noted in patient #9 and
#11. Patient #9 had not been receiving thyroid medications for 1 week, and the
symptoms resolved with diuresis and reinstitution of thyroxine. Patient #11
had fluid overload combined with corticosteroids that also resolved with
diuresis. The other patients had signs of the components of VLS with weight
gain and/or hypoalbuminemia, but there was no associated edema, hypox-
emia, or hypotension. The incidence and frequency of toxicities to
DT388GMCSF are shown in Tables 8.2 and 8.3. On the basis of the occurrence
of grade 4 and 5 liver toxicities in patients #28 and #31, we determined the
MTD for the DT388GMCSF plus steroid combination to be 4 �g/kg/day. To
assess the MTD of DT388GMCSF alone, four patients have been treated with-
out steroids at the 3 to 4 �g/kg/day dose level. These patients elected to take
supplemental glycine 5 g po q4 h to reduce inflammatory responses. Neither
DLTs nor liver injury occurred (see Table 8.2, patients #34b to 37) (Figure 8.3).
However, transient (� 24 h) fever, chills, nausea, and vomiting occurred.

Pharmacokinetic data were obtained for the first infusion of each course of
all patients and for the first and last infusion on five patients. The peak
DT388GMCSF serum level occurred at 2 min postinfusion, and the concentration
decreased over time exponentially with a t1/2 of approximately 30 min. The
peak fusion protein concentration was not significantly correlated with dose 
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Table 8.2 Dose level and drug-related toxic effects of DT388GMCSF in AML patients

Patient Dose Cause of death (day
no. (�g/kg/day) Drug-related side effects (CTC toxicity grade) post-therapy)

1 1 Grb 1 myalgias Progressive disease (21)
2 1 Gr 2 AST;Gr 1 Alk Phos Progressive disease (213)
3 1 Gr 1 myalgias;Gr 2 AST;Gr 1 Alk Phos Progressive disease (230)
4 2 Gr 2 fever;Gr 2 hypocalcemia;Gr 2 hypoalbuminemia;Gr 3 AST Progressive disease (357)
5 2 Gr 1 Alk Phos Progressive disease (135)
6 2 Gr 1 Alk Phos Progressive disease (130)
7 2 Gr 2 fever;Gr 2 hypocalcemia;Gr 3 AST Progressive disease (60)
8 2 Gr 1 fever;Gr 1 AST; Gr 2 hypocalcemia Progressive disease (94)
9 2 Gr 1 elevated Cr;Gr 1 Bili;Gr 1 AST;Gr 1 Alk Phos;Gr 3 VLS Progressive disease (45)

10 3 Gr 1 fever;Gr 2 AST Progressive disease (130)
11 3 Gr 1 weight gain;Gr 2 AST; Gr 2 VLS;Gr 2 hypoalbuminemia; Progressive disease (105)

Gr 2 hypocalcemia;Gr 2 Bili;Gr 2 hypotension;Gr 1 Alk Phos
12 3 Gr 2 AST;Gr 2 hypoalbuminemia;Gr 1 bradycardia Post-BMT GVHD (72)
13 4 Gr 1 edema;Gr 1 hypoalbuminemia;Gr 2 hypotension;Gr 2 hypocalcemia;Gr 2 AST Sepsis (13)
14 4 Gr 1 Alk Phos;Gr 2 AST Post-BMT GVHD (90)
15 4 Gr 1 fever;Gr 2 hypoalbuminemia;Gr 2 GGT;Gr 2 hypocalcemia; Alive (700�)

Gr 3 CPK;Gr 3 ALT;Gr 4 AST
16 4 Gr 1 AST;Gr 2 hypocalcemia;Gr 2 hypoalbuminemia Progressive disease (90)
17 4 Gr 1 bradycardia;Gr 1 AST;Gr 1 Alk Phos;Gr 1 hypoalbuminemia;Gr 2 Progressive disease (90)

hypocalcemia
18 4 Gr 1 AST;Gr 1 bradycardia Progressive disease (142)
19c 4 Inevaluable for toxicities Heart and renal failure (10)
20 4 Gr 1 AST Progressive disease (34)
21 5 Gr 1 Alk Phos;Gr 1 fever;Gr 2 AST;Gr 2 CPK;Gr 3 hypocalcemia Progressive disease (37)
22 5 Gr 1 GGT;Gr 3 ALT;Gr 3 CPK;Gr 3 hypocalcemia;Gr 4 AST Pneumonia (380)
23 5 Gr 1 ALT;Gr 1 CPK;Gr 2 AST;Gr 2 hypocalcemia CNS hemorrhage (17)
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160Table 8.2 Continued

Patient Dose Cause of death (day
no. (�g/kg/day) Drug-related side effects (CTC toxicity grade) post-therapy)

24 5 Gr 1 Alk Phos;Gr 1 CPK;Gr 2 AST;Gr 2 Bili;Gr 3 GGT;Gr 3 ALT;Gr 3 hypocalcemia Progressive disease (350)
25 3 Gr 1 Alk Phos;Gr 2 Bili;Gr 2 AST;Gr 2 Cr;Gr 2 CPK;Gr 3 ALT;Gr 3 hypocalcemia Progressive disease (40)
26 4 Gr 1 bradycardia;Gr 1 CPK;Gr 1 Alk Phos;Gr 1 GGT;Gr 2 hypocalcemia;Gr 2 AST CNS hemorrhage (9)
27 4.5 Gr 1 Alk Phos;Gr 1 hypoalbuminemia;Gr 2 GGT;Gr 2 AST;Gr 2 CPK;Gr 3 Mylotarg liver failure (60)

ALT;Gr 3 hypocalcemia
28 4.5 Gr 4 ALT;Gr 4 AST;Gr 4 hypocalcemia;Gr 5 hepatic failure;Gr 2 Liver failure (19)

Cr;Gr 4 GGT;Gr 3 CPK;Gr 3 PTT;Gr 2 PT
29 4.5 Gr 1 fibrinogen; Gr 1 PT;Gr 2 Bili;Gr 2 hypoalbuminemia;Gr 3 AST;Gr 3 ALT Progressive disease (38)
30 4.5 Gr 1 Bili;Gr 1 PT;Gr 1 hyperkalemia;Gr 2 hypocalcemia;Gr 2 fibrinogen Progressive disease (31)
31 4.5 Gr 1 PT;Gr 2 hypoalbuminemia;Gr 4 renal failure;Gr 4 hepatic encephalopathy; Renal failure (18)

Gr 4 AST;Gr 3 hypocalcemia
32 4 Gr 2 AST;Gr 2 ALT Post-BMT GVHD (90)
33 4 Gr 2 fever;Gr 3 Cr;Gr 4 hypocalcemia;Gr 2 hypoalbuminemia;Gr 5 renal Renal failure (12)

failure; Gr 4 acidosis;Gr 2 AST
34 3 Gr 3 AST;Gr 2 ALT;Gr 2 Alk Phos;Gr 2 hypoalbuminemia;Gr 3 Progressive disease (95)

hypocalcemia;Gr 2 PTT;Gr 1 PT; Gr 2 vomiting
35 3 Gr 2 AST;Gr 3 fever;Gr 1 PT;Gr 1 PTT;Gr 2 hypocalcemia;Gr 1 nausea;Gr 2 Albumin Progressive disease (120)
36 4 Gr 1 PTT; Gr 2 hypocalcemia;Gr 2 Albumin;Gr 1 Alk Phos;Gr 2 nausea; Alive (60�)

Gr 2 vomiting;Gr 2 fatigue;Gr 1 fever
37 4 Gr 1 PTT;Gr 1 hypocalcemia;Gr 3 fever;Gr 2 nausea;Gr 2 vomiting Alive (30�)

Patient # 2, 3, 4, 8, 11, 12, 22, 24 and 34 had two courses, and all toxicities from all courses are listed with highest grade observed.
Gr,grade; Bili, bilirubin; Alk phos, alkaline phosphatase; BMT, bone marrow transplant; GVHD, graft-versus-host disease; CNS, central nervous system;
PT, protime; PTT, partial thromboplastin time; Cr, creatinine; GGT, gamma glutamylaminotransferase; CTC, common toxicity criteria.
Patient #19 was inevaluable for toxicities because of heart and kidney dysfunction, which made the patient ineligible for study.
Patients #31 and 33 had renal failure associated with high salt formulation of study drug.
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Table 8.3 Relationship of grade 3–5 DT388GMCSF � steroid-related toxicities and dose

Dose No. of patients
Grade 3–5 drug combination-related toxicities n (%)

(�g/kg/day) at each dose Transminasemia VLS Elevated CPK Hypocalcemia Elevated PTT Renal failure Hepatic 
failure

1 3 0 0 0 0 0 0 0
2 6 2(33) 1(16) 0 0 0 0 0
3 5 1(20) 0 0 1(20) 0 0 0
4 10 1(10) 0 1(10) 1(10) 0 1(10) 0
4.5 5 4(80) 0 0 3(60) 1(20) 1(20) 1(20)
5 4 2(50) 0 1(25) 0 0 0 1(25)

Patient #19 was not evaluable for toxicities because of pretreatment ineligibilities (cardiac and renal failure). The only irreversible toxicities were hepatic
failure in patient #28 and renal failure in patients #31 and #33. The renal failures in patients #31 and #33 were associated with infusion of high salt
formulation DT388GMCSF.
PTT, partial thromboplastin time.
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(p � 0.53) but was correlated with the pretreatment anti-DT antibody titer 
(p � 0.0001, see later). Interestingly, in the five patients for whom data were avail-
able, the peak DT388GMCSF concentrations were higher on day 5 than on day 1.

The immune response to DT388GMCSF was studied in all treated
patients. We did not have a vaccination history for the 37 patients. However,
most patients likely received their full immunization against DT in child-
hood. An enzyme-linked immunoassay (EIA) showed that 33 (90%) of 37
pretreatment patient sera were positive (i.e., had circulating anti-DT388GMCSF
antibodies) in concentrations ranging from 0.2 to 9.4 �g/ml with a median of
1.84 �g/ml.64 Patients with low pretreatment antibody tiers were more likely
to have measurable peak circulating DT388GMCSF. The median and range of
antibody for those with undetectable peak fusion protein during the first
course were 2.5 �g/ml (1.1 to 9.4 �g/ml; n � 18), and the same antibody
levels for those with measurable peak fusion protein were 0.6 �g/ml (0 to
3.7 �g/ml; n � 19). The difference was highly significant (p � 0.001). Only
two of fourteen patients with EIA antibody concentrations above 2.2 �g/ml
had detectable peak DT388GMCSF compared with 17 of 23 with EIA antibody
concentrations of � �g/ml. After 15 to 60 days, 22 of 26 evaluable patients
had increased antibody titers ranging from 0.2 to 6.613 �g/ml. One patient
had no change in antibody titer and three patients had decreased antibody
titers. Of the three patients with no humoral immune response to
DT388GMCSF, one patient had received two prior allogeneic bone marrow
grafts, one patient had undergone a prior autologous bone marrow transplant,
and the last patient was heavily pretreated with fludarabine.

