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Despite the progress of the bioinformatics approach to characterize cell-surface antigens
and receptors on tumor cells, it remains difficult to generate novel cancer vaccines or
neutralizing monoclonal antibody therapeutics. Among targeted cancer therapeutics,
biologicals with targetable antibodies or ligands conjugated or fused to toxins or
chemicals for direct cell-killing ability have been developed over the last 2 decades.
These conjugated or fused chimeric proteins are termed immunotoxins or cytotoxic
agents. Two agents, DAB3glL-2 (ONTAK™) targeting the interleukin-2 receptor and CD33-
calicheamicin (Mylotarg®), have been approved by the FDA for cutaneous T-cell
lymphoma (CTCL) and relapsed acute myeloid leukemia (AML), respectively. Such
targetable agents, including RFB4(dsFv)-PE38 (BL22), IL13-PE38QQR, and Tf-CRM107,
are being tested in clinical trials. Several agents using unique technology such as a
cleavable adapter or immunoliposomes with antibodies are also in the preclinical stage.
This review summarizes the generation, mechanism, and development of these agents.
In addition, possible future directions of this therapeutic approach are discussed.
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INTRODUCTION

A new form of cancer therapy has evolved, utilizing the knowledge of unique or overexpressed cell-
surface antigens or receptors on tumor cells as the target. 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 a target for cancer therapy. To target these receptors or antigens, antibodies or ligands conjugated
or fused to natural toxins or chemicals, termed immunotoxins or cytotoxic agents, have been
developed[1,2]. This review article summarizes the generation, mechanism, and clinical application of
these molecules.

*Corresponding author. 781
©2006 with author.
Published by TheScientificWorld, Ltd.; www.thescientificworld.com



https://core.ac.uk/display/208478997?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Kawakami et al.: Immunotoxins and cytotoxic agents TheScientificWorldJOURNAL (2006) 6, 781-790

PE-BASED IMMUNOTOXINS

To target cancer-specific antigens or receptors, immunotoxins can be produced in bacteria (such as
Escherichia coli) as ligand-toxin fusion proteins, without requiring chemical conjugation of the antibody
and toxin. Pseudomonas exotoxin (PE) is a 66-kDa pathogenic protein secreted by P. aeruginosa that
irreversibly ADP-ribosylates the diphthamide residue of elongation factor 2 (EF2), using NAD" as a
cofactor[2,3]. As a consequence, protein synthesis is inhibited and cell death occurs. PE is composed of
three major domains. Domain | mediates binding to the a2 macroglobulin receptor. As shown in Figs. 1
and 2, this domain can be replaced by a ligand or variable domains of the antibody (Fv) to generate a
cancer-specific immunotoxin. Domain Il mediates translocation of domain Ill, the ADP-ribosylating
domain, into the cytosol of target cells[4,5]. As shown in Fig. 2, on entry of PE into the cell, proteolytic
cleavage occurs near Arg279, which generates a 28-kDa amino-terminal fragment and a 37-kDa carboxy|-
terminal fragment[6]. The 37-kDa fragment contains the ADP-ribosylating activity of PE.
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FIGURE 1. Schema for immunotoxins. The whole monoclonal antibody or scFv (Vy and V.
heterodimer) is conjugated with a truncated or mutated bacterial toxin, e.g., Pseudomonas exotoxin
(PE), diphtheria toxin, ricin A chain toxin, or saporin toxin. In some cases, a cytokine ligand can be
utilized instead of an antibody to generate a fusion protein.

Various efforts have been made to generate and develop PE-based immunotoxins[7,8]. These include
anti-Tac(Fv)-PE38 (LMB-2), which targets CD25-positive leukemia, RFB4(dsFv)-PE38 (BL22) targeting
CD22-positive B-cell malignancies, 1L4(38-37)-PE38KDEL for the treatment of recurrent glioblastoma,
and IL13-PE38QQR for the treatment of renal cell carcinoma and glioblastoma, which are currently
undergoing clinical trials. Anti-Tac(Fv)-PE38 (LMB-2) contains the variable heavy domain (V) of the
anti-tac MAD fused via the peptide linker (G4S); to the variable light domain (V,), which in turn is fused
to a 38-kDa truncated form of PE[9,10]. When administered to 35 patients with chemotherapy-resistant
leukemia or lymphoma, anti-Tac(Fv)-PE38 treatment resulted in one complete remission (CR) and 7
partial responses (PR)[11,12]. RFB4(dsFv)-PE38 (BL22) is composed of the V, from the MAb RFB4
disulfide bonded to a fusion of V with PE38[13]. When RFB4(dsFv)-PE38 was tested in 16 patients with
hairy cell leukemia, the response rate was 81%, with 11 CRs and 2 PRs in 16 evaluable patients[14].
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FIGURE 2. Cytotoxic mechanism of PE-based immunotoxin. The low-pH environment in the endosome causes unfolding
of the immunotoxin at domain Il. The carboxyl terminal fragment containing domain I11, the ADP ribosylation domain, is
transferred into the endoplasmic reticulum, then finally into the cytosol. It inhibits protein synthesis of targeted cells by
irreversible ADP ribosylation of elongation factor (EF)-2, utilizing NAD" as a cofactor, resulting in cell death.

