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1 Introduction

While various treatment approaches for cancer include reversal of the transformed
phenotype, stimulation of immune responses, inhibition of metastatic spread and
deprivation of key nutrients, the goal of immunotoxin treatment is the direct killing
of malignant cells. Because they are enzymatic proteins that act catalytically to kill
cells, bacterial and plant toxins are often employed as the cell-killing component of
immunotoxins. Here we provide background information into the structure-func-
tion relationships of toxins and discuss how they can be combined with cell-binding
antibodies or other ligands to generate immunotoxins.

Bacterial and plant toxins (e.g., diphtheria toxin, Pseudomonas exotoxin and
ricin) are among the most toxic substances known. However, because they bind to
cell surface receptors that are present on most normal cells, unmodified toxins are
generally useless as anti-cancer agents. To convert toxins into more selective agents,
their binding domains are either eliminated or disabled and replaced with cell-
binding antibodies that are tumor-selective. Initially, immunotoxins were made by
joining a modified toxin to an antibody molecule using chemical cross-linking

! Laboratory of Molecular Biology, Division of Basic Sciences, National Cancer Institute, NIH, Bldg 37/
4E16, Bethesda, MD 20892, USA

2 Department of Chemistry and Biochemistry, The University of Texas at Austin, Welch Hall 5.266 A,
Austin, TX 78712-1167, USA
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agents. More recently, gene fusion technology has been employed to generate re-
combinant immunotoxins. “Recombinant™ usually (but not always — see CHEN et al.
1997) signifies that molecules have been expressed in E. coli.

Bacterial toxins such as DT and PE are single chain proteins that are secreted
from bacterial cells into the surrounding media. These toxins were studied origin-
ally because of the tissue damage associated with certain bacterial infections of
humans. Later it was appreciated that this destructive activity could be harnassed
and redirected to kill cancer cells.

Plants also make a number of very toxic proteins. Toxins that cause damage to
mammalian ribosomes, called ribosome inactivating proteins or RIPs, are fre-
quently utilized in immunotoxin construction. RIPs are divided into two main
classes. Type 1 RIPs are single chain proteins of approximately 30kDa that lack
intrinsic cell binding activity and are exemplied by such toxins as pokeweed anti-
viral protein (PAP) and gelonin. Type 2 RIPs are heterodimers consisting of an
enzymatically active domain, or A chain, linked by a disulfide bond to a binding
domain, or B, chain. Ricin and abrin are two well known examples of this class of
plant toxin.

2 Toxin Structure-Function Properties

2.1 Functions

The genes for DT, PE and ricin have been cloned and sequenced (Gray et al. 1984;
GREENFIELD et al. 1983; Lamg et al. 1985). DT is encoded by a transducing B-phage
that infects Corynebacterium diphtheriae, PE is encoded from the chromosome of
Pseudomonas aeruginosa and ricin is expressed in germinating castor beans. Struc-
tural data are available from protein crystals of each toxin (ALLURED et al. 1986;
BENNETT and EisENBERG 1994; CHOE et al. 1992; KaTzIN et al. 1991; Liet al., 1996;
MonTrorT et al. 1987; RuTENBER and RoBerTUS 1991; WEISs et al. 1995) — see
below. A combination of biochemical and cell biology studies have shown that
these proteins have three signature functions: binding, translocation and catalysis
(Fig. 1). While the binding and catalytic domains of each toxin have been assigned
to specific structural elements, the structures that mediate translocation have been
more difficult to define. With the exception of diphtheria toxin, in which translo-
cation has been attributed to the action of two a-helical structures (KAuL et al.
1996), there is scant information regarding the location or mechanism of translo-
cation.

Because full-length toxins usually do not reach the cytosol, processing steps
that produce enzymatically active toxin fragments need to be considered. Once
produced, it is these fragments that translocate to the cytosol and catalytically shut
down protein synthesis. On route to the cytosol, toxins are subjected to limited
proteolysis but must avoid complete degradation both by lysosomal enzymes and,
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Domain anization of PE, DT and Ricin  Fig. 1. Toxin structure-function. Tox-
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once in the cytosol, by proteasomes. Lysosomal delivery is probably avoided by
sequences in the toxin that guide its movement to specific organelles. For instance,
DT is brought to acidic endosomes and from there translocates to the cytosol
(LEMICHEZ et al. 1997). PE and ricin follow a retrograde pathway to the endo-
plasmic reticulum and translocate from this organelle (CHAUDHARY et al. 1990a;
PELHAM et al. 1992; WALEs et al. 1993). While translocation to the cytosol is a key
feature of toxins (and some viral proteins) it remains a poorly understood phe-
nomenon. Once in the cytosol, the active fragments of DT and PE ADP-ribosylate
elongation factor 2 (CoLLIER 1988), while ricin A chain and its plant toxin cousins
have N-glycosidase activity and remove the sugar base from 28S ribosomal RNA
(ENDO et al. 1987).

2.2 Binding

The binding domains for the bacterial and plant toxins have been located. For DT
and ricin, binding sequences are located at the COOH-terminal portion of the
proteins. In contrast, the NH,-terminal domain of PE mediates binding. DT binds
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the heparin-binding, epidermal growth factor (EGF)-like growth factor precursor
found on most mammalian cells but absent on rodent cells (NAGLICH et al.
1992a,b). PE binds to the a2-macroglobulin receptor (also known as the low
density lipoprotein receptor-related protein, LRP) (FrrzGeEraLD et al. 1995;
Kounnas et al. 1992). Ricin B chain is a sugar-binding protein with a preference for
galactosides (BAENZIGER and FIETE 1979). Many proteins and lipids on the surface
of eukaryotic cells display galactosides. Ricin B chain has at least two galactose-
binding sites each of which binds sugar with only modest avidity (Zentz et al.
1978). Evidence for the existence of a third functional binding site has been re-
ported recently (FRANKEL et al. 1996; LAMBERT et al. 1991). When these sites work
in concert, ricin binds quite tightly to cell surfaces, with association constants of
near 107®M. Ricin B chain association with the target cell surface facilitates uptake
by endocytosis and the toxin may be processed as it moves through various in-
tracellular compartments prior to translocation across the membrane (SANDVIG
et al. 1994).

Recent results from Soria et al. have indicated that type I RIPs and the A
chains of type II RIPs may use the a2-macroglobulin receptor to gain entry to cells
(CavaLLARrO et al. 1995; CavaLLaro and Soria 1995). While binding to this re-
ceptor is likely to be a low affinity interaction, it may contribute significantly to
n vivo toxicity.

Removal of the endogenous toxin-binding domains produces proteins that are
usually not toxic for intact cells. The subsequent acquisition of novel binding do-
mains can then direct the toxin to specific target cells. In most, but not all, cases
replacement binding domains restore toxicity and target cells are killed. In those
cases in which this is not true, it is probable that the new binding domains direct
intracellular trafficking to nonproductive organelles. In those instances in which
replacement of the toxin-binding domain with an antibody produces an immuno-
toxin of poor cytotoxic activity, the retention of a mutant binding domain has been
a tactic to produce effective immunotoxins. For PE, this has meant the use of
PE4glu, a mutant form of the toxin with four basic residues in the binding domain
changed to glutamic acid (CHAUDHARY et al. 1990; SieGALL et al. 1990). For DT, it
has meant the use of CRM107, with mutations at residues 390 and 525 in the
binding domain (GREENFIELD et al. 1987). And for ricin it has meant the inacti-
vation of the B chain by the use of glycopeptides (LAMBERT et al. 1991) or muta-
tions in sugar-binding motifs that reduce cell surface binding (FRANKEL et al. 1996,
1997).

3 Intracellular Processing — Cleavage and Reduction

Each toxin has a proteolytic cleavage site and a key disulfide bond that holds the
molecule together even after cleavage. This means that release of the catalytic
domain requires proteolysis followed by reduction. Since full-length molecules do
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not translocate to the cytosol, toxicity is dependent on the timely processing (i.c.,
cleavage and reduction) of the native toxin.

Of the type 2 RIPs, ricin has been studied most extensively. When isolated
from the castor plant, ricin is a heterodimer consisting of a 32,000 dalton A chain
(RTA) and a 32,000 dalton B chain (RTB). Ricin is synthesized as a proenzyme
with a leader peptide upstream of the A chain and a 12 residue linking peptide
which joins the A and B chains; both are removed by proteolytic processing in the
plant to form the mature ricin heterodimer (HARLEY and Lorp 1985). The A and B
chains are held together by noncovalent forces, but are also secured by a disulfide
bond between Cys-259 of RTA and Cys-4 of RTB, which assures toxin integrity
even at very low concentrations (LEwis and YouLg 1986). After binding and entry
into mammalian cells, the A-B heterodimer of ricin must be reduced to allow the A
chain to translocate to the cytosol. While the reduction step remains a simple
concept, there are no data to indicate either the intracellular location or the
mechanism of reduction.

DT is secreted from its host as a single chain protein. It’s arginine rich loop at
the COOH-terminal portion of the enzymatic domain is susceptible to cleavage in
both bacterial and mammalian cell culture media. Because of this, DT is often
found as a nicked protein held together by the disulfide bond joining cysteines 186
and 201. The cleavage of intact toxin by mammalian cells is likely to involve the
action of a serine protease such as furin or urokinase (CHIRON et al. 1994; WiLLIAMS
et al. 1990). The reduction of nicked DT by mammalian cells has been studied by
RysER et al. (1991; MANDEL et al. 1993). They reported that nicked DT can be
cleaved at the plasma membrane by thiol exchange and may involve the action of
protein disulfide isomerase.

At neutral pH, PE is relative resistant to protease attack. However, within the
acidic environment of the endosome PE changes conformation and is rendered
sensitive to furin mediated cleavage (CHIRON et al. 1994). Cleavage by furin is
dependent on the presence of P1 and P4 arginines at residues 279 and 276, re-
spectively. Cells that lack furin are PE resistant. Transfection of a cDNA encoding
wild-type furin restores toxin sensitivity (MOEHRING et al. 1993) to cells lacking
functional furin. After cleavage, PE is reduced to fragments of 28 and 37kDa
(OGATA et al. 1990). To date this latter step in the toxin pathway has not been well
characterized.

3.1 Cytosolic Activity

Once RTA has been translocated to the cytoplasm, it attacks the large subunit of
ribosomes. RTA is an N-glycosidase enzyme, removing a specific adenine base from
a very conservative region of the 28S rRNA (Enpo et al. 1987). The susceptible
adenine base lies in a context GAGA, part of the loop of a vital stem-loop sub-
structure of the ribosome. Its removal prevents the ribosome from interacting
properly with elongation factors required for protein synthesis. RTA has a
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Km = 0.1 (M for rabbit reticulocyte ribosomes) and a kcat = 1500min (OLSNES
et al. 1975). These numbers show that the toxin has evolved to near perfection; its
catalytic action is diffusion limited and no better enzyme is theoretically possible for
this reaction.

The translocation of an active fragment to the cytosol can only cause cell death
if the enzymatic portion of the toxin survives the degradative capacity of the
proteasome system and other cytosolic proteases. Properties that render toxin
fragments resistant to destruction have not been described.

4 Immunotoxin Design and Testing

Recombinant immunotoxins are generated by deleting the DNA encoding the
binding portion of toxins and replacing it with antibody sequences (MURPHY and
VANDERSPEK 1995; PASTAN et al. 1995). This strategy has been reported most often
for the bacterial toxins PE and DT, with the generation of plant recombinant
immunotoxins lagging behind. However, recent studies have shown that mutated
B chains (FRANKEL et al. 1997) or selected A chains e.g. Bryodin (SiEGALL et al.,
in press) can be fused with cell binding ligands or antibodies to generate active
Immunotoxins.

Because recombinant immunotoxins are made by gene fusion technology,
certain constraints are inherent in their construction. A ligand fused with domains
IT and IIT of PE has to be placed at the NH,-terminal of the construction. This
means that the COOH-terminal of the ligand is joined via a peptide bond with the
NH,-terminal of domain II. If the ligand requires a free COOH-terminal to mediate
receptor binding, this kind of construction is likely to exhibit diminished binding
activity. The same situation but with an opposite orientation applies to immuno-
toxins made with DT.