The DT fusion protein showed evidence of clinical efficacy. Four clinical
remissions were observed. Six of the 37 patients had relapsed disease. Three
of the four responses were seen in this group. Only one response occurred in
a refractory patient. All the responders were treated with a combination of
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Figure 8.3 Bar graph showing mean peak AST (iu/ml) of DT388GMCSF-treated
patients with (799  264, n � 6) or without (115  87, n � 3) steroid prophylaxis. Only
patients treated with � 3 �g/kg/day and with measurable circulating DT388GMCSF
included. Difference was statistically significant (p � 0.03)
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DT388GMCSF and steroids. Patient #22 was a 72-year-old female who
developed AML in April 1996. She had normal cytogenetics and received
idarubicin plus cytarabine (3 � 7), achieving a complete remission. She had
no consolidation therapy, relapsed in January 2000, and received salvage
therapy consisting of topotecan and high-dose cytarabine. However, she was
refractory, and a bone marrow biopsy on March 8, 2000, showed 28% blasts
confirmed by flow cytometry. She received a 5 day course of DT388GMCSF at
5 �g/kg/day complicated only by asymptomatic and transient transami-
nasemia, elevated CPK, and hypocalcemia from April 10 to 14, 2000. Before
therapy, she had an ANC of 280/�l, a platelet count of 64,000/�l, and no cir-
culating blasts. One and two months posttherapy, her bone marrow showed
1 to 3% blasts by morphology and flow cytometry. She had recovery of
platelets by day 60 to 158,000/�l but continued to be neutropenic (ANC of
279/�l). She was active spending most days out of the home and did not
require antibiotics. By August 17, 2000, she had normalization of counts with
an ANC of 1320/�l, a platelet count of 238,000/�l, and a hemoglobin of
12.0 gm/dl, and did not require transfusions nor antibiotics. A repeat bone
marrow exam on November 15, 2000, showed no morphological evidence of
increased blasts, but there were 8% blasts by flow cytometry. Her blood
counts remained normal with an ANC of 1600/�l, a hemoglobin of 14.2
gm/dl, and a platelet count of 180,000/�l. By March 29, 2001, she had recur-
rence of pancytopenia (ANC of 420/�l, platelet count of 76,000/�l, and
hemoglobin of 12.8 gm/dl). There were no circulating blasts, but the bone
marrow examination showed 8% blasts by morphology and 12% blasts by
flow cytometry. She received a second course of DT388GMCSF at
5 �g/kg/day for 5 days, and the day 12 bone marrow showed disappearance
of the blasts by morphology and flow cytometry. By day 17 after the second
course, her ANC was 1000/�l. However, she remained thrombopenic
(platelet count of 7000/�l) and anemic (hemoglobin of 7.1 gm/dl). On day
21, she developed a pneumonia, confirmed by chest X-ray, but declined
aggressive management and died on day 24 posttherapy. Patient #24 was a
33-year-old female diagnosed with AML in November 1998 and induced
with idarubicin plus cytarabine (3 � 7) followed by an allogeneic bone marrow
transplant in June 1999. She developed bronchiolitis obliterans, requiring
chronic corticosteroids, and had relapse of her AML in April 2000. Bone
marrow exam showed 14% blasts. She had 300/�l circulating blasts and
thrombopenia (platelet count of 23,000/�l). She received DT388GMCSF at
5 �g/kg/day for 5 days, and again, the only side effects were transient,
asymptomatic transaminasemia and hypocalcemia. Her day 30 bone marrow
showed 2% blasts, but she remained pancytopenic with an ANC of 75/�l, a
platelet count of 25,000/�l, and a hemoglobin of 10.8 gm/dl. She was asymp-
tomatic. She received a course of granulocyte colony-stimulating factor 
(G-CSF) to stimulate recovery of normal myelopoiesis, however by day 60, a
repeat bone marrow showed an increase in blast percentage to 15%. She
was again treated with DT388GMCSF at 5 �g/kg/day complicated only by
asymptomatic and transient transaminasemia. Her marrow blasts at day 30
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were 5 to 10%. She continued to have neutropenia and thrombopenia. She
died 1 year after initiating fusion protein therapy in April 2001. Patient #25
was a 70-year-old male diagnosed with AML in March 2000 and treated with
idarubicin plus cytarabine for induction and consolidation. He relapsed in
April 2000 with bone marrow showing 15% blasts. He had circulating blasts
(50/�l), thrombopenia (platelet count of 34,000/�l), and anemia (hemoglo-
bin of 8.3 gm/dl). He was treated from June 22 to 26, 2000, with DT388GMCSF
at 3 �g/kg/day. His course was complicated by transient renal insufficiency
attributed to rofecoxib and transient, asymptomatic transaminasemia,
hypocalcemia, and elevated CPK. The day 12 marrow showed 1% blasts, and
the day 30 marrow showed 4% blasts. However, he remained anemic and
thrombopenic. He declined further fusion protein or other therapy and died
from progressive disease 40 days posttherapy. Patient #32 was a 19-year-old
male diagnosed with AML in December 2000. His cytogenetics showed a
t(8;21) translocation. He was given induction chemotherapy with idarubicin
plus cytarabine (7 � 3) and achieved a remission. He had two consolidations
with high-dose cytarabine, but soon relapsed in April 2000. He received
fludarabine/cytarabine/G-CSF salvage but was unresponsive. He had
448/�l circulating blasts and his marrow showed 96% blasts. He was treated
with DT388GMCSF 4 �g/kg/day with steroids from August 13 to 18, 2001.
His course was complicated only by a asymptomatic transient grade 2
transaminase elevation. Day 15 bone marrow exam showed a reduction in
blasts to 9% and there were no circulating blasts. The patient received an
unrelated umbilical cord blood transplant on September 11, 2001, with
conditioning consisting of total body irradiation, cyclophosphamide and
ATG. He engrafted and follow-up marrow and blood showed no leukemia,
but he had complications of transplantation including candida krusei bac-
teremia, Steven Johnson’s syndrome, bladder hemorrhage with cystitis,
seizure due to medications, CMV infection, aspergillus pneumonia and brain
aspergillus, renal failure, grade 4 skin graft versus host disease, and expired
on January 10, 2002. Autopsy showed no residual leukemia.

Future
We have initiated a new phase I study of DT388GMCSF in relapsed/refractory
AML patients. The protocol, CCCWFU#27102, will (a) not give steroid
prophylaxis, (b) select patients with low pretreatment anti-DT antibody titers
(�2.4 �g/ml), and (c) treat Monday-Wednesday-Friday for two weeks to
better monitor toxicities. The study has interpatient dose escalation with a
starting dose of 4 �g/kg/day. Patients will receive only washed blood products
to reduce anti-DT antibody exposure and receive prophylactic antibiotics
(gatifloxacin and flucanozole), intravenous saline hydration, vitamin K, aceta-
minophen, and diphenhydramine. Since DT388GMCSF showed antileukemic
activity with mild organ dysfunction in most patients, this additional study
should be valuable in establishing whether this fusion protein may have a
role in the care of these unfortunate patients.
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Introduction
The formation of new blood vessels by either angiogenesis or vasculogenesis
is an essential step in embryonic development and in the etiology of many
diseases, including cancer. Vasculogenesis has been implicated as a major
contributor to tumor vascularization because up to 40% of the endothelial
cells in a tumor was found to be derived from endothelial progenitor cells
that originate in the bone marrow.1 Vascular endothelial growth factor
(VEGF) is the most critical inducer of blood vessel formation. VEGF initiates
the formation of immature vessels by vasculogenesis or angiogenic sprouting
during embryonic development as well as in adults. The morphology and
functions of endothelial cells vary extensively among different organs. While
endothelial lineage is genetically determined, expression of a set of vascular
bed genes is regulated at the transcriptional level following interaction with
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local signaling pathways.2 The VEGF family of proteins includes VEGF-A,
-B,-C,-D,-E, and placental growth factor (PlGF). VEGF-A, also called VPF,
vascular permeability factor, has been considered one of the most important
positive regulators of tumor angiogenesis.3 Human VEGF is secreted as a
disulfide-linked dimeric glycoprotein with five different isoforms (VEGF206,
189, 165, 145, and 121) produced by means of alternate splicing and has
unique biological functions.4 Mouse VEGF is highly homologous to human
VEGF but is shorter by a single amino acid residue. Interestingly, antibodies
generated against human VEGF cross-react and neutralize the biological
activity of VEGF from rodents. VEGF binds to three types of receptors, flt-1
(VEGFR-1), KDR/flk-1 (VEGFR-2), and flt-4 (VEGFR-3). All three receptors
consist of seven Ig-like domains, a transmembrane sequence, and an intra-
cellular kinase domain (Figure 9.1).5–7 VEGF binds preferentially to VEGFR-1
and VEGFR-2, whereas VEGF-C and VEGF-D interact with VEGFR-3.
Additionally, VEGF165 binds to neuropilin (NP-1) via the heparin-binding
domain encoded by the exon-7. Although NP-1 does not directly transduce
signaling, it is an integral part of the VEGF165–VEGFR complex. NP-1 may
also sequester VEGF and present it to cognate receptors.8 All members
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Figure 9.1 Vascular endothelial growth factor (VEGF) families of proteins are key
mediators of angiogenesis. Individual members of this family have many splice vari-
ants as well. One of the splice variants of VEGF-A is VEGF121, which lacks a heparin
binding domain encoded by the exon 7. A splice variant of VEGF-A containing a
heparin binding domain interacts with the co-receptor, neuropilin-1 (NP-1)
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of VEGF bind to cell-surface receptors (VEGFRs), which lead to ligand-
dependent receptor dimerization and activation of the receptor tyrosine
kinase to initiate a cellular response.9 Cocrystallization studies showed that
the second Ig-domain of the receptors makes direct contact with VEGF
molecule. The role of VEGFR-1 is less clear, but it might mediate cell migra-
tion and vascular permeability. VEGFR-2 is the key receptor that triggers
endothelial cell proliferation, angiogenesis, and vascular permeability.10,11

Upon receptor activation, a soluble component of the extracellular domain of
the VEGFR is observed in the culture media, which is believed to attenuate
the signaling cascade. Soluble receptors are also seen in biological fluids.
Soluble receptors have been cloned as fusion proteins with Fc and are used to
inhibit angiogenesis in vivo.