1L4(38-37)-PE38KDEL is a molecule containing amino acids 38-129 of interleukin (IL)-4, fused via
a peptide linker to amino acids 1-37, which in turn are fused to amino acids 353-364 and 381-608 of PE,
with KDEL (an endoplasmic retaining sequence)[15]. The receptor for IL-4 is expressed on various
cancer cells, and 1L4(38-37)-PE38KDEL has shown potent antitumor activity in a variety of cancer cells
in vitro and in vivo[16]. In a phase | clinical trial, nine patients with recurrent brain tumor received
I1L4(38-37)-PE38KDEL by convection-enhanced delivery (CED)[17]. Tumor necrosis was observed in
six patients, with one patient remaining disease-free for more than 18 months. An additional clinical trial
is currently underway.

IL13-PE38QQR is a recombinant protein composed of human IL-13 and a mutated form of PE. This
molecule has shown potent antitumor activity in animal models of glioblastoma multiforme (GBM)[18],
AIDS-Kaposi’s sarcoma[19], and head and neck cancer[20]. Based on preclinical results, three phase 1/I1
clinical trials have been initiated in adults with recurrent GBM to determine the safety and tolerability of
this agent. A multicenter phase 111 clinical trial in patients with recurrent GBM is currently ongoing in the
uU.S.

DT-BASED IMMUNOTOXINS

Diphtheria toxin (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 disulfide loop
to a translocation domain followed by a flexible linker peptide (amino acids 382—-390) and a B-sheet-rich
cell-binding domain (amino acids 390-535)[21]. Similar to PE, the A fragment of DT catalyzes ADP-
ribosylation of the diphthamide residue in domain IV of the elongation factor in the cytosol[22].
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DABgglL-2 is a recombinant DNA-derived cytotoxic protein composed of the amino acid sequences
for DT fragments A and B (Met1-The387)-His followed by the sequence for IL-2 (Alal-Thr133)[23].
This molecule was developed for the treatment of chronic T cell lymphoma (CTCL) expressing CD25,
and was the first FDA-approved immunotoxin[24]. DTAT (diphtheria toxin amino terminal fragment of
urokinase-type plasminogen activator) is another DT-based immunotoxin targeting tumor vascular
endothelium. DTAT has shown a potent antitumor activity in an animal model of malignant brain
tumor[25].

Tf-CRM107 is another DT-based immunotoxin targeting malignant brain tumors[26]. This molecule
is comprised of transferrin and a mutant DT, and CED administration of this immunotoxin has shown
potent antitumor activity in a phase I clinical trial, in which 9 of 15 patients showed a >50% reduction in
tumor volume[27].

Frankel and colleagues have generated and developed DTsssGMCSF for the treatment of acute
myeloid leukemia (AML)[28]. This molecule is composed of amino acids 1-388 of DT, a histidine-
methionine linker, and amino acids 1-124 of human granulocyte-macrophage colony stimulating factor
(GMCSF)[29]. A phase I clinical trial has been completed in patients with AML, and 4 of 37 patients
showed clinical remission of disease[30].

Another unique DT-based approach is VEGF121-DT385 and VEGF165-DT385 immunotoxins.
Vascular endothelial growth factor (VEGF) is the most critical inducer of blood vessel formation.
VEGF165 and VEGF121 are chemically conjugated to a truncated DT at residue 385 (DT385) containing
a carboxyl terminus cystine residue. VEGF165 and VEGF121 were derivatized with the
heterobifunctional agent N-succinimidyl-3-(2-pyridyldithio) propionate (SPDP) to introduce one to three
activated thiol groups by modifying the g-amino group of lysine residues[31]. In vivo animal studies have
shown that these molecules are able to inhibit angiogenesis and tumor growth[31,32].

RICIN-BASED IMMUNOTOXINS

Ricin is a plant lectin from the seeds of the castor plant Ricinus communis that belongs to the class of
ribosome-inhibiting proteins (RIPs). 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). After being internalized into the cell, the interchain disulfide-bond is reduced before the
catalytic A-chain domain is delivered to the ribosomes where it inactivates the 60S ribosomal subunit
required for the binding of elongation factor-2 during protein synthesis. The enzymatic A-chain
hydrolyzes an adenine-ribose linkage within the 28S rRNA, thereby inhibiting protein synthesis[33,34].

A variety of ricin-based immunotoxins against non-Hodgkin lymphoma (NHL) expressing CD5,
CD19, and CD22 have been tested in phase | and Il clinical trials, with limited efficacy[35]. A major
adverse event in the toxicity profile was vascular leak syndrome (VLS). Messmann et al. reported the use
of a cocktail of two ricin A-chain immunotoxins (RFB4-SMPT-dgA and 1gG-HD37-dgA) in NHL
patients; however, the clinical outcome was moderate as only 2 of 22 patients showed a partial response
(PR)[36].

Ricin A-chain immunotoxins against CD25 (RFT5.dgA) or CD30 (Ki-4.dgA)-positive Hodgkin’s
lymphoma have also been exploited in preclinical and clinical studies. PR rate in clinical studies was 2/15
in the CD25 trial and 1/17 in the CD30 trial[37,38].