Single chain antibodies are composed of the variable light and variable heavy
chains of a monoclonal antibody (Fig. 3). Routinely, to hold these two chains
together, a 15 amino acid flexible peptide linker is used to tether the COOH-
terminal of one chain with the NH,-terminal of the second chain (BIrD et al. 1988;
HusTon et al. 1988). While this approach facilitates expression of the recombinant
antibody from a single transcript, the product is not always stable. Unstable single
chain antibodies can be stabilized by the introduction of novel disulfide bonds into
the framework segments of the variable chains (REITER et al. 1994a,b). Residues
that are opposed and separated by the appropriate distance are modified to create
novel cysteine residues, one each in the light and heavy chains. The light chain with
a free sulfhydryl can then be linked by a disulfide bond with a heavy chain construct
to form a disulfide stabilized Fv (fragment variable) immunotoxin. Such an ap-
proach has been used successfully to generate several very stable recombinant
immunotoxins.
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Immunotoxin expresssion in E. coli Fig. 2. Recombinant immunotoxin ex-

pression

Recombinant immunotoxin genes are often cloned in an expression plasmid
downstream of the T7 promoter (Fig. 2). Plasmids are transformed into an ex-
pression host, typically E. coli strain BL21(ADE3), developed by StupiErR and
MOoFFATT (1986). The strain produces T7 polymerase in response to induction of
the lactose operon. Immunotoxins are usually produced within the E. coli cell and
are later recovered from inclusion bodies by denaturation and renaturation. The
renatured material is then typically purified by Q Sepharose, Mono Q and HPLC
size exclusion chromatography (BUCHNER et al. 1992). The synthesis and release of
immunotoxins from mammalian cells was reported recently (CHEN et al. 1997). This
kind of production may have certain advantages for the local killing of tumor cells
especially if transfected T cells can be engineered to secrete the immunotoxin (CHEN
et al. 1997).

Purified immunotoxins are tested for cytotoxicity in the range of 0.1-100ng/ml.
After an overnight incubation on both target and nontarget cells, the level of new
protein synthesis is determined. Immunotoxins that exhibit ICs, values below 10ng/
ml for target cells and above 1000ng/ml for nontarget cells are considered potent
and selective enough for testing in tumor models. Mice are injected with the ap-
propriate tumor xenograft. After several days to allow the tumor to get established,
immunotoxin treatments are given (immunotoxin injections on days 5, 7 and 9 are
typical). Anti-tumor activity and toxicity to mice are assessed. A therapeutic win-
dow is established whereby the therapeutic dose is compared with the toxic dose
(the LDsq is divided by the dose giving complete regressions of tumor).
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Recombinant Fv immunotoxins Fig. 3. Fv antibody-toxin constructs — single chain

and disulfide stabilized

Fv immunotoxin

\

Fv immunotoxi

scFv = single chain Fv
dsFv = disulfide stabilized Fv

5 Conclusion

It is possible to design and produce wholly recombinant immunotoxins, comprised
of truncated toxin molecules joined with tumor-targeting agents that exhibit cy-
totoxic activity for target cell lines and anti-tumor activity in model systems. Re-
sults of ongoing clinical trials will determine the utility of these agents.
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1 Introduction

Although some malignancies can be cured by conventional modalities including
surgery, radiotherapy and polychemotherapy, many cancer patients still ultimately
die of their disease. The major reason for this poor outcome is the persistence or
selection of cells which are refractory to conventional treatment. These cells might
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be eradicated by new immunotherapeutic agents with different modes of action. In
this regard, monoclonal antibodies (Moabs) have become available in limitless
quantities making more selective immunotherapy feasible. These Moabs can bind
to well-defined antigens expressed on the surface of malignant cells. Unfortunately,
many Moabs have very weak or no anti-tumor activity when used in their native
form. Thus, Moabs are often linked to radioisotopes or toxins to increase their
toxicity. Immunotoxins (ITs) are constructed by chemically or genetically linking
the antibody moiety to a potent bacterial or plant toxin. To date, the most widely
used toxin is ricin, which is derived from the seeds of Ricinus communis (castor
bean).

In this chapter, we describe the preparation of ricin A-chain (RTA)-containing
ITs and summarize recent data on their preclinical and clinical use.

2 Preclinical Studies with Ricin A-Chain Immunotoxins

2.1 First Generation Ricin A-Chain Immunotoxins

To prepare effective ITs for in vivo therapy, the ligand and toxin must be coupled in
such a way as to remain stable in both the bloodstream and the tissues and yet be
labile within the target cell so that the toxic portion can be released into the cytosol.
RTA-containing ITs have been prepared almost exclusively by chemical cross-
linking because it is difficult to genetically engineer an IT with a disulfide bond
between the antibody and the toxin (O’HARE et al. 1990; SPOONER et al. 1994).
Linkers used to couple ligands to RTA must introduce a disulfide bond be-
tween the ligand and the RTA. Table 1 summarizes the linkers that have been used
to accomplish this. Bonds that cannot be reduced (e.g., thioether bonds) render
these ITs either much less toxic or nontoxic (MAsUHO et al. 1982), suggesting that
the RTA is released from the ligand by intracellular reduction. The linker used to
couple the RTA to the ligand is usually a heterobifunctional cross-linker which
introduces an activated thiol group into the ligand. When the derivatized ligand is
mixed with the reduced RTA, the free thiol group in the RTA (its former site of
attachment to the RTB) displaces the leaving group from the activated thiol group
introduced into the ligand and forms the disulfide linkage. Since only one or two
activated thiol groups are usually introduced into the ligand (WAWRzYNCZAK and
THORPE 1987a; Gros et al. 1985), the resultant IT is contaminated with both free
RTA and free ligand. The free RTA, much of the unreacted antibody, and high
molecular weight aggregates are removed by gel permeation chfomatography
(CumBeR et al. 1985). The remaining free antibody is removed by adsorbing the 1T
by its RTA moiety to columns of either blue Sepharose (KNowLES and THORPE
1987) or immobilized anti-RTA antibodies (VITETTA et al. 1987), washing away the
free antibody and eluting the RTA-containing IT (IT-A) with high salt or low
pH. It should be noted that while contamination with RTA is not usually a



The Emerging Role of Ricin A-Chain Immunotoxins 15

Table 1. Linkers used to prepare ricin A-chain-containing
immunotoxins

Cross-Linkert  IT Structure

None Fab-SS-@

SATA 1gG-NH-CO-CH,-SS-@®

SPDP 13G-NH-CO-CH,~CH,-S$-@

2-IT +NH2
1gG-NH-C—CH,—CH;,—CH -SS-@®

SMPT CH;

|
1gG-NH-CO- ) -CH-8S-@)

*From Wawrzynczak and Thorpe (Wawrzynczak and
Thorpe 1987).

+2-1T = 2-iminothiolane; SATA = N-succinimidyl-
S-thioacetate; SPDP, N-succinimidyl-3-(2-pyridyldihio)
propionate;

SMPT = N-succinimidyl-oxycarbonyl-a-methyl-a(2-pyro-
dyldithio) tuluene.

problem in vivo, contamination with free antibody can present a significant
problem (BLakEy and Tuorpe 1988), since the half-life of an intact antibody is
much longer than that of an IT (BLAKEY et al. 1987; BOurrIE et al. 1986; BYERS
et al. 1987). Thus, after a period of time in vivo, the free antibody is present in the
blood and tissues in greater amounts than the IT and can compete for binding sites
on the target cells, effectively reducing the potency of the IT.

2.2 Second Generation Immunotoxins

The “first generation” heterobifunctional cross-linkers, such as SPDP or 2-IT,
generated disulfide bonds that were quite unstable in vivo, releasing RTA and
antibody with a T}, of 6-8h (FuLTON et al. 1988a; BLAKEY et al. 1987; THORPE et al.
1987a). Breakdown was probably due to reduction by glutathione, albumin, and
other thiol-containing molecules in the bloodstream and tissues. This problem has
been solved by the synthesis of new cross-linkers, e¢.g., SMPT (THORPE et al. 1987b),
which introduce hindered disulfide bonds having phenyl and/or methyl groups onto
carbon atoms adjacent to the disulfide bond. ITs prepared with these hindered
cross-linkers are much more stable (T, approximately 2 days) (THORPE et al.
1987b) and have improved anti-tumor activity (THORPE et al. 1988) compared to
their predecessors.

In addition to utilizing better cross-linkers, some second generation ITs were
also smaller. Since Fab and some Fab’ fragments of antibodies have a free cysteine
residue near the hinge region (STANwWORTH and TURNER 1978), these can be used to
form a disulfide bridge with the free cysteine residue of the RTA. The coupling is
generally accomplished by activating the thiol group in the Fab/Fab’ fragment with
Ellman’s reagent (to provide a good leaving group) and mixing the derivatized Fab/
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Fab’ with the reduced RTA (Raso and GrirrFIN 1980). The Fab/Fab’-RTA then
forms by a thiol-disulfide exchange reaction. Since the thiol group of the Fab/Fab’
fragment is distant from its antigen-combining site (STANWORTH and TURNER
1978), and since there is usually only one free thiol group on the fragments derived
from most subclasses of murine Moabs (PARHAM 1983; SvasTti and MILSTEIN 1972),
this assures the attachment of one RTA per Fab/Fab’ fragment at a site distant
from the combining site. Unlike the IgG-RTA, such constructs, therefore, retain
full antigen-binding activity.

RTA is glycosylated and contains mannose and fucose-terminating
oligosaccharides (KiMURA et al. 1988). These sugars are recognized by avid re-
ceptors on both the parenchymal and nonparenchymal cells of the liver and by cells
of the reticuloendothelial system (RES) (BLAKEY et al. 1988; SKILLETER et al. 1981).
Hence, IT-RTAs prepared from native RTA are cleared rapidly from the blood-
stream, and this may have been at least partially responsible for the failure of first
generation IT-RTAs to reach their target cells in vivo and elicit their intended anti-
tumor effects. In addition, entrapment of the IT-RTAs by the liver results in liver
damage (JANSEN et al. 1982), although this is fairly modest because IT-RTAs taken
up through the carbohydrate recognition pathways are probably routed to the
lysosomes and destroyed.

The problem of liver recognition of RTA was solved by destroying, i.e.,
“deglycosylating” the mannose and fucose residues on the ricin molecule by a
simple procedure involving periodate oxidation and cyanoborohydride reduction at
low pH (THORPE et al. 1985b). This procedure does not affect the enzymatic activity
of RTA or its ability to function as an I'T (BLAKEY et al. 1987). ITs constructed with
deglycosylated RTA (dgRTA) prepared with intact antibodies and stable linkers
are long-lived in mice lacking target cells for which the IT is specific. The IT is
cleared only about twice as quickly as is native mouse IgG (THORPE et al. 1987a,
TuoRPE et al. 1988).

2.3 Recombinant Ricin A-Chain Immunotoxins

The ¢cDNA encoding the precursor of ricin (preproricin) has been cloned (LAMB
et al. 1985) and the segment of DNA encoding the A-chain has been expressed in
Escherichia coli (O’HARE et al. 1987). The expressed RTA was devoid of carbo-
hydrate and did not localize in the liver. A technique was also developed for
synthesizing cytotoxic RTA fusion proteins in E. coli (O’HARE et al. 1990). The
gene for the ligand (staphylococcal protein-A) was ligated to the DNA encoding
RTA via an intervening spacer sequence derived from the diphtheria toxin gene.
The single chain fusion protein was expressed in E. coli. The function of the
diphtheria toxin spacer was to form a disulfide-bonded loop between the ligand and
the A-chain which could be subsequently nicked with trypsin to yield a two chain
structure in which the ligand and the A-chain were joined by a disulfide bond. The
nicked fusion protein was highly cytotoxic to Ig-coated target cells in vitro. An
active IT prepared with an anti-breast cancer Moab biochemically cross-linked to
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recombinant RTA has been prepared and tested in humans (BiorN et al. 1985;
FrRANKEL et al. 1985; GouLp et al. 1989).