Receptors for VEGF (VEGFR-1 and VEGFR-2) with the exception of 
NP-1 are expressed almost exclusively on endothelial cells and they are
markedly overexpressed in the stromal vessels supplying tumors.9 Normal
quiescent blood vessels show negligible levels of VEGFR-1 and VEGFR-2. In
fact, in situ hybridization studies have shown overexpression of VEGFR-1
and VEGFR-2 in vasculatures inside the tumors and in the peritumoral
areas.12 Transcripts for VEGFR were almost undetectable in the adjoining
normal tissues. Moreover, tumor-associated vascular endothelium prolifer-
ates at a faster rate than the quiescent endothelium and is therefore vulnera-
ble to antiproliferative endothelial cell-targeted therapy.13 High levels of
VEGFR expression in the tumor vasculature thus provide a unique opportu-
nity for tumor targeting.14

Recently, a tissue-specific angiogenic factor, endocrine gland vascular
endothelial growth factor (EG-VEGF), has been identified.15 Expression of
human EG-VEGF mRNA is restricted to the steroidogenic glands, ovary,
testis, adrenal, and placenta. EG-VEGF promoted proliferation, migration,
and fenestration in cultured capillary endothelial cells derived from such
endocrine glands. It also induced extensive angiogenesis when delivered in
the ovary but not in the cornea. In contrast, VEGF induced angiogenesis in
all the organs tested. EG-VEGF binds to a distinct class of receptor containing
seven transmembrane regions, which is a characteristic of G-protein coupled
receptors. We are yet to learn more about the distribution of this receptor
in tumor tissues and whether this receptor could be used as a target for
delivering toxin polypeptides. Other new targets in the tumor endothelium
have been identified by comparing libraries of genes (e.g., SAGE, serial analy-
sis of gene expression, libraries) constructed from isolated endothelial cells
from tumors and normal tissues.16 This approach has identified three novel,
transmembrane, endothelial-specific genes called TEM1, TEM5, and TEM8.17

Several other endothelial-specific genes have been identified by using alter-
nate strategies. Identification of robo4 as an endothelial-specific gene in
tumors is of considerable interest.18 The robo4 gene is present on the cell
surface and is ideal for targeting. Moreover it is a developmental gene and it
is not expressed in adult tissue. Another such gene is Delta4, which is also
endothelial specific and again is found only on tumor endothelium.19
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Targeting tumor vasculature
Most of the currently available cancer treatment strategies attempt to target
cancer cells directly. These methods took advantage of biochemical and
immunological differences between normal and neoplastic cells in selectively
inhibiting tumor growth. While these methods are still valid and clinically
useful, a complementary targeting approach could pontentiate the effects of
conventional therapies. Vascular endothelium is emerging as a possible can-
didate. There are many advantages to this strategy: (A) Vascular endothelial
cells constitute a small fraction of the total tumor mass. One endothelial cell
is seen for every 100 to 500 tumor cells. Therefore, only a small number of
endothelial cells have to be eliminated to inhibit a larger tumor mass.
(B) Endothelial cells are normal cells and, therefore, do not exhibit drug
resistance. (C) Endothelial cells from normal tissues are quiescent and multiply
once in 6 months. Tumor vascular endothelial cells on the other hand rapidly
divide to meet the growth demands of tumor tissue. Such differences provide
a unique opportunity to selectively inhibit tumor neovascularization.
Vascular targeting strategies can be divided into two categories, those
using biological agents and those using small molecules as drugs. The
biological agents involve ligand-directed vascular targeting, which uses
antibodies, peptides, toxins, procoagulants, and proapoptotic effectors to
tumor endothelium. The small molecules do not specifically localize to tumor
endothelium, but exploit pathophysiological differences between tumor and
normal tissue endothelia to induce selective effects on tumor vessels.20 In
this chapter we focus on the effects of VEGF–toxin conjugates on tumor
angiogenesis.

VEGF–toxin conjugates
VEGF stimulates endothelial cell proliferation and migration by binding to
two distinct cell-surface receptor tyrosine kinases. Receptor activation induces
tyrosine phosphorylation of cytoplasmic signaling proteins that contain SH2
domains.21 These proteins allow KDR/flk-1 and Flt-1 to communicate with
the signaling pathways that promote responses to VEGF. Cell-surface recep-
tors undergo endocytosis after the formation of a ligand–receptor complex.
An acidic environment in endosomes promotes dissociation of ligand–
receptor complexes. Subsequently, the ligand, the receptor, or both can
recycle to the cell surface or are routed to the lysosomes for degradation.22–24

Therefore substituting the binding domain of the toxins with VEGF can direct
the toxin molecules to the intracellular compartments of endothelial cells. The
intracellular processing of ligand-bound VEGFR is not completely under-
stood. Proof of principle for this approach had been obtained by the chemical
linking of VEGF with a truncated diphtheria toxin (DT) moiety.

DT is secreted as a mature protein of 535 residues with an Mr of 58,342.25

DT is proteolytically processed (nicked) into two fragments, DTA fragment
(193 amino acid residues) and DTB fragment (342 residues) linked by a
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disulfide bond between Cys 186 and Cys 201. The DTB fragment contains
binding domain at the carboxyl terminus and four hydrophobic regions,
which help in the transfer of the DTA fragment into the cytoplasm (functionally
equivalent to the translocation domain of Pseudomonas exotoxin A). The DTA
fragment ADP, ribosylates a posttranslationally modified histidine residue,
diphthamide, present in elongation factor 2 to inhibit protein synthesis in
mammalian cells.26,27 The DT is truncated at residue 385 (DT385). DT385
contains the catalytic domain and the putative translocation domain but lacks
the innate receptor-binding domain (Figure 9.2). Truncated DT has been
previously found to be nontoxic to human cells but useful in generating effec-
tive fusion proteins for targeting. DT385 was further genetically modified to
incorporate a cystine residue at the carboxyl terminus (DT385–Cys) to facili-
tate chemical conjugation to VEGF.28 In our lab DT385 was expressed in E. coli
and purified using a Nickel-NTA affinity column followed by gel filtration.29

VEGF165 and VEGF121 were expressed in Pichia pastoris and were then chem-
ically conjugated to the DT-385 mutant containing a carboxyl terminus cystine
residue. VEGF165 and VEGF121 were derivatized with the heterobifunctional
agent N-succinimidyl-3-(2-pyridyldithio) propionate (SPDP) to introduce 1–3
activated thiol groups by modifying the ε-amino group of lysine residues.28

Derivatized VEGF was then incubated with DT385-Cys to establish a disulfide
bond between the toxin moiety and VEGF by thiol exchange. VEGF–DT385
conjugate was then purified by affinity chromatography and gel filtration.
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Figure 9.2 The diphtheria toxin has three structurally and functionally distinct
domains. The amino-terminus domain is the site of catalytic activity. The carboxy-
terminus has a receptor binding domain. Between the catalytic and receptor binding
domain is a putative translocation domain, which undergoes conformational changes
under acidic pH of endosomal vesicles. The translocation domain facilitates the
cytoplasmic transport of the catalytic domain. DT385 was generated by the genetic
deletion of the receptor binding domain from CRM-107. Additionally, DT385 was
mutated to incorporate a cys residue at the C-terminus. Free thiol group of the 
C-terminal cys was used to chemically link DT385 to VEGF. Structural data from
M.J. Bennette and D. Eisenberg (Protein Data Bank # 1MDT) was used to generate a
truncated version of DT by the Swiss-PD view program
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The biological activity of VEGF165 is modulated by the heparin-binding
domain. Through this region, VEGF165 can also interact with NP-1. The
VEGF121 does not bind to NP-1. In addition, VEGF121 binds selectively to
VEGFR-2 compared to VEGFR-1. Targeting toxin polypeptides by VEGF165
would bind to VEGFR-1 and VEGFR-2 on the tumor vessels as well as NP-1 on
certain normal tissues. VEGFR-1 binds VEGF-A with a Kd of approximately
10 pM (7). Despite this high affinity binding, the effect of VEGF-A treatment on
VEGFR-1 kinase activity is poor. The binding affinity of VEGF-A for VEGFR-2
is lower (Kd 75–125 pM) than for VEGFR-1 (Kd 10–25 pM), but biological activ-
ities of VEGF-A are thought to be transduced mainly by VEGFR-2.30 VEGFRs
are expressed most abundantly in the endothelium of sprouting blood vessels.
Expression of both VEGF and its receptors are under the transcriptional
regulation of hypoxia inducible factor 1-alpha (HIF1�). Toxin conjugates are
internalized by receptor-mediated endocytosis into the endocytic vesicles and
undergo pH-dependent conformational changes leading to translocation of
the toxin moiety into the cytosol (Figure 9.3). Once in the cytoplasmic com-
partment the catalytic fragment of DT inhibits protein synthesis by adenosine
diphosphate (ADP)-ribosylation of elongation factor 2.28,31

Inhibition of endothelial cell proliferation 
and angiogenesis
In vitro cytotoxicity assays show that both VEGF165 and VEGF121–DT385
are equally effective in inhibiting endothelial cell proliferation. Data in
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Figure 9.3 Schematic diagram showing receptor mediated endocytosis of the
VEGF–toxin conjugate
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Figure 9.4(A) show the dose-dependent inhibition of human umbilical vein
endothelial cell (HUVEC) proliferation. Both VEGF165 and VEGF121–DT385
conjugates inhibited completely at 100 nM concentrations.32,33 Additional
binding of VEGF165–DT385 to NP-1 does not seem to alter the extent of
cytotoxicity. Conjugates selectively inhibited endothelial cells and not recep-
tor negative fibroblasts or tumor cells. Interestingly, the effect of VEGF–toxin
conjugate on endothelial cells appears to be dependent on the proliferation
status. Proliferating, subconfluent cultures were selectively inhibited by
VEGF–toxin conjugate. Confluent cultures are G0 arrested and are
completely resistant to the action of VEGF–toxin (Figure 9.4(B)). Differences
in sensitivity between proliferating and quiescent endothelial cells can be
attributed to (a) variations in receptor-mediated endocytosis or (b) differential
intracellular routing and compartmentalization. Resistance of quiescent
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Figure 9.4 Comparative cytotoxicity of VEGF165 and VEGF121–DT385 conjugate on
human umbilical vein endothelial cells. Panel A shows inhibition of proliferation in
the presence of VEGF–toxin conjugates. Panel B shows the cytotoxic effect on prolifer-
ating and quiescent endothelial cells. Confluent cultures are relatively resistant to the
VEGF–toxin conjugate
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endothelial cells to VEGF–toxin conjugate can be advantageous in vivo and
could help in the selective killing of tumor vascular endothelial cells.
Endothelial cells of tumor vessels are highly proliferative and the normal tis-
sues are quiescent.

The effect of VEGF–toxin conjugates to inhibit angiogenesis was evalu-
ated in different model systems. Addition of conjugate completely inhibited
the tube formation in matrigels. Application of conjugate-coated cover slips
inhibited developmental angiogenesis in chick chorioallantoic membrane
(CAM) assays. Parenteral administration of VEGF–toxin conjugate was also
effective in inhibiting tumor cell-induced angiogenesis of matrigel plugs
subcutaneously implanted into athymic nude mice. In these studies, LS 174
colon carcinoma cells were injected subcutaneously into the flanks of athymic
nude mice. Two days after implantation, animals were randomized and
treated with VEGF–toxin conjugate. Mice received a daily dose of 20 �g
VEGF165–DT385 toxin conjugate or saline control for a 7-day period. At
this stage, animals were sacrificed and tumor specimens were taken for
histological analysis. Cryocut sections were stained with a PE-conjugated
antibody against mouse CD-31, a tumor vessel marker.34 Computer assisted
image analysis was used to determine microvessel density and tumor vessel
architecture (Figure 9.5). Mice treated with VEGF–DT conjugate showed
41.3% decrease in total vessel length, which was statistically significant
(p � 0.002) when compared to the control group of mice that were treated
with saline.