SAPORIN-BASED IMMUNOTOXINS

Saporin is a single chain RIP that has no lectin-like binding activity, originating from the seeds of the
soapwort plant (Saponaria officinalis)[39,40]. Similar to the ricin A-chain, saporin acts as an N-
glycosidase catalytically cleaving 28S ribosomal RNA at A-4324, thus irreversibly inactivating cellular
ribosome capability[41].
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Several saporin-based immunotoxins have been generated and developed; however, their clinical
experience is very limited[42]. Anti-CD30-saporin (BER-H2/SO6) has been used in advanced refractory
Hodgkin’s lymphoma. Although no major toxicity was observed, the response rate was 40% of 12
patients and was transient[43].

Fuchs and colleagues have developed a unique saporin-based toxin, containing saporin toxin linked to
epidermal growth factor (EGF) via an adapter composed of a cytosolic cleavable peptide (CCP),
membrane transfer peptide (MTP), and endosomal cleavable peptide (ECP)[44]. The molecule with the
adapter showed a reduced half-life without compromising the cytotoxic activity to cancer cells in vitro,
having the advantage of less immunogenicity and nonspecific toxicity.

ANTIBODY-CONJUGATE CYTOTOXIC AGENTS

In contrast to utilizing natural toxins, several attempts have been made to develop the tumor-specific
antibody chemically conjugated to cytotoxic drug that is being used for the chemotherapy of the
cancer[45]. Among them, anti-CD33-calicheamicin immunoconjugate (gemtuzumab ozogamicin,
Mylotarg®) for the treatment of AML was granted marketing approval by the FDA on May 17, 2000
under the Accelerated Approval regulations[46]. Calicheamicin is a highly active DNA-cleaving agent
that introduces sequence-selective double-stranded cuts[47]. As shown in Fig. 3, the hydrazide derivative
of calicheamicin, NAc-y-calicheamicin, was linked to a humanized form (lgG,) of the anti-CD33
antibody, anti-hP67.6, to generate gemtuzumab ozogamicin[48]. It has been shown that this conjugated
molecule has extremely selective activity against leukemic cells[49]. In preapproval trials, patients with
relapsed or refractory CD33-positive AML (n = 277) were treated with gemtuzumab ozogamicin[50,51].
The overall response rate was 30%. Grade 3/4 liver toxicity (hepatic veno-occlusive disease) was
observed in 3-5% of patients. It is noteworthy that no humoral immune response to the anti-hP67.6
antibody was detected in the trials[52]. In addition, another calicheamicin conjugate, CMC-544, is linked
to humanized anti-CD22 monoclonal antibody, which is being evaluated in B-cell non-Hodgkin's
lymphoma patients. It has been reported that a combination of CMC-544 and Rituximab shows superior
antitumor activity in preclinical studies in animal models of B-cell lymphoma[53]. Phase I clinical trials
to assess safety and tolerability of this molecule are currently ongoing.

Anti-ZD33 antibody a}

Anti-
hP67.6

FIGURE 3. Gemtuzumab ozogamicin (Mylotarg®). NAc-y-calicheamicin is linked to the humanized form (IgG,) of anti-
CD33 monoclonal antibody, anti-hP67.6.

Another chemical-conjugate cytotoxic agent falling into this category is BR96-doxorubicin (SGN-
15). BR96-doxorubicin is a chimeric protein composed of the monoclonal antibody BR96, which targets
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tumor cells expressing a LewisY (Le")-related antigen and the chemotherapeutic drug doxorubicin[54].
Because an acid-labile linker is utilized to conjugate antibody and doxorubicin, once BR96-doxorubicin
enters an acidic environment such as lysosomes and endosomes, doxorubicin is cleaved by hydrolysis and
is able to exert its cytotoxic effects locally. This molecule is cytotoxic to various cancer cell lines[54] and
shows a strong antitumor effect in combination with paclitaxel[55]. Results from phase | trials with
BR96-doxorubicin as a single agent or BR96-doxorubicin in combination with docetaxel demonstrated no
major side effects in patients with breast or colorectal cancer[56,57]. Developing of BR96-doxorubicin,
however, was discontinued in the year 2005.

To date, four maytansinoid-based cytotoxic agents are being developed. Maytansinoid 1 and 4
(termed DM1 or DM4) are microtubule-depolymerizing compounds. DM1 or DM4 are conjugated to
various antibody and the resulting cytotoxic agents, huN901-DM1 (BB-10901), MLN2704, huC242-
DM4, and huMy9-6-DM4 (AVE9633) are currently in clinical trials[58,59,60,61].

HuN901-DM1, a compound comprised of a CD56-targeted humanized N901 antibody conjugated to
DML, is being developed for the treatment of CD56-expressing cancers including small-cell lung
cancer[58]. This agent is being tested in phase I/11 clinical trial for the treatment of small-cell lung cancer.
Another DM1-based drug, MLN2704, is DML linked to a deimmunized monoclonal antibody that is
specific for prostate-specific membrane antigen (PSMA). PSMA is a transmembrane receptor expressing
on prostatic epithelium and prostate cancer cells, and it has been reported that its expression levels are
positively collerated with the progression of malignancy[59]. This agent is being tested in a phase I/II
clinical trial for the treatment of prostate cancer. HuC242-DM4 is a conjugation of DM4 to the
humanized anti-CanAg monoclonal antibody. The CanAg antigens are expressed on colorectal,
pancreatic, and certain nonsmall-cell lung cancers. This drug is currently being tested in a phase I clinical
trial in patients with advanced solid tumors expressing CanAg (e.g., colon cancer and pancreatic
cancer)[60].