2.4 Cytotoxic Properties of Ricin A-Chain Immunotoxin In Vitro

RTA-containing ITs show virtually complete specificity in their cytotoxic effect on
target cells in vitro because their only means of binding to cells is through the ligand
portion of the IT. Fc binding, if it occurs, appears not to route the IT to an intra-
cellular compartment favorable for RTA release and cell killing. The major disad-
vantage of IT-RTAs, however, is that they have variable cytotoxic potencies (BIORN
et al. 1985); only about 25% of such ITs are potently toxic to their target cells.

It is now generally accepted that a variety of factors concerning Moabs or
ligands play major roles in determining whether or not they will make effective ITs
(GHETIE et al. 1988; RaAMAKRISHNAN and Houston 1984a; SHEN et al. 1988;
ENGERT et al. 1990a). These variables include specificity, affinity, internalization
and intracellular routing. For example, those antibodies or ligands with low
binding affinity generally make poor ITs while those with high affinity are usually
quite good. This is probably the main reason why Fab’-RTAs having only one
antigen-combining site tend to be threefold to several 100-fold less effective than
their intact antibody counterparts, which have higher avidity because of their
bivalency. Secondly, the cell surface molecule that the antibody recognizes plays a
key role in determining the efficacy of the IT (PrEss et al. 1986, 1988; MAy et al.
1990). In general, cell surface molecules such as growth factor receptors, which
continuously recycle into endosomal compartments or which can be induced to do
so by binding to an antibody or other ligand, make effective targets for ITs. Cell
surface molecules which are not readily internalized or which are internalized into
intracellular compartments unfavorable for RTA translocation (e.g., the lyso-
somes) make poor ITs no matter how high their avidity. It has also been reported
that the target antigen, which is often a large cell surface glycoprotein, can have
numerous epitopes and that antibodies against different epitopes can differ in their
effectiveness as ITs (PrEss et al. 1988; MAy et al. 1990). The most likely explanation
for this finding is that Moabs may have to recognize epitopes close to the plasma
membrane for the RTA to insert into the membrane and be translocated across the
membrane into the cytosol after endocytosis.

RTA-containing ITs that are weakly effective often show greatly improved
toxicity in the presence of lysosomotropic amines (e.g., ammonium chloride,
chloroquine) (CaseLras et al. 1984; RaMAKRISHNAN and Houston 1984), car-
boxylic ionophores (e.g., monensin) (Raso and LAWRENCE 1984), RTB chains
(McInTosH et al. 1983; YouLe and NeVILLE 1982) and Moab-RTB chains (VITETTA
et al. 1983, 1984). Two- to 1,000-fold improvements in IT potency are common.
The lysosomotropic amines and the carboxylic ionophores probably work by
slowing the fusion of endosomes with lysosomes (Raso 1988) (where RTA-chains
are enzymatically destroyed) or by delaying the transit of the IT through a com-
partment favorable for RTA translocation, for example, the transGolgi. The RTB
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chains and Moab-RTB chains probably work by protecting the RTA from de-
gradation or enhancing their translocation across the membranes of intracellular
compartments. Lysosomotropic amines also potentiate the nonspecific activity of
any contaminating toxin or RTB (Furton et al. 1986). Exquisite care must,
therefore, be taken to eliminate RTB or toxin from a purified IT or enhancement
may result from contamination rather than from a direct effect on the IT.

An assay has been developed to screen Moabs in order to predict which ones
will make effective ITs (TILL et al. 1988). This assay involves binding the Moab (in
the form of a tissue culture supernatant, ascites, or purified antibody) to the target
cells and then treating the coated cells with a secondary Fab’ or Fab fragment of an
anti-mouse, rat, or human immunoglobulin linked to an RTA (TiLL et al. 1988). In
most cases, the degree of killing predicts quite accurately the potency of that Moab
when it is coupled directly to the RTA-chain. This assay is an important devel-
opment since previously each Moab had to undergo time-consuming purification,
linkage to the RTA-chain, and evaluation by cytotoxicity assays on target cells.

2.5 Tissue Distribution and Toxicology of Ricin A-Chain Immunotoxins
in Rodents

Of all the ITs so far studied in depth, only those prepared with dgRTA appear not
to cause liver damage in rodents. At doses of IT-dgRTAs approaching the LDsy,
the only normal tissue damage visible in mice and primates is in the crypts of
Lieberkuhn, the small intestine (JANSEN et al. 1982), the proximal tubule of the
kidney (JANSEN et al. 1982), and skeletal muscle (Furton et al. 1988). In vitro,
dgRTA/RTA can damage human endothelial cells (SOLER-RODRIGUEZ et al. 1993).
None of these effects appear to be severe enough to account for death, and the cause
of death at high doses of IT-As is currently known. The Fab’-dgRTAs induce
similar toxic side effects except that, in some experiments, the myositis is more
marked, possibly because Fab’-dgRTAs permeate extravascular tissues more
readily because of their smaller size. By contrast, the LDsq of Fab’-dgRTAs is three-
to fivefold greater (on a total protein basis) than that of IgG-dgRTAs (FuLTON et
al. 1988), probably because they are more rapidly cleared (FuLTon et al. 1988).

2.6 The Performance of Immunotoxins in Animals

Animal models have facilitated the evaluation and refinement of different types of
IT constructs. First-generation IT-As containing native RTA and unstable linkers
were developed into second-generation IT-As. These contain dgRTA and stable
linkers and have dramatically superior anti-tumor activity as compared with their
predecessors (VITETTA et al. 1987; THoOrPE et al. 1988). Moreover, Fab’-dgRTAs
have been compared with IgG-dgRTAs and, depending on the test system, have
shown weaker or equivalent anti-tumor activity, but lower immunogenicity
(FuLToN et al. 1988).
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Table 2. Curative effect of different immunotoxins in SCID mice with disseminated human tumors

Human  Tumor Inoculation Immunotoxin Treatment Time after  Therapeutic®
xenograft type construct Specificity tumor effect
inoculation  (%CR)

L540Cy  Hodgkin’s iv. RFT5-dg RTA CD25 1 day 95
lymphoma IRac-dg RTA 70KD 12 days 46
1 day 93
Daudi Burkitt's iv. RFB4-dgRTA + CD22/ 1 day 100
lymphoma HD37(Fab), CD19
Daudi Burkitt’s i.v. RFB4-dgRTA + CD22/ 1 day 100
lymphoma HD37-dgRTA + CD19
Doxorubicin
(cytoxan)

(campothecin)

* Percent of mice in complete remission: CR: longterm, tumor-free survival

It has been established in animal models that marked anti-tumor effects,
prolonged remissions, and even cures (THORPE et al. 1985a, 1988; JANSEN et al.
1980) can be achieved with doses of RTA-ITs that are well tolerated (Table 2). In
general, tumors that are readily accessible to the bloodstream appear to be most
responsive. In addition, the effectiveness of combinatorial therapy has been well
documented in animal models (GHETIE et al. 1996). For example, access of ITs to
solid tumors and anti-tumor activity can be improved by coadministration of ad-
renergic blockers, which may act by selectively constricting normal vasculature and
increasing the tumor-to-normal-tissue perfusion ratio (SMyTH et al. 1987). Coad-
ministration of the carboxylic ionophore monensin, either free (RAMAKRISHNAN
et al. 1989) or conjugated to serum albumin (CASeLLAS and JANSEN 1988), can also
potentiate the anti-tumor activity of an IT-A. It will probably be necessary to give
ITs in combination with conventional chemotherapeutic drugs or radiotherapy
because the modes of action of the different therapies do not overlap; thus, the
resistant mutants that escape one type of therapy succumb to the other. In this
regard, results in SCID mice xenografted with human tumors demonstrate that I'Ts
work well in combination with chemotherapy (GHETIE et al. 1994, 1996).

The administration of ITs to animals with intact immune systems leads to an
antibody response against both components, precluding repeated treatments. Im-
munosuppressive regimens can delay anti-IT responses, but may also compromise
the host’s ability to suppress the growth of residual tumor. One way to decrease the
immunogenicity of ITs is to modify them with monomethoxy-polyethyleneglycol
(PEG). PEG has been used to decrease the immunogenicity and increase the blood
residence time of various enzymes (KATRE 1993) and Igs (KiTamMURA ¢t al. 1991,
1996). PEG-RTA has been conjugated to an anti-breast cancer antibody but the
resulting IT showed a tenfold decrease in its ability to inhibit protein synthesis in a
cell-free system. Unexpectedly, its cytotoxicity in vitro against a breast cancer cell
line was unaffected. Because RTA has only two lysine residues (susceptible to
derivatization with PEG), the number of PEG molecules per RTA may not be
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sufficient to confer a longer half-life and lower immunogenicity (V. GHETIE, un-
published results).

More recent studies involve novel immunosuppressives agents which block
either T/B cell stimulation or costimulation (LAMAN et al. 1996; LENscHOW et al.
1996; SIEGALL et al. 1997) and preliminary results are encouraging (E. Noon and E.
S. VITETTA, submitted to Clin, Cancer Res. The effect of immunosuppresive agents
on the immunogenicity and efficacy of an Immunotoxin in mice). However, until
specific tolerance to an IT can be induced, it is probably advisable to administer the
IT in a short course prior to the development of a primary antibody response.

2.7 Immunotoxin Cocktails

Another problem in using Moab-based anti-tumor reagents is the selection of anti-
gen-deficient mutants causing late relapses in experimental animals (THORPE et al.
1988). A solution would be to use IT cocktails, i.e., combinations of ITs directed
against different antigens or epitopes on the same target cell. Superior effects of IT
cocktails have been demonstrated for both, non-Hodgkin’s and Hodgkin’s lym-
phoma (NHL) (GHETIE et al. 1992; ENGERT et al. 1995). Lymphomas are well suited
for the use of IT cocktails since several potent ITs against different target antigens are
available. The superiority of the IT cocktails can be explained by the fact that most
tumors contain a proportion of cells which express the target antigen at low density at
the time of treatment. These cells might be a “dormant’ subpopulation having re-
duced numbers of activation markers which are nevertheless capable of fully reen-
tering proliferation (PANTEL et al. 1993). Antigen-deficient cells which survive after
treatment with a single I'T were killed when that IT was combined with a second or
third IT directed against a different antigen on the same cell.

IT cocktails consisting of ITs against CD25, CD30, and IRac (70kDa) on L540
Hodgkin’s cells in any combination have demonstrated superior anti-tumor activity
to single ITs, both in vitro and when used to treat solid human Hodgkin’s tumors in
nude mice (ENGERT et al. 1995). In SCID mice bearing disseminated Daudi lym-
phomas, an IT cocktail consisting of HD37 (anti-CD19)-dgA and RFB4 (anti-
CD22)-dgA was shown to kill an equivalent of 5 logs of tumor cells, while HD37-
dgRTA alone killed 2 logs and RFB4-dgRTA alone killed 4 logs (GHETIE et al.
1992). Studies in nude mice have reported superior effects of IT cocktails against
non-T leukemia cells with ITs against CALLA (SN5-A) and a leukemia-associated
surface glycoprotein (SN6-A) (HARA et al. 1988).

3 Clinical Trials with Ricin A-Chain Immunotoxins

3.1 Anti-CD5-Ricin A-Chain

Initial studies with RTA-based ITs in non-Hodgkin’s lymphoma examined RTA
conjugated to the Moab anti-CD5. This construct produced four partial responses



The Emerging Role of Ricin A-Chain Immunotoxins 21

in 14 patients with cutaneous T cell lymphoma (LEMAISTRE et al. 1991). The
dominant toxicity was the occurrence of vascular leak syndrome (VLS) and re-
versible hepatic dysfunction. The latter was most likely due to the localization of
the IT in the liver, since the RTA was fully glycosylated.