Inhibition of tumor growth by VEGF–DT 
toxin conjugates
Both VEGF165 and VEGF121 conjugated to DT385 were effective in inhibiting
tumor growth. Two xenotransplant models were used to evaluate the effect of
VEGF–toxin conjugates. Human ovarian cancer cell line, MA 148, was injected
subcutaneously to establish tumors. After 7 days the conjugate was adminis-
tered i.p. at a dose of 10 �g/day/mouse. After 5 weeks the average tumor
volume in the control group of mice injected with saline was 2742 mm3

whereas the tumor volume in mice administered with VEGF165–DT385 toxin
conjugate was 820 mm3 (p � 0.02). Histology and gross examination of tissues
such as the lung, liver, and kidney showed no symptoms of tissue injury, in
particular, hemorrhage, inflammatory infiltrates, or necrosis. In the same
animals, however, the tumor tissues showed significant hemorrhage and
necrosis. These studies demonstrated that the conjugate selectively inhibited
the tumor vasculature.32 Similarly, VEGF121–DT385 conjugate treatment
significantly inhibited the growth of C6 rat glioma cells transplanted into
athymic nude mice. VEGF121–DT385 conjugate treatment reduced the size of
the tumors by threefold when compared to the control group (Figure 9.6).
Histological analyses revealed that there was a reduction in vascularity in the
residual tumors resected from the mice. Concomitant with the reduction in
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vessel density, there was an increase in the number of apoptotic tumor
cells. TUNEL assays showed an eight- to ninefold increase in the apoptotic
index (p � 0.008) in the tumors treated with the conjugate as compared to 
the control tumors.33 The effects of VEGF165–DT385 conjugate treatment
was also investigated on spontaneous tumorigenesis of mammary 
adenocarcinomas in C3 (1)/Tag transgenic mice. These studies showed that
conjugate treatment during the period of angiogenic switch clearly delayed
the appearance of tumors and number of lesions per mouse (Wild et al.
unpublished data).

As an alternate to chemical conjugation methods other investigators
have constructed DT–VEGF fusion proteins by recombinant methods.31

Fusion protein, DT390–VEGF165 and DT390–VEGF121 were effective against
Kaposi’s sarcoma in vitro and in vivo. Tumor growth was inhibited in mice
receiving doses of either fusion toxin when compared to control mice treated
with vehicle alone.31 In addition to truncated DT, other toxin moieties have
also been used to prepare fusion proteins to target endothelial cells. 
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Figure 9.5 Human colon cancer cell line, LS174T was resuspended in matrigel and
implanted subcutaneously into the flanks of athymic nude mice. The mice were treated
with daily injections of either PBS or VEGF–DT385 conjugate. After 1 week matrigel
plugs were surgically removed and snap frozen. Sections of matrigel plugs were stained
with anti-mouse CD31–PE conjugate. Images were then “skeletonized” according to
the method of Wild et al.34 Panels A and B: representative images from control mice
showing higher number of blood vessels. Panels C and D: representative images from
the VEGF-DT385 conjugate treated mice showing reduced number of blood vessels
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The catalytic A-subunit of Shiga-like toxin I was fused to VEGF121
(SLT–VEGF). SLT-1 produced by E. coli O157:H7 is a “natural killer” for
endothelial cells. Damage to endothelial cells caused by SLT-1 leads to the
pathogenesis of hemorrhagic colitis and hemolytic uremic syndrome
induced by E. coli.35 Studies indicate that SLT–VEGF inhibits growing cells
overexpressing VEGFR-2.36 It was reported that the number of VEGFR-2
receptors on endothelial cells determines their sensitivity to SLT–VEGF
fusion protein. Fusion protein induced apoptosis without significant inhibi-
tion of protein synthesis.37 Gelonin (rGel) is a single chain N-glycosidase
similar in action to Ricin A Chain.38 The VEGF121 fusion toxin containing
Gelonin was localized in tumor blood vessels after i.v. administration.
Vascular damage and thrombosis of tumor blood vessels were observed
within 48 h of administration of VEGF121–rGel to prostrate carcinoma
xenografts, consistent with the primary action of the construct on tumor
vasculature.39 In conclusion, VEGF–toxin conjugates made either by chemi-
cal linkage or by genetic fusion are effective reagents capable of inhibiting
angiogenesis and tumor growth.

Problems and prospects
One of the limitations of VEGF–toxin conjugate is that it can target and kill
non-endothelial cells expressing VEGFR as well. DT390–VEGF165 fusion
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Figure 9.6 Effect of VEGF–toxin conjugate on tumor growth. Athymic nude mice
were transplanted subcutaneously with C6 glioma cells. Tumors were allowed to
establish for 7 days. Then, groups of mice were treated with 10 �g of the
VEGF121–DT385 conjugate for a period of 14 days. Conjugate treatment significantly
inhibited the growth of gliomas
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protein for example was found to be cytotoxic to the retinal pigment
epithelial cells (RPE) in vitro whereas the unconjugated DT did not have any
effect on these cells. RPE cell counts were decreased by 44% and by 56% after
3 days of treatment with 50 and 100 ng/ml of conjugate respectively.40

Compartmentalized delivery and pharmacological modulation of conjugate
administration can eliminate some of these problems. Another potential
limitation for further clinical development of VEGF–toxin conjugate is the
immune response against the toxin moiety that is likely to occur in patients.
Antibodies to toxins will limit the duration of treatment and therefore will
reduce efficacy. One possible way to overcome this problem is to use effector
proteins (e.g., caspase activating enzymes) derived from human. The RNase
A superfamily is also a good substitute for bacterial toxins. The RNase A fam-
ily consists of both tissue-specific and ubiquitously expressed enzymes that
are potentially toxic to cells. The active sites of RNase are blocked by ribonu-
clease inhibitor (RI) and protect the cellular RNA from RNases. RNases that
elude RI are currently in clinical trials for the treatment of cancer.41 In general,
RNases are not specifically taken up by tumors, and therefore conjugation of
RNases to targeting ligands improves their distribution and toxicity profile.
In order to test the potential of RNase conjugates as target-directed toxins in
cancer therapy, Suzuki et al.42 conjugated human RNase A to two different
proteins known to bind to transferrin receptors, which are overexpressed in
cancer cells. When either transferrin or a monoclonal antibody directed
against the transferrin receptor was conjugated to human RNase A, the
resulting RNase conjugates became resistant to inhibition by RI, and exhib-
ited cytotoxicity toward cell lines expressing transferrin receptors. More
recently, targeting of apoptotic machinery is gaining importance. Most of the
cytotoxic agents are now thought to kill cells predominantly by triggering
apoptotic pathways.43,44 Some of the novel therapeutic strategies include
apoptosis promoter gene transfer, disruption of survival signals by kinase
inhibitors, or surface receptor directed apoptosis inducing therapies.45

Recently it was shown that a cationic nanoparticle (NP) coupled to an inte-
grin alphaVbeta3-targeting ligand can deliver genes selectively to angiogenic
blood vessels in tumor-bearing mice. Further the therapeutic efficacy of this
approach was tested by generating NP conjugated to a mutant Raf gene,
ATPmu-Raf, which blocks endothelial signaling and angiogenesis in
response to multiple growth factors. Systemic injection of the NP into mice
resulted in apoptosis of the tumor-associated endothelium, ultimately leading
to tumor cell apoptosis and sustained regression of established primary and
metastatic tumors.46 Generally, antiangiogenic approaches are less likely to
encounter resistance development, but recent studies show there are
alternate methods by which tumors may establish channels mimicking
vasculatures (vascular mimicry). Vascular mimicry may pose a significant
challenge to antiangiogenic therapies such as targeting toxin polypeptides to
tumor vasculature. Under these circumstances, complementary approaches
such as chemotherapy and radiation can be used to accomplish the complete
eradication of tumors.
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chapter ten

cBR96-Doxorubicin (SGN-15)
for metastatic breast cancer
therapy
Lisle Nabell, Clay B. Siegall, and Mansoor N. Saleh
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Introduction
Over the past decade, anticancer therapies have shifted from empiric
cytotoxic compounds that exhibit a broad ability to inhibit cell growth to
more rationally designed target-based therapies.1 The goal of this approach
is to develop increasingly selective anticancer therapies that avoid the
traditional side effects of cytotoxic chemotherapy. Toward this end, antibody-
based therapies are becoming increasingly utilized to recognize and direct
this type of specific antitumor strategy. Early efforts in this area were often
disappointing and hampered by ineffective antibody-mediated cell killing
effects, difficulty in achieving tumor specificity, toxicity of the monoclonal
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antibody (mAb), and immunogenicity of the murine mAb. Moreover, the
effectiveness of mAbs as mono-therapy in solid tumors, as compared to
lymphoid malignancies, has generally been much more limited despite the
ability to target specific tumor antigens.2,3 Reasons for these failures have
included the observation that many tumor antigens are not unique to tumors
but are shared by normal tissues, leading to increased toxicity in those organs
that express the targeted antigen. In addition, the ability of large monoclonal
antibodies to navigate into a tumor bed may be inhibited by poor vascular-
ization and increased internal pressure of the tumor relative to the surrounding
tissue.4 Improvements in the design of mAbs have, however, been steady and
have included the use of smaller less immunogenic fragments and linkage to
a variety of agents.2,5 SGN-15, a novel immunoconjugate linking the monoclonal
antibody BR96, which targets tumors expressing a LewisY (LeY)-related 
antigen and the chemotherapeutic agent doxorubicin represent examples of
this approach. Furthermore, the observation that antitumor activity is
improved through the combination of conventional chemotherapeutic agents
with monoclonal antibodies has suggested a unique strategy to target specific
tumors and improve existing therapies.