HuMy9-6-DM4 (AVE9633) is a conjugation of DM4 to humanized anti-CD33 monoclonal antibody
targeting AML. Phase | clinical trial to assess safety and tolerability of this molecule are being initiated in
patients with AML.

There are several other chemical compound-based targeted cytotoxic agents in preclinical stages.
Chemical compounds such as DNA alkylating agent (CC-1065)[61], a second-generation taxane[62],
monometyl auristatin E[63], and geldanamycine[64] are conjugated to several monoclonal antibodies by
difulfide linkers specifically designed to release drug into the targeting cancer cells.

FUTURE DIRECTIONS OF IMMUNOTOXINS

The experience with immunotoxins indicates that immunogenicity of toxin in humans, expression levels
in cancer cells, and specificity of the molecule to cancer cells are the major issues to be resolved for the
future development of this category of biologicals.

To increase the opportunity for the immunotoxin to bind to the target tumor cells, Vallera et al.
generated a bispecific DT-based immunotoxin that contains sFv of CD19 and CD22 (DT2219)[65]. It has
been shown that this molecule is cytotoxic to CD19°CD22" cells such as B-cell leukemia and lymphoma.

A urokinase-activated recombinant diphtheria toxin targeting the GMCSF receptor (DTU2GMCSF) is
an innovation to give an immunotoxin the capability of dual specificity to AML cells[66]. Since a tumor-
selective urokinase plasminogen activator (UPA)-UPA receptor system is overexpressed in various tumor
cells including leukemias[67], a furin cleavage region (163RVRRSV17) in DT33sGMCSF was converted to
a UPA cleavage sequence (163GSGRSA 7). It was shown that the resulting molecule, DTU2GMCSF, was
specific to AML cell lines with less toxicity to normal cells expressing the uPA receptor or GMCSF
receptor alone.

To decrease immunogenicity and increase the plasma half-life and stability of the immunotoxin,
Tsutsumi et al. introduced a peptide connector between the Fv and the toxin portion of Tac(Fv)-PE38,
followed by site-specific conjugation with 5 or 20 kDa of polyethylene glycol (PEG)[68]. This
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modification rendered a five- to eightfold increase in the plasma half-life in mice, and a three- to fourfold
increase in antitumor activity against ATac-4 tumor in mice.

In conclusion, immunotoxins are tumor-directed biologicals with a targetable moiety that possess the

possibility to cure solid and hematologic malignancies. Although currently only two drugs have been
approved by the FDA, a variety of potent agents are in clinical trials. New discoveries and further
knowledge of tumor surface antigens and modifications, e.g., dual-specificity and PEGylation, will
improve the application of immunotoxins to cancer.

REFERENCES

1. Reiter, Y. (2001) Recombinant immunotoxins in targeted cancer cell therapy. Adv. Cancer Res. 81, 93-124.

2. Pastan, I., Chaudhary, V., and FitzGerald, D.J. (1992) Recombinant toxins as novel therapeutic agents. Annu. Rev.
Biochem. 61, 331-354.

3. Iglewski, B.H. and Kabat, D. (1975) NAD-dependent inhibition of protein synthesis by Pseudomonas aeruginosa
toxin. Proc. Natl. Acad. Sci. U. S. A. 72, 2284-2288.

4, Jinno, Y., Ogata, M., Chaudhary, V.K., Willingham, M.C., Adhya, S., FitzGerald, D., and Pastan, I. (1989) Domain Il
mutants of Pseudomonas exotoxin deficient in translocation. J. Biol. Chem. 264, 15953-13959.

5. Ogata, M., Pastan, I., and FitzGerald, D. (1991) Analysis of Pseudomonas exotoxin activation and conformational
changes by using monoclonal antibodies as probes. Infect. Immun. 59, 407-414.

6. Ogata, M., Chaudhary, V.K., Pastan, I., and FitzGerald, D.J. (1990) Processing of Pseudomonas exotoxin by a
cellular protease results in the generation of a 37,000-Da toxin fragment that is translocated to the cytosol. J. Biol.
Chem. 265, 20678-20685.

7. Pastan, 1. (2003) Immunotoxins containing Pseudomonas exotoxin A: a short history. Cancer Immunol. Immunother.
52, 338-341.

8. Frankel, A.E., Kreitman, R.J., and Sausville, E.A. (2000) Targeted toxins. Clin. Cancer Res. 6, 326-334.

9. Kreitman, R.J., Chaudhary, V.K., Waldmann, T., Willingham, M.C., FitzGerald, D.J.P., and Pastan, I. (1990) The
recombinant immunotoxin anti-Tac(Fv)-Pseudomonas exotoxin 40 is cytotoxic toward peripheral blood malignant
cells from patients with adult T-cell leukemia. Proc. Natl. Acad. Sci. U. S. A. 87, 8291-8295.

10. Robbins D.H., Margulies, I., Stetler-Stevenson, M., and Kreitman, R.J. (2000) Hairy cell leukemia, a B-cell neoplasm
that is particularly sensitive to the cytotoxic effect of anti-Tac(Fv)-PE38 (LMB-2). Clin. Cancer Res. 6, 693-700.