3.2 Anti-breast Cancer Immunotoxin 260F9-rRTA

When recombinant RTA was conjugated to the anti-breast carcinoma cell antibody
260F9 and used in patients with advanced breast cancer, VLS dominated the
toxicity profile (WEINER et al. 1989). In addition, a neurologic syndrome consisting
of sensorimotor neuropathy complicated the use of this agent. This unexpected side
effect was ultimately linked to an unsuspected cross-reaction of the antibody with a
determinant on either Schwann cells or myelin (GouLb et al. 1989).

3.3 Anti-B Cell Immunotoxins RFB4-dgRTA and HD 37-dgRTA

The CD22 and CD19 determinants, expressed on adult B cell lymphomas, have
been targeted in a series of clinical studies using dgRTA ITs. The Fab’ fragment of
the CD22-directed antibody RFB4 was linked to dgRTA and the resulting IT was
studied in a regimen involving bolus doses administered every 48h for up to six
doses. Partial remissions (PRs) of 1-4 months duration were noted in 38% of 15
patients, and VLS was the dominant reversible toxicity. Expressive aphasia and
rhabdomyolysis were dose limiting toxicities. The T/, of the IT was short, as can be
expected for a relatively small molecule (VITETTA et al. 1991). A similarly designed
phase-I trial using bolus administration of the RFB4-dgRTA in its IgG form gave
five PRs and one complete remission (CR) lasting 30-78 days in 26 patients. VLS
was the dose-limiting toxicity (AMLOT et al. 1993). In addition, there was a trend
toward decreased toxicity in patients with evidence of bulky disease including
splenomegaly. The most prominent clinical trials in lymphoma patients are sum-
marized in Table 3.

In an effort to reduce the incidence of VLS, a phase-I trial using a continuous
infusion regimen was conducted (SAUSVILLE et al. 1995). In this trial, the IT was
administered continuously over 192h (8 days). Despite this, there was essentially no
difference in the maximal tolerated dose (MTD; 19mg/m? per 8 days) compared to
the intermittent bolus dosing schedule. This study therefore concluded that there
was no improvement in therapeutic index by administering the IT as a continuous
infusion. The RFB4-dgRTA construct showed evidence of clinical activity, with
four of 16 evaluable patients achieving PRs. The highest serum concentrations
(> 1000ng/ml) on days 2 or 3 of the infusion were predictive of severe VLS. This
observation was the first clear evidence of a relationship between the IT concen-
tration in the blood and the occurrence of VLS. The T, of the IT was also
variable, ranging as high as 23h in certain patients. Small numbers of circulating
tumor cells, detectable in some cases only by flow cytometric analyses, correlated
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with decreased toxicity. These patients also tended to have increased volumes of
distribution (Vd) of the IT with lower circulating IT levels achieved during the
infusion. A notable trend using both the bolus and continuous infusion regimens
was the likelihood of a better clinical response in patients with smaller tumor
burdens (< 100cm?), reinforcing the potential value of this IT in patients with
minimal disease.

A major problem in the use of anti-CD22-directed ITs is the variable expres-
sion of CD22 even on cells within the same tumor, and the fact that at best only
65%-70% of tumors are CD22+. In contrast, the CD19 determinant is more
ubiquitously expressed on cells in adult lymphoid tumors. The anti-CD19-Moab
HD37 was therefore used to construct HD37-dgRTA, and this agent was studied in
regimens involving both intermittent bolus and continuous infusion. Although this
IT was not as cytotoxic as RFB4-dgRTA, it was still highly potent. When given as
an intermittent bolus infusion every 48 h for four doses, the MTD was 16mg/m>
per 8 days. VLS again defined the MTD, and rhabdomyolysis was the dose-limiting
toxicity, encountered at 24mg/m? per 8 days. Using the continuous-infusion regi-
men, the MTD again was 19.2mg/m? per 8 days, which is very comparable to the
MTD using the bolus regimen. Of 32 evaluable patients from both bolus and
continuous infusion regimens, there was one persisting CR (> 40 months) and two
PRs (SToNE et al. 1996). Of interest, when the dose of IT was administered in a
regimen (four doses at 4h intervals) designed to produced sustained serum con-
centrations for 36h, there was apparent augmentation of toxicity, with an increased
tendency for VLS and an MTD of only 8mg/m?* (ConRry et al. 1995). Peak serum
levels were highest in patients experiencing the greatest toxicity, as expected from
prior experience with dgRTA ITs.

A novel, but infrequent, toxicity encountered with dgRTA ITs was reversible
distal digital acrocyanosis, resembling a protracted vasoconstrictor phase of Ray-
naud’s phenomenon. This could not be explained on the basis of circulating immune
complexes or evidence of active inflammatory vasculitis and was observed in pa-
tients on both the continuous and the bolus infusion schedules (STONE et al. 1996).

Based on preclinical models in the SCID-Daudi system of disseminated lym-
phoma, a cocktail of ITs both in early stage and advanced diseases would be
expected to augment the response compared to either of the ITs alone. Accordingly,
a phase-I trial of a 1:1 mixture of the RFB4-dgRTA and HD37-dgRTA ITs
(Combotox) is currently being completed. Initial results suggest that the MTD of
Combotox in patients with low tumor burdens with no circulating tumor cells will
be 10mg/m? per 8 days of total IT, with VLS defining the MTD; the MTD will be
higher in patients with circulating tumor cells. This finding underscores a major
difference for ITs as compared to more usual cancer chemotherapeutic agents; the
MTD is a function of tumor burden and possibly site of disease. Of 19 evaluable
patients thus far entered on the Combotox protocol, there has been one PR and
four minor responses or stable disease. Combotox was well tolerated at 10mg/m>.
This regimen is now being considered in conjunction with chemotherapy in a
minimal disease setting, in which Combotox is administered to patients after prior
“debulking” with combination chemotherapy.
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3.4 Anti-CD25-dgRTA

The anti-CD25 IT RFT5-dgRTA was used in a phase-I dose escalation trial in
patients with refractory Hodgkin’s lymphoma. The IT was constructed by linking
the Moab RFTS5 via SMPT to dg RTA (ENGERT et al. 1990a). All patients in this
trial had advanced disecase with massive tumor burdens and were heavily pre-
treated. The IT was administered i.v. over 4h on days 1, 3, 5, 7 for total doses of 3,
10, 15, or 20mg/m?. Patients received one to four courses of treatment. The serum
half life of the IT ranged from 4.0 to 10.5h. Side effects were related to VLS, i.e.,
decrease in serum albumin, edema, weight gain, hypotension, tachycardia, myalgia
and weakness. At 15mg/m? one patient experienced a grade 3 myalgia. All three
patients receiving the 20mg/m? dose showed NCI grade 3 toxicities (edema, nausea,
dyspnea or tachycardia) and one patient had NCI grade 4 myalgia. Responses
included two partial remissions (PR), one minor response (MR), three stable dis-
eases (SD) and nine progressive diseases (PD). The maximal tolerated dose was
15mg/m? (ENGERT et al. 1997).

3.5 Vascular Leak Syndrome

Vascular leak syndrome refers to hypoalbuminemia and edema in patients without
intrinsic cardiac, renal or hepatic disease. It has many etiologies including sepsis,
high dose cytokine treatment and, in our experience, IT treatment. The common
pathophysiologic mechanism appears to be alterations of endothelial cell perme-
ability. A surprising outcome of initial clinical trials using both ricin-based and
Pseudomonas exotoxin-based ITs is that both produced VLS as the dose-limiting
toxicity. This syndrome had previously been identified as an adverse effect fol-
lowing interleukin (IL)-2 therapy (ROSENSTEIN et al. 1986) and, therefore, initial
speculations centered on the elaboration of cytokines to explain VLS after exposure
to RTA-ITs. Efforts to document increases in IL-1, IL-2, IL-6, as well as circulating
cell adhesion molecules during IT-induced VLS have, however, failed (SAUSVILLE
et al. 1995). Tumor necrosis factor (TNF) levels did, however, increase in patients
with more severe VLS (BALUNA et al. 1996). Mild VLS may be manifested as
decreased urinary sodium excretion and asymptomatic hypoalbuminemia (SAus-
VILLE et al. 1995). In its most severe form, it can result in pulmonary edema with
respiratory insufficiency and accumulation of massive pleural and pericardial ef-
fusions (VITETTA et al. 1991; AmLoT et al. 1993; SAUSVILLE et al. 1995; SToNE et al.
1996; Conry et al. 1995). The relationship between VLS and rhabdomyolysis to
azotemia or reversible aphasia in the absence of underlying fixed brain lesions (also
encountered at the highest dose levels of ricin-derived ITs) is unclear. Since the
above side effects are never seen without concomitant VLS, they perhaps represent
extreme manifestations of VLS in skeletal muscle and brain, respectively.

Recent evidence indicates that VLS is a nontargeted toxic effect of these toxins.
RTA can directly damage vascular endothelial cells, which can then lead to an
increase in surrogate assays for permeability in tissue culture (SOLER-RODRIGUEZ
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et al. 1993). The mechanism underlying this effect has recently been proposed to be
due to the binding of RTA to fibronectin, thus preventing it from binding to its
receptors on endothelial cells and causing cell damage. This has led to the sug-
gestion that exogenously administered fibronectin may retard the occurrence of
VLS (BALUNA et al. 1995). There is also a correlation between the peak serum
concentration of IT achieved and the occurrence of VLS (SAUSVILLE et al. 1995),
suggesting that prospective pharmacologic monitoring of serum levels of IT in
conjunction with fibronectin levels may facilitate dose adjustments which will de-
crease the incidence or severity of VLS. Prophylactic steroids (SIEGALL et al. 1994)
are also being evaluated in an effort to decrease the incidence of VLS but their
efficacy has not been demonstrated in humans. An alternative mechanism for IT-
mediated VLS in the case of Pseudomonas-derived toxins is the interaction of the
targeting antibody with low-level expression of the targeting determinant on en-
dothelial cells (KuAr et al. 1996). Irrespective of the mechanism of uptake, it is
clear that adventitious exposure of endothelial cells to internalized ITs explains the
occurrence of VLS.

3.6 Human Anti-immunotoxin Antibodies

The development of human anti-IT antibodies has been reported in most of the
phase I/II trials thus far conducted. HAMASs (human anti-mouse antibody), HA-
RAs (human anti-ricin antibody), or HACAs (anti-chimeric-antibody) can neu-
tralize circulating ITs in the bloodstream of the patient resulting in a decreased
half-life and in inefficient tumor cell killing. Higher titers of anti-IT antibodies can
also cause allergic reactions. Attempts to reduce HAMA or HACA formation in
humans including the coadministration of immunosuppressive agents have been
unsuccessful so far. New drugs, including 15-deoxyspergualine (PAr et al. 1990),
anti-RTA (Byers et al. 1993), anti-CD4 (JiN et al. 1991) or CTLAIg (LINSLEY et al.
1992), are currently under investigation in clinical trials. Other promising ap-
proaches include the deletion of certain immunodominant epitopes on the toxin
moiety and the use of humanized antibodies or mouse single chains lacking the Fc
portion of the Moab. Antibodies consisting of human constant regions and murine
variable or hypervariable regions have been generated using recombinant DNA
technology (RIECHMANN et al. 1988). Totally ‘““humanized” antibodies can be
produced by targeted selection utilizing phage display (BARBAS et al. 1993).