BR96 monoclonal antibody
BR96 was originally produced as a murine IgG3, following immunization of
a mouse with metastatic human breast carcinoma cells.6 BR96 is an internal-
izing antibody which recognizes a carbohydrate structure related to the LeY

antigen, a protein that is expressed by multiple types of carcinomas, includ-
ing lung, breast, colon, ovarian, and prostate carcinoma.6,7 BR96 also binds to
normal tissues, most notably the gastrointestinal tract including esophagus,
stomach, intestines, and pancreas, with weak binding reported in testis and
tonsillar tissue.6,7 Most of the BR96 antigen is part of a lysosomal membrane
glycoprotein 1 (LAMP-1), present on cell-surface domains involved with cel-
lular migration.8 Following binding of BR96, the antibody is rapidly internal-
ized into endosomes and lysosomes.7,8 This ability to localize to tumor cells
and internalize, where the acidic environment would degrade attached
compounds, has made BR96 an attractive antibody for linkage to cytotoxic
moieties.

cBR96-doxorubicin (SGN-15)
One strategy to potentiate the tumoricidal activity of mAbs has been conju-
gation of the antibody to different bioactive substances, including radioactive
compounds, toxins, or chemotherapeutic agents. SGN-15 is an example of
this approach. SGN-15 is a novel chemoimmunoconjugate composed of the
chimeric mAb cBR96, conjugated to doxorubicin using an acid-labile linker
(Figure 10.1).9,10 SGN-15 has a drug/antibody ratio of approximately 8:1
(eight molecules of doxorubicin per antibody molecule). Upon binding to its
epitope at the cell surface, SGN-15 is rapidly internalized through endocytosis.
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Once the compound enters an acidic environment (lysosomes, endosomes),
doxorubicin is cleaved by hydrolysis and is able to exert its cytotoxic effects
locally. Ideally, this antibody-directed targeting would allow selective release
within tumor cells, while sparing normal tissues from typical doxorubicin
toxicity. Experiments in animal models have supported this hypothesis,
demonstrating significant tumor retention of SGN-15 following intravenous
administration.11

SGN-15 was initially tested in a number of human tumors grown subcu-
taneously in athymic nude mice or rats. Administration of SGN-15 either
intravenously or intraperitoneally in established tumors resulted in significant
partial and complete responses in L2987 lung, RCA colon, and MCF-7 breast
tumors.10,12 In the lung and colon tumor models, SGN-15 effects were
dramatic, with complete regressions seen in over 70% of the treated
animals.10 The responses were seen independent of the route of administration
or the schedule of infusion (one treatment versus three repeated treatments).
This activity was in stark contrast to the results seen with single agent doxo-
rubicin, which did not exhibit any complete responses at optimal doses.10

These preclinical results suggested that the activity of SGN-15 depended on
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both the targeting effect of the BR96 antibody and the ability of doxorubicin
to exert its effects intracellularly. As mice do not express the LeY-related 
antigen on normal tissues, toxicology studies were carried out in dog models,
which demonstrated an acute enteropathy that is likely a result of binding of
SGN-15 to LeY expressing gastrointestinal epithelial cells.13 In both the rodent
and dog models, there was no evidence of the classic toxicity associated with
doxorubicin such as cardiomyopathy.13

Phase I studies of SGN-15
Given the activity of SGN-15 seen in preclinical models, phase I clinical trials
were undertaken utilizing SGN-15 as a single agent.14–16 In the first phase I
study, a total of 66 patients were treated with an initial schedule of SGN-15
administered over 2 h every 3 weeks.14 Although the study included a vari-
ety of tumor types, the majority of the patients enrolled on this trial had
metastatic breast or colorectal carcinoma, with high expression of the BR96
antigen.14 This study defined the gastrointestinal side effects of SGN-15 as
dose limiting, with the most common side effects consisting of nausea, vom-
iting, and gastritis.14,16 At higher doses, hematemesis occurred with evidence
of exudative gastritis observed on endoscopy.14 Due to the occurrence of sig-
nificant gastrointestinal toxicity at higher doses, a variety of approaches were
employed to limit the adverse events. These strategies included aggressive
premedication consisting of corticosteroids, a proton pump inhibitor, and a
5-hydroxy-tryptamine-3 antagonist, and institution of a 24-h infusion schedule.
These changes resulted in modest improvement in the observed side effects.14

Additional side effects seen included fever, asthenia, and temporary
elevation of serum lipase and amylase but without symptoms of clinical
pancreatitis.14,16 Of interest, there were no events that reflected the more
traditional toxicities of doxorubicin such as neutropenia, alopecia, or car-
diomyopathy. The gastrointestinal toxicity encountered in this phase I study
was likely due to binding of the immunoconjugate to normal tissue expressing
the LeY antigen, as opposed to local effects of doxorubicin. Supporting
evidence for this observation came from Saleh et al. who reported that
administration of unconjugated chimeric BR96 antibody at a dose of
550 mg/m2 to one patient resulted in bloody emesis and bloody diarrhea,
similar in appearance to the effect of higher doses of SGN-15.14 The phase II
dose identified for every 21-day administration of SGN-15 from this trial was
700 mg/m2 (21 mg/m2 of doxorubicin). In five patients with easily assessable
tumors, biopsies were performed. In all cases, immunohistochemistry
localized BR96 to tumor tissue with evidence of intranuclear deposition of
doxorubicin, confirming that molecular targeting was achieved.14

A second phase I trial of SGN-15 was undertaken employing a weekly
schedule.15 Patients with LeY-expressing tumors were enrolled to receive
SGN-15 on an escalating schedule weekly for the first 3 weeks of a 5-week
cycle. A total of 42 patients were entered on this trial. Dose limiting toxicity
mirrored that of the first phase I study with gastrointestinal toxicity including
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vomiting, exudative gastritis and hematemesis reported. Based on these
results, the recommended weekly dose for phase II studies was 250 mg/m2

(7 mg/m2 of doxorubicin).15

Pharmacokinetic studies of SGN-15
One of the concerns of using an immunoconjugate such as SGN-15 has been
the possibility of unwanted hydrolysis, resulting in circulating free doxorubicin.
Evidence that this does not occur has included the observation that the
typical toxicities of doxorubicin are not reported in the initial phase I studies.
Further support that little serum release of doxorubicin occurred comes from
studies by Saleh et al. who quantitated total BR96 and doxorubicin by ELISA
and HPLC following administration of SGN-15 on a 21-day schedule.14 Total
amount of free doxorubicin found by HPLC in 66 patients treated with 
SGN-15 was reported to be minute.14 The possibility of developing a
hypersensitivity response to repeated antibody exposure has also been a
concern, although a consistent finding through the phase I/II trials has been
a lack of significant hypersensitivity reactions or evidence of a significant
immunologic response, despite some patients having received multiple
administrations of SGN-15.14,17,18

Phase II studies of SGN-15 in breast cancer
Of the patients in the initial phase I studies, two experienced a partial
response: one with breast and another with gastric cancer. These results
prompted continued interest in the activity of SGN-15, and a subsequent
phase II trial was undertaken in patients with metastatic breast cancer.17

Tolcher et al. reported the results of a randomized, multicenter, phase II trial
comparing single agent doxorubicin at 60 mg/m2 every 3 weeks versus 
SGN-15 at 700 mg/m2 given every 3 weeks in patients with metastatic breast
cancer. Patients were allowed to receive up to a maximum of six courses of
therapy with crossover to the alternative regimen if they experienced
progressive disease or had persistently stable disease. A total of 25 patients
were enrolled on the study. This group was not heavily pretreated, with only
one prior chemotherapy administration in the metastatic setting allowed.17

Based on toxicity results from the phase I trial, SGN-15 was administered as
a continuous intravenous infusion over 24 h while single agent doxorubicin
was given as an intravenous push over 15 min. Despite the protracted
infusion schedule, patients treated with SGN-15 experienced significant
gastrointestinal toxicity including nausea, vomiting, and gastritis, with two
patients developing hematemesis. The response to SGN-15 was judged to be
limited with only one patient having a partial response compared to four
patients who responded to single agent doxorubicin.17 Six patients experi-
enced disease stabilization following treatment with SGN-15, compared to
five patients receiving doxorubicin. Of interest however, were the results
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seen in patients who crossed over to receive SGN-15 after exhibiting stable or
progressive disease on single agent doxorubicin. Two of four patients treated
in this fashion demonstrated a partial response to SGN-15 after crossover,
suggesting a lack of cross-resistance between SGN-15 and doxorubicin.17

In vitro activity of SGN-15 in combination with
chemotherapy
Targeted immunotherapy using mAbs for solid tumors has had limited success
when employed as a single agent. The factors underlying this lack of efficacy
likely represent myriad findings, but have been thought to include decreased
functional vasculature, lack of antitumor specificity, and elevated interstitial
pressure.4 Attempts to improve the clinical efficacy of mAbs have included the
strategy of combining with more conventional cytotoxic agents. The concept of
enhancement of response through the use of combination therapy has been suc-
cessful in several areas including the concomitant use of radiation therapy with
chemotherapy in the treatment of lung cancer and head and neck cancer, and in
the application of mAb with traditional chemotherapy agents. In the case of
breast cancer, where the mAb Herceptin is available, single agent activity is lim-
ited to around 14%.19 However, when Herceptin is combined with traditional
chemotherapy agents such as paclitaxel or carboplatin, reponses are much
higher, ranging from 50% to 70%.19,20 This enhancement of response may occur
even with the use of suboptimal doses of chemotherapy due to the ability of
one agent to potentiate the effects of the second. For example, small doses of
taxanes that lack significant systemic effect can be used as radiosensitizors, as
they help block tumor cells in G2/M, a portion of the cell cycle that is exquis-
itely sensitive to the application of radiation.21 While SGN-15 demonstrated activ-
ity as a single agent, gastrointestinal toxicity at the doses necessary to produce
the antitumor effect in humans has precluded its usage as a single agent. Based
on evidence in other models of synergy with combinations of chemotherapy
and targeted immunotherapy (i.e., Rituxan or Herceptin in combination with
chemotherapy), preclinical studies were conducted to evaluate this approach
with SGN-15.

Using several different human carcinoma cell lines including breast,
lung, and colon, investigators confirmed significant synergistic antitumor
effect with the application of SGN-15 prior to exposure to a taxane (paclitaxel
or docetaxel).22,23 This suggestion of benefit was confirmed in subsequent
xenograft studies of human lung, colon, and breast tumors where combination
therapy with paclitaxel and SGN-15 resulted in significant antitumor activity
that was superior to either agent used alone.22 Moreover, this enhanced
response was seen both in taxane-sensitive and -insensitive tumor models.
This improved response was clearly due to the intratumoral presence of
doxorubicin as unconjugated cBR96 or free doxorubicin administered with
paclitaxel did not provide the same benefit.22
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The success of combination therapy likely depends on the mechanism by
which these agents influence cell cycle kinetics. Both SGN-15 and the taxanes
can affect cell cycle progression and could lead to detrimental as well as
synergistic effects. The taxanes (including paclitaxel and docetaxel) are
known to affect polymerized tubulin, promoting microtubule formation and
inhibiting disassembly.24 These properties result in the disruption of micro-
tubule function, and could impair the endocytotic pathway necessary for
SGN-15 internalization. Initial studies of human cancer cell lines suggested
that pretreatment with SGN-15 resulted in accumulation of cells in G2, with
increased sensitivity to paclitaxel. The use of an alternative taxane, docetaxel,
produced similar results. Confirmation of the benefit of sequential SGN-15
followed by taxane exposure was seen in human cancer xenograft models,
where the staggered combination approach produced significant antitumor
effects at doses of SGN-15 that would have been considered ineffective.23 The
need to perform sequential administration of the agents was emphasized by
evidence of antagonistic effects if the drugs were given in reverse order or
simultaneously.23