11. Kreitman, R.J., Wilson, W.H., Robbins, D., Margulies, I., Stetler-Stevenson, M., Waldmann, T.A, and Pastan, I.
(1999) Responses in refractory hairy cell leukemia to a recombinant immunotoxin. Blood 94, 3340-3348.

12. Kreitman, R.J., Wilson, W.H., White, J.D., Stetler-Stevenson, M., Jaffe, E.S., Waldmann, T.A, and Pastan, 1. (2000)
Phase | trial of recombinant immunotoxin anti-Tac(Fv)-PE38 (LMB-2) in patients with hematologic malignancies. J.
Clin. Oncol. 18, 1622-1636.

13. Mansfield, E., Amlot, P., Pastan, I., and FitzGerald, D.J. (1997) Recombinant RFB4 immunotoxins exhibit potent
cytotoxic activity for CD22-bearing cells and tumors. Blood 90, 2020-2026.

14. Kreitman, R.J., Wilson, W.H., Bergeron, K., Raggio, M., Stetler-Stevenson, M., FitzGerald, D.J., and Pastan, I.
(2001) Efficacy of the anti-CD22 recombinant immunotoxin BL22 in chemotherapy-resistant hairy-cell leukemia. N.
Engl. J. Med. 345, 241-247.

15. Kreitman, R.J., Puri, R.K., and Pastan, I. (1995) Increased antitumor activity of a circularly permuted interleukin 4-
toxin in mice with interleukin 4 receptor-bearing human carcinoma. Cancer Res. 55, 3357-3363.

16. Kawakami, K., Kawakami, M., and Puri, R.K. (2001) Overexpressed cell surface interleukin-4 receptor molecules can
be successfully targeted for antitumor cytotoxin therapy. Crit. Rev. Immunol. 21, 299-310.

17. Rand, R.W., Kreitman, R.J., Patronas, N., Varricchio, F., Pastan, 1., and Puri, R.K. (2000) Intratumoral administration
of recombinant circularly permuted interleukin-4-Pseudomonas exotoxin in patients with high-grade glioma. Clin.
Cancer Res. 6, 2157-2165.

18. Husain, S.R., Joshi, B.H., and Puri, R.K. (2001) Interleukin-13 receptor as a unique target for anti-glioblastoma
therapy. Int. J. Cancer 92, 168-175.

19. Husain, S.R. and Puri, R.K. (2000) Interleukin-13 fusion cytotoxin as a potent targeted agent for AIDS-Kaposi’s
sarcoma xenograft. Blood 95, 3506-3513.

20. Kawakami, K. and Puri, R.K. (2003) Interleukin-13 and cancer. In Interleukin-13. Brombacher, F., Ed. Landes
Bioscience, Georgetown, TX. pp. 65-78.

21. Choe, S., Bennett, M.J., Fujii, G., Curmi, P.M.G., Kantardjieff, K.A., Collier, R.J., and Eisenberg, D. (1992) The
crystal structure of diphtheria toxin. Nature 357, 216-222.

22. Han, S. and Tainer, J.A. (2002) The ARTT motif and a unified structural understanding of substrate recognition in
ADP-ribosylating bacterial toxins and eukaryotic ADP-ribosyltransferases. Int. J. Med. Microbiol. 291, 523-529.

23. Bacha, P, Williams, D.P., Waters, C, Murphy, J.R., and Storm, T.B. (1988) Interleukin 2 receptor-targeted

cytotoxicity. Interleukin 2 receptor-mediated action of a diphtheria toxin-related interleukin 2 fusion protein. J. Exp.

787



Kawakami et al.: Immunotoxins and cytotoxic agents TheScientificWorldJOURNAL (2006) 6, 781-790

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Med. 167, 612-622.

Shaughnessy, P.J. and LeMaistre, C.F. (2004) DABgglL-2 (Ontak™): development and therapeutic applications. In
Cytotoxins and Immunotoxins for Cancer Therapy: Clinical Applications. Kawakami, K., Aggarwal, B.B., and Puri,
R.K., Ed. CRC Press, Boca Raton, FL. pp. 115-134.

Vallera, D.A., Li, C., Jin, N., Panoskaltsis-Mortani, A., and Hall, W.A. (2002) Targeting urokinase-type plasminogen
activator receptor on human glioblastoma tumors with diphtheria toxin fusion protein DTAT. J. Natl. Cancer Inst. 94,
597-606.

Johnson, V.G., Wilson, D., Greenfield, L., and Youle, R.J. (1988) The role of the diphtheria toxin receptor in cytosol
translocation. J. Biol. Chem. 263, 1295-1300.

Laske, D.W., Youle, R.J., and Oldfield, E.H. (1997) Tumor regression with regional distribution of the targeted toxin
TF-CRM107 in patients with malignant brain tumors. Nat. Med. 3, 1362-1368.