4 Perspectives

4.1 New Immunotoxins

Over the past few years, new ITs generated by the chemical conjugation of RTA to
different Moabs have been prepared and tested in vitro. The results have demon-
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strated that RTA-containing ITs directed against common B chronic lymphoblastic
leukemia (CLL) antigen (FAGUET and AGEeE 1993), B pre-lymphocytic leukemia
(PLL), NHL (Okazak1 et al. 1993), and human small-cell lung cancer (SCLC)
(DERBYSHIRE et al. 1992,1996; DErRBYSHIRE and WAWRZYNCZAK 1992) make ef-
fective ITs against their respective target cells. A construct containing RTA
chemically linked to recombinant F(ab)2 anti-CDS5 antibody was unexpectedly
more active in vitro than its counterpart prepared with IgG (BETTER et al. 1993).
An IT containing anti-CD25 antibody and dg RTA was used to eliminate activated
CD25+ HIV-infected cells and to inhibit viral production (BELL et al. 1993). RTA
has also been coupled to a bispecific antibody (anti-CD22/anti-CD3) and this IT
was three- to 17-fold more cytotoxic to targeted CD22+ Daudi cells than its
unconjugated counterpart in the presence of CD3+ effector lymphokine-activated
killer T (LAK-T) cells (SHEN et al. 1994). In addition, ITs containing two as op-
posed to one RTA have been demonstrated to be more effective in vitro (GHETIE
et al. 1995). A RTA-diphtheria toxin hybrid was more effective than conjugates
prepared with either toxin alone (L1 and RAMAKRISHNAN 1994).

4.2 Vascular Targeting

Although lymphomas have been successfully treated with ITs, epithelial (solid)
tumors are less amenable to IT therapy (BYErs and BALDWIN 1988). This is because
solid tumors are relatively large and poorly vascularized so that ITs do not pene-
trate the tumors very effectively (EPENETOS et al. 1986; SUNG et al. 1993). It has
been proposed that an IT should be targeted to the dividing vascular endothelial
cells (ECs) rather than the tumor cells themselves (DENEKAMP 1984). In this way,
tumor cell heterogeneity will not be a problem, and one can kill the tumor by
starving the cells of necessary nutrients and oxygen (DENEKAMP 1990). In addition,
ECs are accessible, and, because they are normal cells, their antigens are unlikely to
mutate. Furthermore, these ITs should be useful for treating a variety of tumors,
because the destruction of a single blood vessel should result in the death of a large
number of tumor cells.

One example of the potential efficacy of the vascular targeting approach was
reported recently using a solid neuroblastoma model in mice. The tumor cells had
been transfected with a mouse interferon (IFN)-y gene resulting in a substantial up-
regulation of class-II antigens on the blood vessels of the tumor. A single intra-
venous injection of an anti-class-II RTA IT into mice bearing large neuroblastoma
tumors caused complete thrombosis of the tumor vasculature, wide-spread in-
farction, and dramatic tumor regression (Burrows and THORPE 1993).

The future success of vascular targeting depends on defining uhique antigens
on dividing or activated but not resting ECs. Surface markers such as EN7/44,
endoglin (CD105), endosialin, and E-9 Ag are possible candidates for vascular
targeting.
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4.3 Treatment of Minimal Residual Disease

Minimal residual disease (MRD) is defined as any tumor cell surviving intensive
therapy (HAGENBEEK and MARTENS 1989). Clinical trials in lymphoma patients
showed a strong correlation between MRD and poor outcome (GRIBBEN et al.
1991; SuArp et al. 1992; CaMPANA and Pui 1995). Since residual lymphoma cells are
very likely to cause clinical relapses, the long-term goal for curing leukemias and
lymphomas is the elimination of these cells. One prerequisite for the investigation
into MRD was the development of new techniques such as fluorescent in situ
hybridization with chromosome-specific probes (FISH) (Cuneo et al. 1992) or
multicolor FACS analysis (CAMpPANA et al. 1991) detecting occult tumor cells which
cannot be monitored by standard histochemistry. Clonogenic assays are also well
suited for detecting proliferating residual tumor cells in bone marrow and pe-
ripheral blood (SHARP et al. 1992). Finally, restdual tumor cells can be investigated
by polymerase chain reaction (PCR) with very high sensitivity (DREXLER et al.
1995).

MRD should be the ideal target for IT therapy since tumor burdens are small
and cell clusters are well vascularized. However, to date, most clinical trials con-
ducted with ITs have been performed in heavily pretreated patients with large
tumor burdens. The best approach for using ITs in humans would be in an adju-
vant setting together with or shortly after conventional treatment. A first, ran-
domized, clinical phase-III trial (GROSSBARD et al. 1993) has been completed in
patients with B cell NHL after high-dose chemotherapy and subsequent stem cell
transplantation using a blocked ricin IT against CD19 (anti-B4-bR). Similar phase-
IT studies with a combination of HD37-dgRTA and RFB4-dgRTA will commence
soon.

5 Summary

Since MRD is the major cause for relapses of malignant diseases, strategies utilizing
ITs to target tumor cells surviving conventional treatment have attracted scientific
and clinical interest. Many different ITs against various blood-borne as well as solid
malignancies have demonstrated specific potent anti-tumor effects in vitro and in
animal models. Some of these have already undergone clinical phase I/II-trials. The
dose-limiting toxicities of RTA ITs include manifestation of VLS presenting as
decreased urinary sodium excretion, hypoalbuminemia, fatigue, hypotonia, my-
algia, pulmonary edema, or rhabdomyolysis. Problems encountered clinically in-
clude the development of HAMA, HARA, and HACA and the selection of
antigen-deficient malignant clones. Most clinical trials performed with ITs so far
were conducted in heavily pretreated patients presenting with high tumor burdens.
Thus, the responses observed with ITs in these trials are very encouraging and
warrant further exploration.
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1 Introduction

The use of combination chemotherapy and the introduction of new cytotoxic
agents has resulted in therapeutic advances for patients with cancer. Unfortunately,
even with the development of innovative multi-drug treatment regimens and the
increasing availability of both autologous bone marrow transplantation (ABMT)
and peripheral blood stem cell transplantation (PBSCT), the clinician lacks the
necessary tools to successfully combat the progression of malignancy in the ma-
jority of patients. Furthermore, substantial morbidity and potential mortality is
associated with the use of these aggressive treatment programs. New anti-tumor
agents ideally should circumvent the two major limitations of current therapy:
devastating nonspecific side effects and tumor cell resistance.

Immunotoxins (ITs) provide a theoretical solution to the aforementioned ob-
stacles (VITETTA et al. 1987; GrossearD and NADLER 1992). By targeting specific
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antigens which reside on tumor cells alone (or tumor cells and an expendable
population of normal cells), monoclonal antibodies (MoAbs) may deliver their
toxic cargo to limited tissues, thereby avoiding systemic nonspecific toxicity. In
addition, the cytotoxic mechanisms of most toxins conjugated to antibodies are
decidedly different from those of conventional chemotherapeutic agents. Thus,
conventional mechanisms of resistance may be bypassed.

Several protein toxins have been used in the IT therapy of cancer. These toxins
are derived from both bacteria (diphtheria toxin, Pseudomonas exotoxin A) and
plants (ricin, saporin, pokeweed anti-viral protein) and exert their cytotoxic effects
by inhibiting protein synthesis. Molecular and biochemical manipulation of these
toxins permits their conjugation to the MoAb of choice to target different malig-
nancies while restricting their nonspecific toxicity.

One such modified toxin, blocked ricin (bR), has been conjugated to several
MoAbs and studied already as a therapeutic agent in the treatment of non-
Hodgkin’s lymphoma (NHL), chronic lymphocytic leukemia (CLL), multiple my-
eloma (MM), acute lymphoblastic leukemia (ALL), acute myelogenous leukemia
(AML), cutaneous T cell lymphoma (CTCL) and small cell lung cancer (SCLC).
Phase I and II clinical trials have defined the maximum tolerated doses and dose-
limiting toxicities of these agents. These bR-ITs have been administered, in most
instances, with tolerable, reversible toxicities and have demonstrated biological
activity in vivo. This chapter will describe the development and clinical use of four
bR-ITs for the treatment of malignant disease.

2 Ricin-Based Immunotoxins

Blocked ricin ITs are composed of a MoAb and a modified ricin toxin which are
chemically linked so that the active portion of the toxin will be liberated within the
malignant cell but will not circulate free in the blood. Ricin, a heterodimeric protein
derived from castor beans (Ricinus communis), consists of an A-chain and a B-chain
(Enpo et al. 1987). When delivered at nanomolar or lower concentrations, ricin can
kill more than 5 logs of both malignant and normal cells. Phase I clinical studies
with native ricin suggested a maximum tolerated dose (MTD) of 23pug/m?, but the
agent was not further developed for clinical use because of the absence of a ther-
apeutic window due to high toxicity toward normal tissues (FoDpsTAD et al. 1984). If
ricin were administered in its native state, this profound cytotoxicity would prove
lethal to humans. The actual toxic moiety of ricin is the A-chain, which possesses
N-glycosidase activity that inactivates the 60S ribosomal subunit. The enzymatic A-
chain hydrolyzes an adenine-ribose linkage within the 23S rRNA, thereby halting
protein synthesis (EnpoO et al. 1987). The B-chain both binds nonspecifically to
galactose residues present on the surface of all eukaryotic cells and facilitates
translocation of the A-chain across the vesicular membrane into the cytosol after
endocytosis of the entire protein. Linking ricin directly to a MoAb directed against
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a tumor-specific antigen will direct the toxin to tumor cells, but cannot avert
nonspecific toxicity caused by binding of the B-chain.

A number of solutions have been proposed to alleviate the problems associated
with nonspecific binding of the IT. One approach has been to isolate the ricin
A-chain either by physical dissociation from the B-chain or by generation of a
recombinant ricin molecule. Conjugation of ricin A-chain alone to a MoAb will
eliminate the nonspecific binding capability of the conjugate. For example, VITETTA
et al. (1991). have developed a conjugate between the RFB4 murine MoAb, which
recognizes the CD22 antigen present on B cells, and deglycosylated ricin A-chain.
By deglycosylating the A-chain through removal of mannose and fucose residues,
nonspecific hepatic uptake of the IT can be minimized (BLAKEY et al. 1987). This IT
has been administered to patients with B cell NHL with dose-limiting toxicities
including pulmonary edema, expressive aphasia, and rhabdomyolysis. Notably,
biological activity was observed in the form of five partial responses. Similarly, a
conjugate has been developed between the H65 MoAb which targets the CD5
antigen and ricin A-chain (LEMAISTRE et al. 1991). This IT was used to treat
patients with cutaneous T cell NHL, and partial responses again were seen. Side
effects included edema, chills, fever, hypoalbuminemia, fatigue and myalgias. De-
spite the somewhat encouraging results of these studies, the obvious limitation with
using isolated ricin A-chain toxins is that the translocation function of the B-chain
is forfeited. Hence, the use of isolated ricin A-chain for developing ITs restricts the
selection of MoAbs to those which have a capacity for internalization.

In an attempt to preserve the transport function of the B-chain, but to subvert
its nonspecific binding capability, an altered ricin molecule has been synthesized in
which the B-chain is covalently modified at the galactose-binding sites (LAMBERT
et al. 1991a). The B-chain possesses two major binding sites for galactose although
there is some evidence for at least one other, weaker, sugar-binding site (GoLb-
MACHER et al. 1992). Simple sugars bind with less affinity to the major binding sites
on the B-chain than do more complex oligosaccharides. Therefore, modified
glycopeptides containing N-linked oligosaccharides derived from fetuin have been
constructed with terminal galactose residues available for binding and a reactive
diclorotriazine moiety available for cross-linking to a protein. These affinity ligands
adhere to the galactose binding sites and then become covalently attached to the B-
chain, thus minimizing the galactose binding capability of ricin (LAMBERT et al.
1991b). This “blocked ricin™ retains the translocation ability of the toxin. In vitro
cytotoxicity studies of blocked ricin against Namalwa cells (a human B cell NHL
cell line) demonstrate a 1000-fold reduction in the IC;; of blocked ricin vs native
ricin. However, when a conjugate is made between blocked ricin and an anti-B cell
MoADb, the full cytotoxic potential of native ricin against the targeted cell line is
restored.