Phase I clinical trials of SGN-15 with chemotherapy
Based on preclinical data, which suggested lower doses of SGN-15 could be
effective when given in combination with a taxane, a phase I/II trial using
SGN-15 and docetaxel was undertaken.25 In the phase I portion of the trial, a
total of 16 patients with metastatic breast or colorectal cancer were enrolled.
As part of the eligibility criteria, the tumors were tested to ensure that they
expressed the BR96-related antigen. Patients were treated with escalating
doses of SGN-15 followed by a taxane, docetaxel, on a weekly basis for
6 weeks followed by reassessment. The initial starting dose of SGN-15
was 100 mg/m2 while patients received a fixed weekly dose of docetaxel at
30 mg/m2. Dose escalation occurred up to 200 mg/m2 of SGN-15.
Gastrointestinal toxicity was the most prominent toxicity observed, with one
case of clinical pancreatitis and one case of hemorrhagic gastritis. Other
toxicities observed with this combination therapy included nausea, vomit-
ing, neutropenia, and hyperbilirubinemia. There were no cases of protracted
nausea or vomiting following treatment and no evidence of cardiac toxicity
was seen. One patient achieved an objective tumor response, which was
continued through a total of six courses of therapy, the maximum allowed on
the study. A second patient initially responded to therapy but developed
progressive disease at the end of two courses. A third patient who discontin-
ued therapy due to gastrointestinal symptoms was noted to have stable dis-
ease. Based on the observation that the 150 mg/m2 dose was well tolerated
but gastrointestinal toxicity was encountered at the 200 mg/m2 dose, a
slightly lower dose of 175 mg/m2 of SGN-15 was chosen for the subsequent
phase II study.25
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Phase II study of SGN-15 with docetaxel in
metastatic breast cancer
The combination of SGN-15 with docetaxel has been evaluated in a phase II
multicenter study in patients with metastatic breast cancer, with results
available only in abstract form at this date.26 Following the format from the
phase I study, patients with metastatic LeY-expressing metastatic breast
cancer received SGN-15 (175 mg/m2) and docetaxel (30 mg/m2) for 6 weekly
infusions followed by a 2-week rest period (8-week course). A total of 30
patients enrolled on the trial with 27 evaluable for response. Five of the evalu-
able patients experienced an objective response (1 partial response and 4 with
minimal response). Nine patients were found to have stable disease after
their first course of therapy. The majority of the grade 3 toxicities were
gastrointestinal in nature.26 The results of this study suggest that SGN-15, in
combination with docetaxel, has activity in the treatment of breast cancer but
that, even when combined with traditional chemotherapy, the gastrointestinal
side effects limit the clinical application of this drug.

Summary
SGN-15 represents a unique mechanism of target-based immunotherapy,
using a monoclonal antibody to deliver intracellular doxorubicin. Although
initial animal models demonstrated striking activity, the observed gastroin-
testinal activity has precluded the ability to deliver large doses. The clinical
activity of SGN-15, as a single agent or in combination with docetaxel, when
tested in patients with colon or breast cancer has been limited. Of interest is
the observation that the gastrointestinal toxicity seen in breast cancer trials
was not observed in a recent study of SGN-15 in lung cancer patients.27 Work
in the area of targeted immunotherapy with SGN-15 is being undertaken
with other tumor types, and merits further investigation.
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Introduction
Acute myeloid leukemia

Acute myeloid leukemia (AML) is the most frequent form of leukemia in
adults and is projected to be the seventh leading cause of cancer death in the
U.S. in 2003 (American Cancer Society 2003: 10). The age-adjusted incidence
in the U.S. population was 3.7 per 100,000 per year, between 1996 and 2000
(Ries et al. 2003). Incidence increases with age, from 1.8 per 100,000 per year in
those less than 65 years of age to 17.2 per 100,000 per year in those 65 and over
(Ries et al. 2003). Incidence is higher in men (4.6 per 100,000 per year) than in
women (3.1 per 100,000 per year) across all age groups (Ries et al. 2003).

Among patients younger than 60 years with de novo AML, complete
remission (CR) can be routinely induced in 60% to 80% of those treated with
a combination of an anthracycline, such as idarubicin, daunorubicin, or
mitoxantrone and infusional cytarabine (ara-C) (Anonymous 1998; Arlin et al.
1990; Berman et al. 1991; Cassileth et al. 1998; Mayer et al. 1994; Rees et al.
1986; Wiernik et al. 1992). Among complete responders, 40% to 60% can be
cured with current postremission therapy in this age group (Cassileth et al.
1998; Löwenberg et al. 1999; Mayer et al. 1994). Young patients who relapse
generally have a response to salvage therapy ranging between 30% and 70%,
with higher doses of ara-C, or second-line anthracycline-based regimens
(Archimbaud et al. 1995; Davis et al. 1993; Keating et al. 1989; Kern et al. 1998;
Vogler et al. 1994). Cure rates after a second remission range between 10%
and 20% with conventional therapy (Archimbaud et al. 1995; Geller et al.
1989; Keating et al. 1989; Webb 1999) and 20% to 30% after stem cell
transplantation (SCT) (Clift et al. 1987; Gale et al. 1996; Geller et al. 1989).

Adults aged 60 years and older have inferior outcomes, affected by the
higher incidence of unfavorable cytogenetic abnormalities (Baudard et al.
1994; Hiddemann et al. 1999; Leith et al. 1997; Rowe 2000; Rowley et al. 1982),
the presence of preexisting myelodysplasia (Baudard et al. 1994; Hiddemann
et al. 1999; Rowe 2000) and the increased prevalence of the multidrug
resistance phenotype (MDR) (Hiddemann et al. 1999; Leith et al. 1997).
Moreover, older adults tend to have more medical comorbidities and tolerate
intensive chemotherapy less well than their younger counterparts. In this age
group, complete remission is only achieved in 40% to 60% of those who are
candidates for induction chemotherapy (Anonymous 1998; Baudard et al.
1994; Hiddemann et al. 1999; Leith et al. 1997; Löwenberg et al. 1998; Rowe
2000). Among complete responders, approximately 20% survive free of
leukemia for at least 2 years (Leith et al. 1997; Löwenberg et al. 1998;
Löwenberg et al. 1999). Those who relapse find further treatment options to
be limited, often opting for palliation of symptoms rather than cure.

CD33 antigen

CD33 was first described as an antigenic determinant on human myeloid
progenitor cells and their progeny, recognized by the murine monoclonal
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antibodies L4F3 (Andrews et al. 1983) and MY9 (Griffin et al. 1984). It is a 67
Kd transmembrane glycoprotein that is a member of the sialic acid-binding
immunoglobulin-related lectin family (Freeman et al. 1995). During normal
hematopoiesis, it is expressed on myeloid, erythroid, and megakaryocytic
committed progenitor cells (Andrews et al. 1983; Andrews et al. 1986; Griffin
et al. 1984; Pierelli et al. 1993; Tanimoto et al. 1989) but not on uncommitted
pluripotent hematopoietic stem cells (Andrews et al. 1983; Andrews et al.
1989; Bernstein et al. 1987; Pierelli et al. 1993; Wagner et al. 1995). It maintains
low-level expression on peripheral granulocytes and tissue macrophages
(Pierelli et al. 1993; Tanimoto et al. 1989) but not on erythrocytes, lymphocytes,
platelets, or non-hematopoietic tissues (Griffin et al. 1984; Pierelli et al. 1993).
The CD33 antigen is expressed on approximately 90% of AML myeloblasts,
including leukemic clonogenic precursor cells believed to be derived from
normal hematopoietic progenitor cells (Dinndorf et al. 1986; Griffin et al. 1984;
Legrand et al. 2000; Sabbath et al. 1985; Scheinberg et al. 1989). Overall, CD33
intensity in total CD33� cells is significantly higher in the bone marrow than
in peripheral blood (Jilani et al. 2002). Additionally, patients with AML
younger than 60 years of age had significantly higher intensity of CD33
expression on CD33� cells than patients 60 years or older (Jilani et al. 2002).

Antibodies in the therapy of AML

The ready availability of monoclonal antibodies directed against hematopoi-
etic differentiation antigens and the expression of these antigens on leukemic
cells and their precursors, inaugurated early studies of leukemia
immunotherapy in murine models (Bernstein et al. 1980; Kirch et al. 1981).
Subsequent pilot trials conducted in patients with leukemia have demon-
strated the ability of these monoclonal antibodies to bind target cells and
induce variable responses (Ball et al. 1983; Dillman et al. 1984; Foon et al.
1984; Nadler et al. 1980; Ritz et al. 1981). A challenge in treating AML with
monoclonal antibodies has been the necessity for selection of an antigenic
determinant found on myeloblasts and their malignant precursors but not
on the ultimate hematopoietic progenitors or mature circulating cells
(Scheinberg et al. 1991).

Based on its expression profile, CD33 appeared to be a desirable target,
and an early experiment demonstrated that in vitro treatment of cells from
certain patients with AML with L4F3 can reconstitute normal early
hematopoiesis (Bernstein et al. 1987). Antibodies directed against CD33 have
since been utilized to purge bone marrow grafts in vitro and in vivo in the
treatment of AML (Appelbaum et al. 1992; Lemoli et al. 1991; Robertson et al.
1992). However, antigenic modulation of CD33 through antigen–antibody
complex internalization (Scheinberg et al. 1989; Tanimoto et al. 1989;
Ulyanova et al. 1999) has limited the direct cytotoxicity of anti-CD33
antibodies and has instead established them as effective vehicles for radiation
and toxin delivery to target cells (Caron et al. 1998; Jurcic et al. 2000; Jurcic
et al. 2002; Pagliaro et al. 1998; Roy et al. 1991; Schwartz et al. 1993).
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The development of gemtuzumab ozogamicin

Calicheamicins, produced by the fungus Micromonospora echinospora ssp.
calichensis, were discovered during a search for new fermentation-derived
antitumor antibiotics. They show extraordinary potency against murine
tumors and are 1000- to 4000-fold more potent than adriamycin (Lee et al.
1987a; Lee et al. 1987b). They represent the novel class of enediyne antitumor
antibiotics, composed of naturally occurring and synthetic compounds with
a common structural motif (Nicolaou et al. 1993). Calicheamicin �1

I, the
prototype compound in this class, is a highly active DNA cleaving agent that
introduces sequence-selective double-stranded cuts (Ikemoto et al. 1995;
Nicolaou et al. 1993; Zein et al. 1988; Zein et al. 1989). A hydrazide derivative
of calicheamicin, NAc-�-calicheamicin DMH with potent antitumor activity
in vitro was linked to a humanized version (IgG4) of the anti-CD33 antibody,
anti-hP67.6, to generate CMA-676 or gemtuzumab ozogamicin (GO,
MylotargTM) (Hamann et al. 2002a; Hamann et al. 2002b; Hinman et al. 1998)
(Figure 11.1). The amide linker is hydrolyzed upon internalization of the
CD33 antigen–antibody complex to the acidic micro-environment of the
endosome, to release the activated calicheamicin derivative (Hamann et al.
2002a; Hamann et al. 2002b). GO has shown remarkable selective activity in
leukemic cell lines (Amico et al. 2003; Hamann et al. 2002b; Linenberger et al.
2001; Matsui et al. 2002; Naito et al. 2000; Walter et al. 2003) with evidence of
effect attenuation by MDR1 (Linenberger et al. 2001; Matsui et al. 2002; Naito
et al. 2000; Walter et al. 2003) as well as DNA-damage response elements
Chk1/Chk2 and Caspase 3 (Amico et al. 2003).
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Clinical utility
Pharmacology