Frankel, A.E., Hall, P.D., Cao, D., Liu, T.F., Moors, M., Cohen, K.A., Thorburn, A.M., and Kreitman, R.J. (2004)
GM-CSF receptor-targeted therapy of human leukemia. In Cytotoxins and Immunotoxins for Cancer Therapy:
Clinical Applications. Kawakami, K., Aggarwal, B.B., and Puri, R.K., Ed. CRC Press, Boca Raton, FL. pp. 149-169.
Kreitman, R.J. and Pastan, I. (1997) Recombinant toxins containing human granulocyte-macrophage colony-
stimulating factor and either pseudomonas exotoxin or diphtheria toxin kill gastrointestinal cancer and leukemia cells.
Blood 90, 252-259.

Frankel, A.E., Powell, B.L., Hall, P.D., Case, L.D., and Kreitman, R.J. (2002) Phase | trial of a novel diphtheria
toxin/granulocyte macrophage colony-stimulating factor fusion protein (DT388GMCSF) for refractory or relapsed
acute myeloid leukemia. Clin. Cancer Res. 8, 1004-1013.

Ramakrishnan, S., Olson, T.A., Bautch, V.L., and Mohanraj, D. (1996) Vascular endothelial growth factor-toxin
conjugate specifically inhibits KDR/flk-1-positive endothelial cell proliferation in vitro and angiogenesis in vivo.
Cancer Res. 56, 1324-1330.

Wild, R., Dhanabal, M., Olson, T.A., and Ramakrishnan, S. (2000) Inhibition of angiogenesis and tumour growth by
VEGF121-toxin conjugate: differential effect on proliferating endothelial cells. Br. J. Cancer 83, 1077-1083.

Endo, Y, Mitsui, K., Motizuki, M, and Tsurugi, K. (1987) The mechanism of action of ricin and related toxic lectins
on eukaryotic ribosomes: the site and the characteristics of the modification in 28 S ribosomal RNA caused by the
toxins. J. Biol. Chem. 262, 5908-5912.

Endo, Y. and Tsurugi, K. (1987) RNA N-glycosidase activity of ricin A-chain: mechanism of action of the toxic lectin
ricin on eukaryotic ribosomes. J. Biol. Chem. 262, 8128-8130.

Schrell, R. and Engert, A. (2004) Ricin immunotoxins in lymphomas: clinical applications. In Cytotoxins and
Immunotoxins for Cancer Therapy: Clinical Applications. Kawakami, K., Aggarwal, B.B., and Puri, R.K., Ed. CRC
Press, Boca Raton, FL. pp. 73-93.

Messmann, R.A., Vitetta, E.S., Headlee, D., Senderowicz, A.M., Figg, W.D., Schindler, J., Michiel, D.F., Creekmore,
S., Steinberg, S.M., Kohler, D., Jaffe, E.S., Stetler-Stevenson, M., Chen, H., Ghetie, V., and Sausville, E.A. (2000) A
phase | study of combination therapy with immunotoxins 1gG-HD37-deglycosylated ricin A chain (dgA) and IgG-
RFB4-dgA (Combotox) in patients with refractory CD19*, CD22" B cell lymphoma. Clin. Cancer Res. 6, 1302-1313.
Engert, A., Diehl, V., Schnell, R., Radszuhn, A., Hatwig, M.T., Drillich, S., Schon, G., Bohlen, H., Tesch, H.,
Hansmann, M.L., Barth, S., Schindler, J., Ghetie, V., Uhr, J., and Vitetta, E. (1997) A phase-I study of an anti-CD25
ricin A-chain immunotoxin (RFT5-SMPT-dgA) in patients with refractory Hodgkin's lymphoma. Blood 89, 403-410.
Schnell, R., Staak, O., Borchmann, P., Schwartz, C., Matthey, B., Hansen, H., Schindler, J., Ghetie, V., Vitetta, E.S.,
Diehl, V., and Engert, A. (2002) A phase | study with an anti-CD30 ricin A-chain immunotoxin (Ki-4.dgA) in
patients with refractory CD30* Hodgkin's and non-Hodgkin's lymphoma. Clin. Cancer Res. 8, 1779-1786.
Barthelemy, I., Martineau, D., Ong, M., Matsunami, R., Ling, N., Benatti, L., Cavallaro, U., Soria, M., and Lappi,
D.A. (1993) The expression of saporin, a ribosome-inactivating protein from the plant Saponaria officinalis, in
Escherichia coli. J. Biol. Chem. 268, 6541-6548.

Bergamaschi, G., Perfetti, V., Tonon, L., Novella, A., Lucotti, C., Danova, M., Glennie, M.J., Merlini, G., and
Cazzola, M. (1993) Saporin, a ribosome-inactivating protein used to prepare immunotoxins, induces cell death via
apoptosis. Br. J. Haematol. 93, 789-794.

Endo, Y. (1988) Mechanism of action of ricin and related toxins on the inactivation of eukaryotic ribosomes. Cancer
Treat. Res. 37, 75-89.

Flavell, D.J. (1998) Saporin immunotoxins. Curr. Topics Microbiol. Immunol. 234, 57-61.

Falini, B., Bolognesi, A., Flenghi, L., Tazzari, P.L., Broe, M.K,, Stein, H., Durkop, H., Aversa, F., Corneli, P.,
Pizzolo, G., Barbabietola, G., Sabattini, E., Pileri, S., Matelli, M.F., and Stirpe, F. (1992) Response of refractory
Hodgkin's disease to monoclonal anti-CD30 immunotoxin. Lancet 339, 1195-1196.