Future advances in the development of modified toxins are on the horizon. For
example, it may be possible to produce a recombinant version of the ricin protein in
which the galactose-binding regions of the ricin B-chain have been deleted while
translocation capacity has been preserved. Such molecular manipulations offer the
possibility of even greater reductions in nonspecific cytotoxicity.
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3 Model Immunotoxins

Immunotoxins must meet certain criteria to be useful for clinical application
(GrossBarRD and NADLER 1992). Among these are high specificity for the targeted
antigen, high selectivity for the targeted population of cells, and demonstrated
cytotoxic efficiency. The first and, in part, the second factors are mediated by the
choice of MoAD and its target antigen. Rational antigens for IT targeting should:
(1) be expressed on the clonogenic tumor cell; (2) be present at an adequate density
on tumor cells to bind sufficient IT; (3) be absent from normal tissues or, in the case
of hematological malignancies, be absent from hematopoietic stem cells; (4) not be
shed into the circulation where the antigen can bind to IT and lead to its rapid
clearance.

Tissue selectivity and potent cytotoxicity also are dependent on the choice of
toxin. Blocked ricin does not demonstrate significant nonspecific binding to cells in
vitro. In addition, when blocked ricin is conjugated to an antibody, sufficiently
potent cytotoxicity is produced that the resultant IT can achieve a 3 log greater cell
kill than conventional chemotherapy agents administered at tolerable doses.
Blocked ricin has been conjugated to four different MoAbs for the treatment of
cancer. The remainder of this chapter will discuss the clinical applications of these
ITs for patients with neoplastic disease. We will attempt to provide some per-
spective on the tumors that have been treated to emphasize the dire need that exists
to develop new therapeutic agents.

4 Blocked Ricin Immunotoxin Therapy
of Hematologic Malignancies

Distinct advantages have been recognized in the application of IT therapy for the
treatment of hematologic malignancy, in contrast to the treatment of solid tumors
(GrossBaRD et al. 1992a). In the treatment of leukemia, lymphoma, and myeloma,
lineage-specific antigens exist which can serve as appropriate targets for the IT.
Moreover, tumor cells in these patients are relatively accessible to IT binding,
although bulky fibrotic tumor masses seen in patients with NHL can limit IT
diffusion and an abundance of circulating tumor cells can contribute to rapid IT
clearance from serum. Because some of these malignancies are B cell in origin, the
IT potentially may exert cytotoxicity towards normal B cells which may limit the
development of human anti-mouse antibody (HAMA) and human anti-ricin anti-
body (HARA).

Clinical trials using three blocked ricin ITs (anti-B4-bR, anti-My9-bR, anti-
CD6-bR) have been conducted in patients with NHL, CLL, MM, ALL, AML, and
CTCL (Table 1). The majority of these studies were phase I clinical investigations
designed to determine the maximum tolerated dose of IT and the toxicities of IT
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administration. Some of these studies were among the first clinical trials of ITs
conducted and employed suboptimal dosing schedules and enrolled heavily pre-
treated patients. These I'Ts have been used both in vivo for the treatment of patients
with relapsed and refractory hematologic malignancies and in vitro for the purging
of autologous harvested bone marrow prior to its reinfusion into patients following
high dose chemotherapy and radiation therapy.

4.1 Anti-B4-bR

4.1.1 Non-Hodgkin’s Lymphoma

Anti-B4-bR is the blocked ricin IT which has been subjected to the most extensive
clinical testing. This IT is comprised of blocked ricin and an IgG1 murine MoAb,
anti-B4, which binds to the CD19 cell surface antigen (NADLER et al. 1983). CD19
proves to be an exceptionally favorable target for the therapy of B cell neoplasms
because it is expressed on malignant B cells in more than 95% of cases of B cell
NHL, ALL, and CLL (ANDERSON et al. 1984). The CD19 antigen is expressed
throughout B cell ontogeny and represents the earliest detected pan-B cell antigen,
enhancing the likelihood that it will be present on the putative clonogenic tumor
cell. The antigen is lineage restricted and extensive tissue binding studies fail to
identify its expression on other normal tissues. Inasmuch as CD19 is not expressed
on hematopoietic stem cells, normal B cells destroyed by the IT can be replenished
after therapy.

B cell NHL represents an important disease to target with I'T therapy. In fact,
NHL is the malignancy which has been treated most frequently with MoAb-based
therapies, reflecting both its prevalence and the presence of lineage restricted target
antigens. More than 50,000 new cases of NHL are diagnosed each year in the
United States with the incidence steadily rising for reasons that are not clear,
although a portion of the rising incidence can be attributed to the increased fre-
quency of NHL in patients with HIV infection (PARKER et al. 1996). Approximately
40% of NHL cases are low grade and, while responsive to a wide variety of single
agent and combination chemotherapy programs, are nonetheless incurable (ARM-
ITAGE 1993). Of the other 60% of NHL cases, which include intermediate and high
grade NHL, only one half can be cured with front-line chemotherapy or bone
marrow transplantation.

Cytotoxicity studies were conducted using anti-B4-bR with both the CD19-
positive Namalwa cell line and the CD19-negative MOLT-4 cell line (of T cell
lineage) (GROSSBARD et al. 1992a). Native ricin demonstrates an ICs; value of 4pM
against Namalwa cells whereas the IC;; value for ricin A-chain alone or conjugated
to anti-B4 is 5 logs greater. However, when blocked ricin is conjugated to anti-B4,
the IT retains nearly the full potency of native ricin such that the immunoconjugate
has an ICs; that is only about five-fold higher in concentration than native ricin.
When MOLT-4 cells are exposed to anti-B4-bR, the cytotoxicity is 3 logs lower
than that seen against the CD19-positive cell line, confirming the antigen-specific
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cytotoxicity of this IT. Importantly, at concentrations of 1-2nM, which have no
effect on MOLT-4 cells, more than 5 logs of Namalwa cells can be killed by anti-
B4-bR.

Preclinical in vivo studies of anti-B4-bR in both mice and monkeys were
performed to explore potential unanticipated side effects of the IT. Bolus admin-
istration of anti-B4-bR produced hepatic toxicity, lymphoid hyperplasia, lethargy,
bone marrow hyperplasia, and, at the highest doses, acute tubular necrosis of the
kidney and pulmonary alveolar edema. Anti-B4-bR was also administered by
continuous IV infusion for 4-7 days in cynomolgus monkeys. Toxicity was di-
minished with the use of a prolonged infusion with side effects notable for hepatic
transaminase elevations, lymphoid and bone marrow hyperplasia, and the absence
of capillary leak syndrome. Plateau serum concentrations could be obtained and
maintained throughout the treatment period.

The first clinical trial of anti-B4-bR was a phase I study conducted in patients
with relapsed B cell neoplasms including NHL, CLL, and ALL (Table 1)
(GRrossBARD et al. 1992a). Of the 25 patients treated 23 had B-NHL. Escalating
doses of anti-B4-bR ranging from lpg/kg per day to 60ug/kg per day were ad-
ministered by daily 1h IV infusion for 5 consecutive days. The MTD was reached at
a dose of 50pg/kg per day (total 250ug/kg) with the dose-limiting toxicities (DLTs)
defined by transient, reversible grade III elevations of SGOT and SGPT. Other
toxicities included fever, hypoalbuminemia, and thrombocytopenia (grade IV).
Peak serum levels above 2nM were achieved, and such levels potentially are capable
of killing up to 5 logs of malignant B cells in vitro. However, these levels were
sustained only transiently thereby inhibiting optimal cytotoxicity. Nine of the 25
patients developed HAMA and/or HARA within 1 month following therapy. One
complete response (CR), two partial responses (PRs), and eight transient or mixed
responses occurred. This study demonstrated both the safety and biologic activity
of anti-B4-bR administration in patients with relapsed B-NHL. However, the study
also demonstrated a major shortcoming of bolus injections with this and other ITs,
namely, the short-lived peak serum drug concentrations. In vitro studies had
demonstrated the dependence of cytotoxicity not only on IT dose, but also on the
length of exposure to IT (GROSSBARD et al. 1993b).

Therefore, a second phase I clinical study was initiated which attempted to
define the pharmacokinetics, toxicity, and MTD of anti-B4-bR when delivered via
prolonged continuous infusion (GROsSSBARD et al. 1993b). Thirty-four patients with
relapsed B cell neoplasms (26 NHL, 4 CLL, 4 ALL) received escalating doses of
anti-B4-bR ranging from 10 to 70pg/kg per day by continuous infusion for 7 days
(Table 1). Doses of anti-B4-bR beyond the MTD of 50pg/kg per day for 7 days
(total dose 350ug/kg) yielded the DLT of grade IV hepatic transaminase elevations
and grade IV thrombocytopenia. Patients treated at or above the dose of 40ug/kg
per day achieved serum concentrations capable of killing 4-5 logs of malignant B
cells in vitro. Furthermore, these levels could be sustained for up to 96h, which
potentially should yield enhanced in vivo cytotoxicity. Of note, lower serum levels
were achieved in those patients with CLL and ALL who had a large tumor burden
of accessible circulating cells resulting in rapid IT clearance.
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While preclinical animal studies suggested that higher doses of anti-B4-bR
could be administered by continuous infusion than by bolus injection with lower
nonspecific toxicity, this did not prove to be true in humans. Patients receiving
continuous infusions did achieve a higher MTD, but at a cost of greater overall side
effects as manifested by fevers, nausea, edema, myalgias, hypoalbuminemia,
headaches, and capillary leak syndrome. The increased systemic toxicity may be
attributable to the prolonged exposure of endothelial cells to IT with subsequent
enhanced nonspecific uptake. These added toxicities all were reversible and toler-
able. HAMA and/or HARA unfortunately occurred in 24 of the 34 patients al-
though there was some theoretical hope that continuous infusion of anti-B4-bR
might decrease the frequency of antibody formation due to the targeting of B cells
by the IT. Clinical responses included two CRs, threc PRs, and 11 transient re-
sponses which indicated biological activity of anti-B4-bR but failed to meet the
rigorous criteria for CR or PR. Of note, the two complete responses occurred in
those patients on the trial with the lowest tumor burden.

In another phase I clinical trial, McLAUGHLIN et al. (1994) used 28 day con-
tinuous infusions of anti-B4-bR to treat patients with B cell neoplasms. At this
time, it was appreciated further that anti-B4-bR is a lipophobic compound and
dosing was changed to reflect the lean body mass (LBM) of patients rather than
their actual weight. The initial cohort of three patients received anti-B4-bR at a
dose of 10pg/kg LBM per day for 28 days and subsequent cohorts of patients were
treated at doses of 15, 20, and 25 pg/kg LBM per day for 28 days. With this
schedule HAMA and HARA occurred in five of 11 evaluable patients, but the
median time to HAMA/HARA formation was delayed to 105 days, longer than
that seen in earlier studies. Sustained and potentially therapeutic serum levels could
be achieved at doses at or above 15ug/kg per day. Two partial responses were
achieved in a patient with CLL and a patients with low grade NHL, and three
minor responses also were observed. The MTD was not yet reached at a dose of
25pg/kg LBM per day.

Considered together, these phase I studies with anti-B4-bR demonstrated the
safety of therapy in patients with relapsed B cell neoplasms. However, they also
confirmed that the therapy of bulk disease represents a fundamental difficulty in IT
therapy. This finding has been recognized further in a phase II clinical trial using
anti-B4-bR administered at doses of 30-50ug/kg per day at 14 day intervals in
patients with both relapsed and untreated low grade NHL. One patient, who de-
veloped nausea, abdominal pain, and subsequent life-threatening hypotension and
thrombocytopenia, died on that trial as a probable complication of severe capillary
leak syndrome. No other new toxicities have been observed. Yet even with the
inclusion of less heavily pretreated patients at the “optimal” dose of IT, as deter-
mined by the earlier studies, relatively few sustained responses have been seen in
these patients with bulky NHL. Furthermore, in vitro studies have demonstrated
that bulky tumors can exert significant interstitial pressures which limit IT diffusion
(JaN and BAXTER 1988).