At the dose of 9 mg/m2 used in phase II studies, GO exhibits the highest
binding affinity for myeloid blast cells and monocytes, intermediate affinity
for mature granulocytes and minimal affinity for lymphocytes (van der
Velden et al. 2001). Near complete saturation of CD33 antigenic sites is
observed 30 min to 4 h after a single GO infusion resulting in rapid
antigen–antibody complex internalization, and ultimately, the induction of
apoptosis in CD33� myeloid cells (Sievers et al. 1999; van der Velden et al.
2001). Moreover, continuous renewed expression of CD33 antigen is
observed on the surface of myeloid cells, significantly increasing the amount
of internalized antibody (van der Velden et al. 2001). Interestingly, the mean
maximal GO binding to myeloid blasts was found to be lower at infusion
cycle 2 than at cycle 1, suggesting that myeloblasts with high-level CD33
expression may undergo accelerated clearance from the circulation (van der
Velden et al. 2001). The plasma half-life of the vector antibody, anti-hP67.6,
which appears to be representative of the molecule as a whole, is 38 to 72 h
after a single dose of GO at 9 mg/m2 (Korth-Bradley et al. 2001; Sievers et al.
1999). Of note, pharmacokinetic parameters are similar across groups
defined by sex and a cutoff age of 60 years (Korth-Bradley et al. 2001).

Preapproval trials

Efficacy
Forty patients with relapsed or refractory AML were treated during a phase
I protocol (Sievers et al. 1999) with up to three infusions of GO ranging in
dose from 0.25 to 9 mg/m2 at an interval of at least 14 days. Twenty-two
(71%) patients with peripheral blood myeloblasts experienced a reduction in
their peripheral blast counts, while eight patients (20%) achieved a bone
marrow response (less than 5% leukemic blasts on morphologic examination).
Three of them went on to achieve a complete response by NCI criteria (CR),
including one patient treated at the 1 mg/m2 dose level. The 9 mg/m2 dose
level was selected for the phase II studies based on the lack of dose-limiting
toxicity at that dose. Additionally, GO infusions were generally limited
to two (instead of three) to prevent prolonged neutropenia seen at that dose
intensity.

In three international phase II studies (Sievers et al. 2001), 142 patients
with primary, CD33� AML were treated in first relapse, after maintaining a
complete response for 3 months or longer, five of them after transplantation
(Table 11.1). Based on reports of fatal pulmonary toxicity and tumor lysis
syndrome in the setting of elevated blast counts, a white blood cell count of
less than 30,000/�l was required for entry into the phase II studies. Treatment
with hydroxyurea or leukapheresis was acceptable to reduce white cell
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202Table 11.1 Experience with gemtuzumab ozogamicin, alone or in combination, as induction therapy in acute myeloid leukemia and
high-grade myelodysplastic syndrome

Younger Older Grade 3/4 liver
OR OR toxicity

Author Disease Setting n Therapy (CR) (%) (CR) (%) (VOD) (%)

Sievers et al.a AML Relapsed or 142 GO (9 mg/m2 d 1,15) 34 26 38
2001 refractory (3)

Larson et al.b AML Relapsed or 101 GO (9 mg/m2 d 1,15) 28 39
2002b refractory (13) (5)

Amadori et al. AML De novo 57 I: GO (9 mg/m2 d 1,15) 35 14
2002 (22) (2)

II: Mitoxantrone (7 mg/m2 d 1,3,5) 54
Ara-C (100 mg/m2 d 1–7) (35) —
Etoposide (100mg/m2 d 1–3) (4)

Estey et al. AML De novo 51 GO (9 mg/m2 d 1/8–15) 22 —
2002 MDS �IL-11 (15 �g/kg d 3–28) (22) (16)

Cohen et al. AML Relapsed 8 GO (9 mg/m2 d 1,15) 25c 25
2002 post-SCT (0) (12.5)

Alvarado et al. AML Relapsed or 14 GO (6 mg/m2 d 1,15) 43 19
2003 refractory Idarubicin (12 mg/m2 d 2–4) 21 14

Ara-C (1.5 g/m2 d 2–5)
Tsimberidou et al. AML De novo 59 GO (6 mg/m2 d 1) 47 38

2003 MDS Fludarabine (15 mg/m2 d 2–6) (46) (7)
Cyclosporine (22 mg/kg d1/16 mg/kg d2)
Ara-C (1 g/m2 d 2–6)

Cortes et al. AML Relapsed or 17 GO (9 mg/m2 d 1) 12 41
2002 MDS refractory Topotecan (1.25 mg/m2 d 1–5) (12) (6)

Ara-C (1 g/m2 d 1–5)
De Angelo et al. AML De novo 43 GO (6 mg/m2 d 4) 84 30

2003 Daunorubicin (45 mg/m2 d 1–3) 84 (10d)
Ara-C (100 mg/m2 d 1–7)
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Baccarani et al. AML De novo 7 GO (6 mg/m2 d 1/4) 57 8

2002 Ara-C (100 mg/m2 d 1–7) (57) (0)
Kell et al. AML De novo 55 GO (3 mg/m2 d 1) 85 42

2002 with (85) (4)
Daunorubicin (50 mg/m2 d 1,3,5)
Ara-C (100 mg/m2 d 1–10)
Thioguanine (100 mg/m2 d 1–10)

or
Daunorubicin and Ara-C as above
or
Fludarabine (30 mg/m2 d 1–5)

Ara-C (2 g/m2 d 1–5)
Idarubicin (10 mg/m2 d 1–3)

G-CSF (5 �g/kg d 6 on)
Litzow et al. AML Relapsed of 26e GO (6 mg/m2 d 5) 12.5
2003 refractory Ara-C (1 g/m2 d 1–5) (12.5)

AML, acute myeloid leukemia; CR, complete response; GO, gemtuzumab ozogamicin; MDS, myelodysplastic syndrome; OR, overall response; SCT, stem
cell transplantation; VOD, veno-occlusive disease of the liver.
a Later updated by Larson et al. 2002a.
b Subset in previously reported trial by Sievers et al. 2001.
c One unconfirmed CRp.
d VOD after subsequent SCT.
e Enrolled in GO arm of the study.
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counts below the eligibility threshold. The median age of the patients was 61,
with a median duration of prior CR of 11.1 months. Most of them (94%) had
received postremission therapy, with 70% having received high-dose ara-C
containing regimens. Only 5% of these patients were in the favorable-
cytogenetic risk category at the time of relapse. Overall, 46% achieved a bone
marrow response after a single dose of GO. Across all studies, 30% of patients
achieved an overall response (OR), with 16% CR and 13% CRp (complete
response with incomplete platelet recovery). The latter patients met the
criteria of a CR, except that of platelet recovery, although platelet transfusion
independence was required for at least a week. The median time to an
absolute neutrophil count (ANC) greater than 1500/�l was 41 days and the
median time to response was 60 days. Median relapse-free survival was
6.8 months (7.2 months for those in CR and 4.4 months for those in CRp).
Overall survival of the group at 1 year was 31%. Of note, achievement of
overall response was similar across groups defined by age, cytogenetics, or
duration of first remission. Additionally, more than 38% of participants
received a dose of GO as outpatients, with 24% receiving both doses this way.

The final report on 277 patients enrolled in the phase II trials (Larson
et al. 2002a) confirmed the above numbers, with an overall response of 26%
(13% CR and 13% CRp). Again, response was similar across groups defined
by age and cytogenetics (Stadtmauer et al. 2002). However, relapse-free
survival was significantly better at 1 year for patients younger than 60 years
(36%) compared to that of older patients (7%) (Wyeth, unpublished data).

Twenty-five patients with relapsed/refractory AML enrolled in the
phase II studies went on to receive SCT after attaining a CR2 or CRp2 with
GO (Sievers et al. 2002). The median relapse-free survival in this group was
10.7 months, compared to 5.3 months for the group of responders as a whole.
The median overall survival after SCT was 15.6 months in this group. Based
on these results, a phase III Eastern Cooperative Oncology Group (ECOG)
trial is underway to evaluate the utility of GO prior to autologous stem cell
transplantation in first remission AML.

Older patients
Overall, 101 patients with relapsed/refractory AML, aged 60 years and older
(23% of whom were 70 years and older) participated in the phase II trials
(Table 11.1). Of note, none of these patients had secondary AML or AML in
the setting of myelodysplastic syndrome (MDS), both of which are more
prevalent in the elderly (Larson et al. 2002b). Ninety-three percent
had received postremission therapy after their first remission, 44% with
intermediate- or high-dose ara-C. Twenty per cent of patients received one
dose, 76% two and 4% three doses of GO. Overall response rate was 28%
(13% CR and 15% CRp), with a median time to remission of 65 days for those
in CR and 75 days for those in CRp. Median overall survival among respon-
ders was 14.5 months for patients in CR and 11.8 months for patients in CRp,
with an overall survival across groups at 5.4 months. Five patients received a
second course of therapy with two responses and a patient received a third
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course of therapy with a subsequent response. Induction-related toxicities
were similar to younger patients, as well as elderly patients in the prior stud-
ies. Based on these results, GO was approved by the FDA for use in elderly
patients with CD33� AML in first relapse (Bross et al. 2001).

Toxicity
Postinfusion syndrome was the most frequent non-hematologic toxicity
observed after GO infusion, with 7% of the patients experiencing grade 3 or
4 fever, 11% grade 3 or 4 chills, and 4% grade 3 or 4 hypotension in the
phase II trials (Sievers et al. 2001). This occurred despite premedication with
acetaminophen and diphenhydramine but was generally attenuated with
subsequent GO administrations.

After receipt of two infusions in the phase II studies, grade 3 or 4 induction
related toxicities included the predictable neutropenia (97%), thrombocy-
topenia (99%) as well as bleeding (15%), mucositis (4%), and infections (28%)
(Sievers et al. 2001). There were no reported cardiac toxicities or alopecia.
Thirteen per cent of patients died during induction therapy. The causes
of death included progression of disease (42%), CNS hemorrhage (26%),
multiorgan failure (21%), and sepsis (11%).

No humoral immune responses to anti-hP67.6 antibody were detected in
the phase I and II studies (Sievers et al. 1999; Sievers et al. 2001). A humoral
response to the calicheamicin–linker complex was documented in one
patient after receiving a third dose and in a second patient upon re-treatment
with GO in the phase I study (Sievers et al. 1999).