Heisler, 1., Keller, J., Tauber, R., Sutherland, M., and Fuchs, H. (2003) A cleavable adapter to reduce nonspecific
cytotoxicity of recombinant immunotoxins. Int. J. Cancer 103, 277-282.

Schrama, D., Reisfeld, R.A., and Becker, J.C. (2006) Antibody targeted drugs as cancer therapeutics. Nat. Rev. Drug
Discov. 5, 147-159.

Bross, P.F., Beitz, J., Chen, G., Chen, X.H., Duffy, E., Kieffer, L., Roy, S., Sridhara, R., Rahman, A., Williams, G.,
and Pazdur, R. (2001) Approval summary: gemtuzumab ozogamicin in relapsed acute myeloid leukemia. Clin.
Cancer Res. 7, 1490-1496.

788



Kawakami et al.: Immunotoxins and cytotoxic agents TheScientificWorldJOURNAL (2006) 6, 781-790

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Ikemoto, N., Kumar, R.A., Ling, T.T., Danishefsky, S.J., and Patel, D.J. (1995) Calicheamicin-DNA complexes:
warhead alignment and saccharide recognition of the minor groove. Proc. Natl. Acad. Sci. U. S. A. 95, 10506-10510.
Hinman, L.M., Hamann, P.R., Wallace, R., Menendez, A.T., Durr, F.E., and Upeslacis, J. (1993) Preparation and
characterization of monoclonal antibody conjugates of the calicheamicins: a novel and potent family of antitumor
antibiotics. Cancer Res. 53, 3336-3342.

Linenberger, M.L., Hong, T., Flowers, D., Sievers, E.L., Gooley, T.A., Bennett, J.M., Berger, M.S., Leopold, L.H.,
Appelbaum, F.R., and Bernstein, 1.D. (2001) Multidrug-resistance phenotype and clinical responses to gemtuzumab
ozogamicin. Blood 98, 988-994.

Sievers, E.L., Larson, R.A., Stadtmauer, E.A., Estey, E., Lowenberg, B., Dombret, H., Karanes, C., Theobald, M.,
Bennett, J.M., Sherman, M.L., Berger, M.S., Eten, C.B., Loken, M.R., van Dongen, J.J., Bernstein, I.D., and
Appelbaum, F.R. (2001) Efficacy and safety of gemtuzumab ozogamicin in patients with CD33-positive acute
myeloid leukemia in first relapse. J. Clin. Oncol. 19, 3244-3254.

Larson, R.A., Boogaerts, M., Estey, E., Karanes, C., Stadtmauer, E.A., Sievers, E.L., Mineur, P., Bennett, J.M.,
Berger, M.S,, Eten, C.B., Munteanu, M., Loken, M.R., von Dongen, J.J., Bernstein, I.D., and Appelbaum, F.R. (2002)
Antibody-targeted chemotherapy of older patients with acute myeloid leukemia in first relapse using Mylotarg
(gemtuzumab ozogamicin). Leukemia 16, 1627-1636.

Giles, F.J., Kantarjian, H.M., Kornblau, S.M., Thomas, D.A., Garcia-Manero, G., Waddelow, T.A., David, C.L.,
Phan, A.T., Colburn, D.E., Rashid, A., and Estey, E.H. (2001) Mylotarg (gemtuzumab ozogamicin) therapy is
associated with hepatic venoocclusive disease in patients who have not received stem cell transplantation. Cancer 92,
406-413.

DiJoseph, J.F., Dougher, M.M., Kalyandrug, L.B., Armellino, D.C., Boghaert, E.R., Hamann, P.R., Moran, J.K,,
Damle. N.K. (2006) Antitumor efficacy of a combination of CMC-544 (inotuzumab ozogamicin), a CD22-targeted
cytotoxic immunoconjugate of calicheamicin, and rituximab against non-Hodgkin's B-cell lymphoma. Clin. Cancer
Res. 12, 242-249.

Trail, P.A., Willner, D., Lasch, S.J., Henderson, A.J., Hofstead, S., Casazza, A.M., Firestone, R.A., Hellstrom, 1., and
Hellstrom, K.E. (1993) Cure of xenografted human carcinomas by BR96-doxorubicin immunoconjugates. Science
261, 212-215.

Trail, P.A., Willner, D., Bianchi, A.B., Henderson, A.J., TrailSmith, M.D., Girit, E. Lasch, S., Hellstrom, 1., and
Hellstrom, K.E. (1999) Enhanced antitumor activity of paclitaxel in combination with the anticarcinoma
immunoconjugate BR96-doxorubicin. Clin. Cancer Res. 5, 3632-3638.

Saleh, M.N., Sugarman, S., Murray, J., Ostroff, J.B., Healey, D., Jones, D., Daniel, C.R., LeBherz, D., Brewer, H.,
Onetto, N., and LoBuglio, A.F. (2000) Phase I trial of the anti-Lewis Y drug immunoconjugate BR96-doxorubicin in
patients with Lewis Y-expressing epithelial tumors. J. Clin. Oncol. 18, 2282-2292.

Nabell, L., Siegall, C.B., and Saleh, M.N. (2004) cBR96-doxorubicin (SGN-15) for metastatic breast cancer therapy.
In Cytotoxins and Immunotoxins for Cancer Therapy: Clinical Applications. Kawakami, K., Aggarwal, B.B., and
Puri, R.K., Ed. CRC Press, Boca Raton, FL. pp. 187-196.