Thus, we planned our next set of clinical investigations to target a population
of patients with minimal tumor burdens. Patients undergoing high dose
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myeloablative therapy followed by ABMT for the treatment of chemosensitive
relapsed NHL achieve high rates of CR early after therapy. However, 55%-85% of
these patients will relapse within 24 months due to chemoresistant tumor cells
harbored within the patient or occult tumor cells reinfused with the autologous
marrow (PHILIP et al. 1995; FREEMAN and NADLER 1993). This group of patients
should have a negligible tumor burden immediately after ABMT and should prove
to be an optimal group to treat with anti-B4-bR as an adjuvant therapy. In addi-
tion, because of the unique cytotoxic mechanism of this IT, the potential exists to
kill residual tumor cells which are resistant to the high dose therapy.

In a phase I trial, 12 patients in CR after ABMT for B-NHL received esca-
lating doses of anti-B4-bR, from 20-50pg/kg per day for 7 days by continuous
infusion (GROSSBARD et al. 1993a). As in the earlier studies, the DLTs were grade
IV transaminase elevations and thrombocytopenia. It is important to recognize that
these patients began therapy with low platelet counts inasmuch as they received
therapy soon after engraftment of bone marrow post-ABMT. Some manifestations
of capillary leak syndrome also were observed, but these were not dose-limiting.
The MTD of 40ug/kg per day for 7 days (total dose 280pg/kg) was lower in this
trial than in the previous investigations which was not surprising since these pa-
tients had negligible tumor burdens. Although patients are profoundly immuno-
suppressed following ABMT, seven patients still developed HAMA and/or HARA
attesting to the immunogenicity of this IT. With median follow-up of more than
4 years post-ABMT, seven patients remain in CR.

A subsequent phase II trial of anti-B4-bR adjuvant therapy post-ABMT also
has been completed (GROSSBARD ¢t al. 1994). In this trial, the dose and schedule of
anti-B4-bR administration were altered. Whereas HAMA and HARA detection
typically occurs no sooner than 3 weeks following therapy with anti-B4-bR, the
toxic effects of the IT usually resolve significantly within 7 days of completing
therapy. Thus, in the phase II trial, patients were eligible for retreatment at 14 day
intervals rather than the 28 day intervals used in the earlier trial. In addition, the
administered dose was lowered to 30ug/kg per day for 7 days in an attempt to lower
toxicity while still achieving potentially therapeutic serum levels. Finally, patients
on this trial were dosed according to their LBM.

Forty-nine patients were treated at a mean of 105 days post-ABMT. Thirty-
four patients received two or more courses of therapy, demonstrating that patients
could be retreated safely using this schedule. HAMA and/or HARA eventually
occurred in 23 patients at a median of 22 days post-initiation of therapy. Toxicity
was markedly decreased as compared with the phase I adjuvant trial, with only
three patients developing grade IV thrombocytopenia. There were no cases of grade
IV hepatotoxicity and only two patients had grade III transaminase elevations. To
date 19 patients have relapsed, 27 are alive and in CR (at a median of 37 months
post-ABMT), and three have died in CR.

Although the phase I and II trials of anti-B4-bR post-ABMT provided in-
triguing data regarding the safety and pharmacokinetics of administering anti-B4-
bR in this setting, they offered no definitive data on the efficacy of this approach. A
phase III trial being conducted under the auspices of the Cancer and Leukemia



Clinical Trials with Blocked Ricin Immunotoxins 45

Group B is designed to address the question of efficacy. Patients with B-NHL who
are in CR 60-120 days after ABMT are randomized to receive no further therapy
or two courses of anti-B4-bR therapy at 30pg/kg for LBM per day by 7 day
continuous infusion. To date, more than 350 patients have been registered for the
ABMT phase of this trial and 120 patients have been randomized to receive either
IT therapy or no further therapy. This is the first phase III trial to address the in
vivo clinical efficacy of any IT. The study should complete accrual in 1997 and
preliminary results may be available shortly thereafter.

A similar phase IT adjuvant trial using anti-B4-bR was conducted in patients with
NHL and minimal residual disease following conventional chemotherapy with Pro-
MACE-CytaBOM, an aggressive third generation chemotherapy regimen with high
response rates in untreated NHL (Longo, personal communication). After receiving
six to eight cycles of chemotherapy, 37 patients with advanced indolent NHL received
anti-B4-bR at a dose of 30pg/kg for LBM per day. Patients received up to six cycles of
anti-B4-bR therapy given at 14 day intervals. Analysis of the results of this trial are in
progress. The investigators are using the bcl-2 proto-oncogene as a surrogate marker
of tumor cells in patients with low grade NHL. This translocation is present in 85% of
patients with low grade B-NHL (Yunis et al. 1982; Wgiss et al. 1987).

Anti-B4-bR also has been used in vitro to purge the harvested bone marrows of
patients with NHL prior to reinfusion during ABMT. Because bone marrow ob-
tained from patients in apparent clinical CR from NHL still can harbor residual
lymphoma cells, there are theoretical advantages to cleansing the marrow. One
approach previously employed has been to incubate the marrow together with
MoAbs (targeting antigens on the surface of leukemic cells) and complement.
However, complement is expensive and different lots of complement have varying
activity. ITs potentially provide an effective cytotoxic agent for incubation with
marrow with predictable potential to deplete malignant cells. The potential of anti-
B4-bR to eradicate residual CD19-positive tumor cells from marrow has been
described (Roy et al. 1995b). Anti-B4-bR in concentrations > 5nM incubated with
marrow for 5h could eliminate more than 3 logs of either Nalm-6 or Namalwa cells
(CD19-positive cell lines) added to the marrow sample. This system was designed to
mimic the clinical scenario of 5% marrow involvement by residual lymphoma cells
following a bone marrow harvest. Anti-B4-bR showed little effect on normal he-
matopoietic precursors.

In a subsequent clinical trial, anti-B4-bR was used to purge bone marrows
obtained from 41 patients with NHL and poor prognostic features including the
failure to achieve CR after conventional therapy (Roy et al. 1995a). Median age at
ABMT was 44 years with 15 female and 26 male patients. Marrow was incubated
with anti-B4-bR at a concentration of 5nM. Minimal effect was seen on hemato-
poietic precursors (CFU-GM, CFU-E, BFU-E). Stable engraftment ‘of marrow
occurred in all patients with a median time to > 500 granulocytes of 21 daysand a
median time to > 20,000 platelets of 26 days. The Kaplan-Meier 3 year overall
survival was 77% and the disease-free survival was 62%.

Several other areas of clinical investigation also are being explored with the
anti-B4-bR IT. The treatment of AIDS-related NHL presents particular challenges
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with the use of traditional cytotoxic therapies because of the poor tolerance these
patients have for myelosuppression and the further insult that cytotoxic chemo-
therapy adds to their immune systems. As supportive care improves and patients
with AIDS live for longer durations, the risk of developing NHL increases. As
many as 30%—40% of AIDS patients ultimately may develop NHL if they survive
long enough (PLupA et al. 1990). Even the most successful combination chemo-
therapy regimens have achieved only 50% CR rates with a median survival of
5.6 months (LEVINE et al. 1991; KAPLAN et al. 1995). Anti-B4-bR offers a non-
myelosuppressive therapy for these patients with specific cytotoxicity.

An initial phase I study demonstrated the biological activity of anti-B4-bR in
AIDS patients with NHL (TurLpuLk et al. 1994). Patients with relapsed AIDS-
related NHL received escalating doses of anti-B4-bR administered by 28 day
continuous infusion. In the first nine patients treated, one CR and one PR were
observed. A second phase I/II trial used anti-B4-bR in conjunction with m-BA-
COD (methotrexate, bleomycin, doxorubicin, cyclophosphamide, vincristine, and
dexamethasone) chemotherapy to treat patients with newly diagnosed AIDS-re-
lated NHL (ScapbpEeN et al. 1993; FRANKEL et al. 1996). Patients received two cycles
of chemotherapy, and if responding to therapy, anti-B4-bR by 7 day continuous
infusion (20pg/kg per day) in conjunction with the third and fourth cycles of
therapy. Toxicities included grade III fever, myalgias, nausea, vomiting, and fa-
tigue. These highly immunocompromised patients were able to mount an immune
response to the IT with eight of 28 patients developing HAMA/HARA. However,
antibodies developed at a median of 48 days post-therapy, a longer time interval
than that observed in previous studies with anti-B4-bR in non-AIDS patients.

In a recently completed trial, patients with AIDS-related NHL were treated
with standard dose CHOP therapy for up to eight cycles. With the third and fifth
cycles, responding patients received a 28 day continuous infusion of anti-B4-bR.
Safety and toxicity data from this latter trial still are under analysis and may be
used to form the basis of a randomized trial in AIDS-related NHL of CHOP vs
CHOP + anti-B4-bR.

Finally, preclinical studies have established potential synergistic cytotoxicity of
anti-B4-bR with conventional chemotherapeutic agents (O’CoNNoOR et al. 1995; Liu
et al. 1996). For example, anti-B4-bR has been used in combination with cyclo-
phosphamide, vincristine, etoposide and doxorubicin to treat SCID mice bearing
Namalwa tumors. Either combination chemotherapy or anti-B4-bR alone offers
some cytotoxicity, with an enhanced life span of tumor-bearing mice as compared
with untreated controls. However, with the use of both combination chemotherapy
and anti-B4-bR there is synergistic cytotoxicity with 20% of mice apparently cured
of their lymphoma. These studies form the basis of an on-going clinical trial of anti-
B4-bR in combination with these chemotherapy agents.

4.1.2 Chronic Lymphocytic Leukemia and Acute Lymphoblastic Leukemia

Limited experience also has been accrued with this IT for the treatment of patients
with both CLL and ALL. The data acquired from the few leukemia patients en-
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rolled in the original phase I studies of anti-B4-bR in patients with leukemia
demonstrated a significant difference in the pharmacokinetic profile of this agent in
patients with large numbers of circulating tumor cells (GROSSBARD et al. 1993b).
Peak serum levels of IT in patients with CLL and ALL were dramatically lower
than those in patients with NHL, indicating high clearance rates of IT from serum.
Side effects of therapy in these patients were negligible, reflecting the rapid clear-
ance of the IT. Only transient reductions of circulating malignant cells were ob-
served, and there was no significant effect on bone marrow involvement.

Subsequently, a phase II study was undertaken in patients with CLL
(GrossBARD et al: 1995). Six patients with refractory CLL received anti-B4-bR at a
dose of 30ug/kg per day for 7 days or 50ug/kg per day for 7 days by continuous
infusion. Patients were eligible for retreatment at 14 day intervals. A total of 14
courses of therapy were administered, and decreases of 25% or greater in circu-
lating lymphocytes were observed in nine courses. As in the phase I studies, peak
serum levels of IT (0.14nM) were below those deemed to be potentially therapeutic.
Two of six patients developed HAMA/HARA. Toxicities included grade IV
thrombocytopenia (two patients), grade II fever and rigors (one patient), and grade
IIT anemia (one patient).

SzaTrowskl et al. (1995) reported the preliminary results of a phase II trial
using anti-B4-bR as part of the consolidation therapy for adult patients with B-
ALL. Forty-six patients whose ALL cells were CD19-positive and who remained in
CR after one course of consolidation therapy received anti-B4-bR at a dose of
30ug/kg LBM per day for up to two 7 day continuous infusions at 14 day intervals.
Toxicity was notable for transaminase elevations, lymphopenia, and flu-like
symptoms. Two patients experienced chest pain accompanied by the development of
pleural effusions. With a median follow-up of 9.6 months, the median duration of
CR for patients treated with anti-B4-bR was 10.2 months. The median duration of
CR for patients receiving a similar ALL treatment program without anti-B4-bR
was 9.7 months. The results of molecular studies to monitor the efficacy of anti-B4-
bR therapy in eradicating minimal residual disease on this study are
pending.