Veno-occlusive disease

Hepatic veno-occlusive disease (VOD) is a well-recognized clinical syn-
drome occurring most frequently in the setting of high-dose cytoreductive
therapy and hematopoietic stem cell transplantation (Jones et al. 1987;
McDonald et al. 1993) but occasionally described after conventional
chemotherapy (Barclay et al. 1994; Gill et al. 1982; Ortega et al. 1997). The
outcome of severe disease is poor, with death from progressive multiorgan
failure being the usual consequence (Jones et al. 1987; McDonald et al. 1993).
Treatment with GO has been associated with grade 3 or 4 liver toxicity, occa-
sionally meeting clinical criteria for VOD (Table 11.1). The latter usually
presents with abrupt onset of significant weight gain (more than 5% of
pretreatment weight), often associated with ascites, abdominal distension,
and right upper quadrant abdominal pain (Giles et al. 2001).

Hepatic transaminase elevation between five to ten times above the normal
range was observed in 20% of patients in the phase I study (Sievers et al. 1999).
Among 277 patients treated in the phase II studies, grade 3 or 4 hyperbiliru-
binemia or transaminitis occurred in 38%, with VOD criteria being met in seven
patients (3%) and death occurring in four patients (1%) (Sievers et al. 2001).

Hepatic toxicity and VOD have subsequently been observed in other
studies, especially when GO is used in previously treated patients, and in
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combination with other chemotherapeutic agents (Table 11.1). In a
comprehensive review of a single-center experience with GO used alone or
in combination (Giles et al. 2001), 12% of 119 patients with AML, MDS, or
blast-phase chronic myeloid leukemia (CML) developed VOD with 86%
mortality, though not clearly attributable to VOD. Of note, 9 out of the
14 patients who developed VOD had received prior chemotherapy and only
3 of the 14 received GO as single-agent therapy.

The incidence of VOD may be even higher when GO is used prior to or
after stem cell transplantation. Among the 46 patients who subsequently
underwent SCT in the phase II trials (Sievers et al. 2002), VOD was diagnosed
in eight (17%) with a mortality of 65% (five out of eight). Similarly, when used
as induction therapy prior to SCT, liver toxicity was documented in 11 of 23
patients (48%) with nine deaths (82% mortality) in a single-institution trial
(Rajvanshi et al. 2002). This trend was confirmed in a comparative study
(Wadleigh et al. 2003), where patients treated with GO prior to allogeneic SCT
were found to be more likely to develop VOD than patients transplanted
without prior GO treatment (adjusted OR � 21.6). In that study, 9 out of 14
(64%) with GO exposure developed VOD, compared to 4 out of 48 (8%) with-
out GO exposure. In our experience, VOD was diagnosed in one out of eight
such patients (12.5%), treated after SCT (Cohen et al. 2002).

The sinusoidal endothelial cell (SEC) appears to play a key role in the
development of clinical VOD (Bearman 1995). However, the CD33 antigen was
not detectable on unstimulated SECs or SECs activated by various cytokines
in vitro (Favaloro 1993). Thus, it is unlikely that SEC toxicity is a consequence
of direct GO uptake by these cells, especially since VOD has not been reported
in association with other anti-CD33 monoclonal antibody-based therapies
(Caron et al. 1998; Jurcic et al. 2000; Kossman et al. 1999). Rather, it is far more
likely that free calicheamicin, which is extremely toxic upon direct adminis-
tration without a vehicle, is the initiator of this syndrome (Giles et al. 2001).
Free, as well as conjugated, calicheamicin was noted to cause liver toxicity in
preclinical testing of GO (Bross et al. 2001). Moreover, hepatic transaminase
elevations were seen in the setting of another calicheamicin-based therapy
with CMB-401 in the treatment of ovarian malignancy (Gillespie et al. 2000).

Second-generation trials

Relapsed/refractory disease
Based on its nonoverlapping toxicity with the more traditional induction
regimens available to patients with AML, GO has been combined with
anthracyclines and/or nucleotide analogues with promising results in single-
institution trials (Alvarado et al. 2003; Cortes et al. 2002). Incidence of VOD
appears to be higher in some of these combination trials, than in the single-
agent studies reported previously, ranging from 6% to 14% when GO is given
at full dose (Table 11.1).

On the other hand, a randomized phase II trial of the ECOG comparing
GO (at a 6 mg/m2 single dose) and intermediate-dose ara-C (IDAC) vs.
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liposomal daunorubicin and IDAC vs. CAT (cyclophosphamide, ara-C,
topotecan) in patients with relapsed or refractory AML was closed early
because of poor efficacy (Litzow et al. 2003).

De novo disease
A single-institution study of 51 patients aged 65 and over with untreated
AML (73%) or high-risk MDS (27%) and unfavorable cytogenetics reported a
similar CR rate of 22%, using GO � IL-11 and intensive consolidation therapy
(Estey et al. 2002a).

The European Organization for the Research and Treatment of Cancer
(EORTC) Leukemia Group and Gruppo Italiano Malattie Ematologiche dell�
Adulto (GIMEMA) performed a phase II study in 57 previously untreated
patients aged 61 to 75, with AML, 25% of which was secondary, using MICE
(mitoxantrone, ara-C, etoposide) consolidation after single-agent GO
(Amadori et al. 2002). The OR rate among those higher-risk untreated
patients was 35% (22.8% CR and 12.3% CRp). After treatment with MICE the
OR rate increased to 54.4% (35.1% CR and 19.3% CRp). The 1-year overall
survival was 30%. A phase III trial is underway in Europe with the GO dose
reduced to 6 mg/m2.

There are several other international cooperative group trials ongoing at
this time (Table 11.1). GO (6 mg/m2 on day 1 and 4 mg/m2 on day 8) has been
combined with standard 7-day infusional ara-C, in patients 60 years of age or
older with de novo CD33� AML (Baccarani et al. 2002). Dose-limiting toxicity
in the phase I study was VOD. Four out of seven patients treated thus far in the
phase II part have achieved a CR. One out of 12 patients developed grade 4
transaminitis that has resolved uneventfully (Baccarani et al. abst. 1322).

Another ongoing phase I/II study combines GO (6 mg/m2 on day 4)
with daunorubicin and infusional ara-C, in patients younger than 60 years
(De Angelo et al. 2003). An additional course of induction with daunorubicin
and ara-C was allowed on day 15. Of 43 evaluable patients with de
novo AML, 36 achieved a CR (84%) in the phase II part. Grade 3 or 4
transaminitis or hyperbilirubinemia occurred in 67%, without any cases of
VOD. However, four of nine patients who went on to receive SCT after induc-
tion therapy developed VOD. A Southwestern Oncology Group (SWOG)
phase III trial comparing this regimen to standard daunorubicin and ara-C is
underway.

In a pilot study of the Medical Research Council (MRC) in Britain, GO
(3 mg/m2 on day 1) was combined with DAT (daunorubicin, ara-C, thiogua-
nine), or DA (daunorubicin, ara-C), or FLAG-Ida (fludarabine, ara-C, GCSF,
idarubicin) in 55 patients with de novo AML (Kell et al. 2002). GO was also
given in consolidation with MACE (amsacrine, ara-C, etoposide), or 
high-dose ara-C among responders. Overall, there was a CR rate of 85% but
at a price of severe liver toxicity, with 56% of those patients receiving thiogua-
nine developing grade 3 or 4 hepatotoxicity. Trial AML-15 will compare
DA � GO to FLAG-Ida � GO as induction and MACE � GO to ara-C � GO
as consolidation.
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Multidrug resistance phenotype

P-glycoprotein, the product of the multidrug resistance gene MDR1, is a
transmembrane channel implicated in active drug efflux from the cytosol and
chemotherapy resistance. Its expression by myeloblasts has been associated
with inferior outcomes in AML (Damiani et al. 1998; Legrand et al. 1998; Leith
et al. 1997; Leith et al. 1999; Willman 1997). Additionally, the activity of GO in
leukemic cell lines is attenuated by the expression of MDR1 and can be restored
by MDR1 modification (Linenberger et al. 2001; Matsui et al. 2002; Naito et al.
2000; Walter et al. 2003). It has been shown in the phase I and II studies that
leukemia response is correlated with a low capacity of leukemic blasts to
extrude 3, 3�-diethyloxacarbocyanine iodide (DiOC2) from their cytoplasm, a
measure of functional drug efflux from the cell (Sievers et al. 1999; Sievers et al.
2001). Using cyclosporine A, a known P-glycoprotein transport inhibitor, a
group of investigators was able to demonstrate that a significant proportion of
DiOC2 efflux in these patients is MDR1 mediated (Linenberger et al. 2001).
Specifically, among phase II patients, 72% of those without a marrow response
compared to 29% of responders, had baseline DiOC2 efflux inhibited by
cyclosporine and thus associated with a P-glycoprotein dependent transport
mechanism. Similarly, 52% of nonresponders compared to 24% of responders
had baseline DiOC2 efflux inhibited by cyclosporine. Moreover, treatment with
cyclosporine in vitro, increased the ability of GO to induce apoptosis in
leukemic blasts (Linenberger et al. 2001). Based on these results, a single-
institution trial has incorporated cyclosporine A along with GO in their AML
induction regimen with favorable early results (Tsimberidou et al. 2003).

Future directions
Single-agent GO appears to induce adequate second response rates in
patients with relapsed or refractory AML, but its activity in phase II trials
remains lower than that of current chemotherapeutic regimens. Its use as single
agent appears reasonable in older patients, where its activity is comparable
to that of more traditional agents with a more favorable toxicity profile.
Given its nonoverlapping toxicity with the standard chemotherapeutic
agents, its use in combination regimens for younger patients is being
explored in phase III clinical trials. It remains to be seen whether increased
efficacy in this setting will come at the cost of increased incidence of hepato-
toxicity, which was observed in the trials discussed here.

Aside from combination with other agents, alternative dosing regimens
of GO should be investigated further. There is evidence to suggest that CD33
density is associated with tumor cell-kill and that CD33 is continuously
shuttled to the surface where it is available to bind antibody (van der Velden
et al. 2001). Therefore, increasing antibody dose or shortening dosing inter-
vals might improve efficacy dramatically. There is clinical evidence of
increased antibody efficacy with hypersaturating doses of another anti-CD33
antibody, HuM195, in patients with AML (Caron et al. 1998). The data on
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MDR1 and responsiveness to GO also warrant combination clinical trials
with P-glycoprotein activity modulators (e.g., cyclosporine A, verapamil, or
valspodar). Following induction, the role of GO in consolidation and
maintenance therapy, needs to be examined further in the context of current
practice.

Finally, a single-institution trial combining GO with all-trans retinoic
acid (ATRA) � idarubicin in patients with de novo acute promyelocytic
leukemia showed a sustained CR rate of 80% (Estey et al. 2002a; Estey et al.
2002b). We thus expect GO to be more extensively studied in this and other
myeloid malignancies, including chronic myelogenous leukemia and the
myelodysplastic syndromes.
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