Tassone, P., Gozzini, A., Goldmacher, V., Shammas, M.A., Whiteman, K.R., Carrasco, D.R., Li, C., Allam, C.K.,
Venuta, S., Anderson, K.C., and Munshi, N.C. (2004) In vitro and in vivo activity of the maytansinoid
immunoconjugate huN901-N2'-deacetyl-N2'-(3-mercapto-1-oxopropyl)-maytansine against CD56+ multiple myeloma
cells. Cancer Res. 64, 4629-4636.

Henry, M.D., Wen, S., Silva, M.D., Chandra, S., Milton, M., and Worland, P.J. (2004) A prostate-specific membrane
antigen-targeted monoclonal antibody-chemotherapeutic conjugate designed for the treatment of prostate cancer.
Cancer Res. 64, 7995-8001.

Helft, P.R., Schilsky, R.L., Hoke, F.J., Williams, D., Kindler, H.L., Sprague, E., DeWitte, M., Martino, H.K,,
Erickson, J., Pandite, L., Russo, M., Lambert, J.M., Howard, M., and Ratain, M.J. (2004) A phase | study of
cantuzumab mertansine administered as a single intravenous infusion once weekly in patients with advanced solid
tumors. Clin. Cancer Res. 10, 4363-4368.

Chari, R.V., Jackel, K.A., Bourret, L.A., Derr, S.M., Tadayoni, B.M., Mattocks, K.M., Shah, S.A., Liu, C., Blattler,
W.A., and Goldmacher, V.S. (1995) Enhancement of the selectivity and antitumor efficacy of a CC-1065 analogue
through immunoconjugate formation. Cancer Res. 55, 4079-4084.

Ojima, 1., Geng, X., Wu, X., Qu, C., Borella, C.P., Xie, H., Wilhelm, S.D., Leece, B.A., Bartle, L.M., Goldmacher,
V.S., and Chari, R.V. (2002) Tumor-specific novel taxoid-monoclonal antibody conjugates. J. Med. Chem. 45, 5620—
5623.

Sanderson, R.J., Hering, M.A., James, S.F., Sun, M.M., Doronina, S.O., Siadak, A.W., Senter, P.D., and Wahl, A.F.
(2005) In vivo drug-linker stability of an anti-CD30 dipeptide-linked auristatin immunoconjugate. Clin. Cancer Res.
11, 843-852.

Barzilay, E., Ben-Califa, N., Shahar, M., Kashman, Y., and Neumann, D. (2005) Generation of a novel anti-
geldanamycin antibody. Biochem. Biophys. Res. Commun. 330, 561-564.

Vallera, D.A., Todhunter, D.A., Kuroki, D.W., Shu, Y., Sicheneder, A., and Chen, H. (2005) A bispecific
recombinant immunotoxin, DT2219, targeting human CD19 and CD22 receptors in a mouse xenograft model of B-
cell leukemia/lymphoma. Clin. Cancer Res. 11, 3879-3988.

Abi-Habib, R.J., Liu, S., Bugge, T.H., Leppla, S.H., and Frankel, A.E. (2004) A urokinase-activated recombinant

789



Kawakami et al.: Immunotoxins and cytotoxic agents TheScientificWorldJOURNAL (2006) 6, 781-790

diphtheria toxin targeting the granulocyte-macrophage colony-stimulating factor receptor is selectively cytotoxic to
human acute myeloid leukemia blasts. Blood 104, 2143-2148.

67. Liu, S., Bugge, T.H., and Leppla, S.H. (2001) Targeting of tumor cells by cell surface urokinase plasminogen
activator-dependent anthrax toxin. J. Biol. Chem. 276, 17976-17984.
68. Tsutsumi, Y., Onda, M., Nagata, S., Lee, B., Kreitman, R.J., and Pastan, I. (2000) Site-specific chemical modification

with polyethylene glycol of recombinant immunotoxin anti-Tac(Fv)-PE38 (LMB-2) improves antitumor activity and
reduces animal toxicity and immunogenicity. Proc. Natl. Acad. Sci. U. S. A. 97, 8548-8553.

This article should be cited as follows:

Kawakami, K., Nakajima, O., Morishita, R., and Nagai, R. (2006) Targeted anticancer immunotoxins and cytotoxic agents with
direct killing moieties. TheScientificWorldJOURNAL 6, 781-790. DOI 10.1100/tsw.2006.162.

790



MEDIATORS

INFLAMMATION

The SCientiﬁc Gastroentero\ogy & . Journal of )
World Journal Research and Practice Diabetes Research Disease Markers

International Journal of

Endocrinology

Journal of
Immunology Research

Hindawi

Submit your manuscripts at
http://www.hindawi.com

BioMed
PPAR Research Research International

Journal "’f
Obesity

Evidence-Based

Journal of Stem CGHS Complementary and L o' ‘ Journal of
Ophthalmology International Alternative Medicine & Oncology

Parkinson’s
Disease

Computational and . z
Mathematical Methods Behavioural AI DS Oxidative Medicine and
in Medicine Neurology Research and Treatment Cellular Longevity