4.1.3 Multiple Myeloma

Multiple myeloma (MM) is a plasma cell neoplasm, with approximately 14,000 new
cases diagnosed each year in the United States (PARKER et al. 1996). The median
survival of patients is 36 months. Despite the use of aggressive combination che-
motherapy, adjuvant therapy with interferon-« and bone marrow transplantation,
the outcome has not been altered convincingly (SALMoN and Cassapy 1993). Al-
though the CD19 antigen is not expressed on normal or malignant plasma cells, it is
likely to be expressed on the clonogenic myeloma tumor cell because it appears so
early in B cell ontogeny. Evidence suggests that the self-renewal capacity of the
malignant cell in myeloma lies in a “pre-myeloma” compartment with cells having
the morphologic and immunophenotypic features of lymphocytes (BILLADEAU et al.
1993). Hence, treatment of MM with anti-B4-bR may provide cytotoxicity to the
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malignant stem cell while circumventing rapid clearance of the IT by an excess of
CD19-positive tumor cells.

Five patients with relapsed and refractory MM were treated with a 7 day
continuous infusion of anti-B4-bR on a phase II trial (GrossBARD et al. 1995).
Although the initial protocol was designed to treat patients at a dose of 40pg/kg per
day for 7 days (the same dose used in the low tumor burden adjuvant NHL setting),
this dose proved to have intolerable toxicity in two of the first four patients treated.
Thus, the dose was lowered to 30ug/kg per day for 7 days in the fifth patient.
Exceptionally high serum IT levels were achieved in the two patients exhibiting
intolerable toxicity, with peak levels (that did not plateau) in excess of 2.7nM. Such
levels were much higher than those seen when comparable IT doses were used to
treat patients with NHL. Possibly, these altered pharmacokinetics reflect reduced
nonspecific uptake of anti-B4-bR by the reticuloendothelial system in patients with
a circulating paraprotein. However, one of these two patients had a nonsecretory
myeloma. The other three patients had IT serum levels (1-2nM) comparable to
those described for NHL patients treated at similar doses of IT. Toxicity was not
qualitatively different from that seen in previous clinical trials using anti-B4-bR,
but it was more severe. Three patients had declines in performance status during
therapy, and two patients had grade IV thrombocytopenia. One patient died fol-
lowing anti-B4-bR therapy, secondary to neurologic toxicity and akinetic mutism.
This side effect was likely due to progressive MM and hypercalcemia, although a
contribution of anti-B4-bR in the patient’s demise cannot be excluded. No re-
ductions in paraprotein were observed within 28 days of anti-B4-bR therapy, but
such reductions may not be expected within this interval since circulating para-
protein and antigen-negative plasma cells have a long circulatory half-life. One
patient with a nonsecretory myeloma remains in CR more than 3 years out from
the completion of therapy. In light of the toxicity and possible altered pharmaco-
kinetics in patients with MM, the clinical trial was closed early. A traditional phase
I trial will be required in this disease to define appropriate doses and schedules of
anti-B4-bR administration.

4.2 Anti-My9-bR

A second IT also has been developed for the treatment of patients with hematologic
malignancies. Anti-My9-bR is an immunoconjugate between the anti-My9 (CD33)
antibody and blocked ricin. The anti-My9 MoAb identifies a myeloid lineage re-
stricted surface antigen which appears in myeloid development at the level of the
CFU-GEMM, a colony forming cell capable of giving rise to granulocytes,
erythrocytes, monocytes, and megakaryocytes. This antigen is expressed on leu-
kemic cells in more than 80% of cases of AML and also on more than 80% of cases
of chronic myelogenous leukemia (CML) in blast crisis (GRIFFIN et al. 1984). AML
is the most common acute leukemia of adults. While 50%—-80% of patients can
enter remission using standard induction chemotherapy regimens, fewer than 30%
of these patients are cured with this initial therapy.
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The in vitro specificity and cytotoxicity of the IT was examined on normal and
leukemic myeloid and nonmyeloid cells (Roy et al. 1991). When cells from the My9
antigen-positive myeloid leukemia cell line HL-60 were exposed to 107*M con-
centrations of anti-My9-bR for 2h, 4-5 logs of cells could be killed. Blocked ricin
alone required more than 1000 times the dose to achieve similar cytotoxicity. If a
100-fold excess of anti-My9 antibody is added to the assay system, cytotoxicity for
HL-60 cells is blocked completely. This IT has relatively little toxicity for normal
hematopoietic progenitor cells, with less than 1 log kill of CFU-GEMM and CFU-
E and 1-2 logs kill of BFU-E at concentrations of anti-My9-bR comparable to
those which are cytotoxic for HL-60 cells.

Preclinical studies were designed to examine the cross-reactivity of the anti-
My9 MoAb with nonhematopoietic tissues (unpublished data). Scattered antigen-
positive macrophages were identified in spleen, lung, liver and the interstitium of
the testes. No epithelial or endothelial staining was identified, but there was minor
staining of sweat ducts, salivary gland ducts, and goblet cells in the gastrointestinal
tract. Murine and monkey toxicity studies demonstrated that bolus infusions of
anti-My9-bR resulted in periportal inflammation, hepatic necrosis at the highest
doses, bone marrow hyperplasia, lymphoid hyperplasia, and acute tubular necrosis.
Similar changes were seen using continuous infusions of the IT in cynomolgus
monkeys.

A phase I trial was conducted using anti-My9-bR to treat patients with re-
lapsed AML and CML in myeloid blast crisis whose leukemic cells expressed the
CD33 antigen (GROsSBARD et al., unpublished data). Patients in the initial five
cohorts received bolus doses of IT ranging from 2 to 32ug/kg followed by a 5 day
continuous infusion at 12.5-200pug/kg total dose. Eighteen patients were treated on
the trial and patients in the first four cohorts experienced mild side effects including
headaches, mild hypotension, nausea, and fever. One patient had mild elevations of
hepatic transaminases. No evidence of efficacy was observed in these patients.
Patients in the fifth cohort, who received a bolus dose of 32pg/kg followed by a
5 day infusion of 200ug/kg total dose (40pg/kg per day), experienced increased
toxicity, including a patient who died on day 9 of the protocol due to complications
of capillary leak syndrome and respiratory distress.

Because of this severe toxicity, the bolus dose at initiation of therapy was
eliminated since it was felt to contribute to toxicity without enhancing efficacy.
Thus, the next cohort of patients was treated at a dose of 20pg/kg per day for
5 days, the dose level below that at which lethal toxicity occurred. The three pa-
tients at this dose level experienced side effects including fever, edema, hypo-
albuminemia, nausea, and diarrhea, but had no grade III or IV toxicity. The next
cohort of patients was treated at a dose of 30ug/kg per day for 5 days. The first
patient tolerated therapy well, without major side effects, but the second patient
developed severe capillary leak syndrome with hypoalbuminemia, edema, and re-
spiratory failure and died secondary to IT toxicity. The severe toxicity on this trial
which appeared at dose levels below those which could saturate tumor antigen
binding sites and provide therapeutic serum levels led to termination of the
study.



50 J.E. O’Toole et al.

Nevertheless, the potent in vitro cytotoxicity of this IT for leukemic cells
bearing the My9 antigen still could be exploited by using the IT for purging of
leukemic cells from bone marrow harvests prior to reinfusing these cells in patients
undergoing ABMT (Roy et al. 1991). ABMT is an important therapeutic option for
patients with relapsed AML who lack an allogeneic marrow donor. In this setting,
the systemic toxicity of anti-My9-bR is not a concern and sufficiently cytotoxic
doses can be delivered to deplete residual leukemic cells while preserving progenitor
cell capability (LA Russa et al. 1992).

In an initial clinical trial, 15 patients with AML either in first remission (6
patients) or second remission (9 patients) received autologous marrow treated with
anti-My9-bR after myeloablative therapy with busulfan and cyclophosphamide
(Roy et al. 1993). Although anti-My9-bR depleted 48% of BFU-E and more than
75% of CFU-GM, all patients demonstrated stable engraftment with a median time
to > 500 granulocytes of 37 days and to > 20,000 platelets of 60 days. In fact,
anti-My9-bR depleted fewer CFU-GM from marrow than treatment with anti-My9
MoAb plus complement (ROBERTSON et al. 1993). The estimated overall survival at
2 years was 66% and the estimated disease-free survival was 42%.

4.3 Anti-CD6-bR

Cutaneous T cell lymphoma (CTCL) is an often indolent, but occasionally ag-
gressive, malignancy which presents with skin manifestations including eczema and
erythema (Bunn and Hoppe 1993). The disease is uncommon, with approximately
600 new cases diagnosed each year in the United States. Because CTCL often
presents with well vascularized plaques of skin disease, it should be a suitable
malignancy for IT therapy, since bulky masses may not exist to impair IT delivery.

Anti-CD6-bR links blocked ricin with an anti-CD6 MoAb (CoLLINSON et al.
1994). The resultant IT targets cells containing the CD6 antigen which is expressed on
more than 80% of mature T cells. When the IT is used to target MOLT-4 cells, a CD6
bearing cell line, the ICs; is 4pM. Nonspecific toxicity for the B cell line Namalwa is
more than 750-fold lower. The systemic toxicity of this agent in preclinical animal
studies was similar to that observed with anti-B4-bR. A phase I dose escalation trial
using this IT in patients with relapsed or refractory CTCL has been initiated.

5 Blocked Ricin Immunotoxin Therapy of Solid Tumors: N901-bR

The application of IT therapy to solid tumors has lagged behind that in hemato-
logic malignancies (GRrRossBaARD and NADLER 1992). Two factors contribute
significantly to this delay. First, it has been difficult to identify tumor-specific an-
tigens on solid tumors. Indeed, the coexpression of many of the appropriate antigen
targets on normal tissues precludes the safe use of most antibodies for IT therapy.
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For example, ITs constructed to target breast cancer and ovarian cancer were
administered to patients and led to devastating neurologic toxicity due to unan-
ticipated binding of the antibody to neural tissues secondary to antigen coexpres-
sion (GouLbp et al. 1989; Pai et al. 1991). Second, solid tumors often present as large
bulky masses making tumor penetration difficult and leading to relative antigen
inaccessibility.

NO901-bR is an IT which has been constructed for the treatment of SCLC. The
N901 antibody is an IgGl murine MoAb which binds to the CD56 (NKH-1)
surface antigen which is expressed by normal natural killer cells (GRIFFIN et al.
1983). In addition, the antigen is present on nearly all SCLC cell lines and fresh
human tumor tissue that have been tested. N901-bR demonstrates high cytotoxicity
in vitro for CD56-positive SW-2 cells, a cell line derived from SCLC. The I1Cs; for
this cell line after exposure to N901-bR for 24h is 14.5pM, more than 700-fold
lower than the IC35 for Namalwa cells (which do not express the target antigen).
Extended exposure times yield progressively lower ICsz; values, indicating that the
cytotoxicity of N901-bR is a function of both concentration and exposure time.

Screening of nonhuman primate tissues as well as human tissues obtained from
tissue banks revealed that N901-bR bound to the majority of cells of neuroecto-
dermal origin, including astrocytes and neurons in the central nervous system,
neuroendocrine cells in the pancreas and adrenal cortex, and peripheral nerves
(LyNcH et al., unpublished data). In addition, N901-bR bound to cardiac muscle.
Preclinical murine and monkey studies demonstrated toxicities including hepatic
transaminase elevations, chronic lung inflammation, bile duct hyperplasia, myo-
cardial cell necrosis, and subacute to chronic myocardial inflammation. Additional
monkey studies were designed specifically to assess potential neurotoxicity of N901-
bR. Doses of 505 or 1010ug/kg given by 6 day continuous infusion caused mild
abnormalities of motor conduction as evidenced by electromyogram abnormalities.
None of the monkeys demonstrated clinical manifestations of neurotoxicity.

With preclinical testing completed, an initial phase I trial of N901-bR was
conducted in 21 patients with relapsed or refractory SCLC (Table 1) (LyncH et al.
1995). Cohorts of three patients were treated at doses ranging from 5 to 40pg/kg
per day by 7 day continuous infusion. At the first three dose levels, the day one
dose was administered as a bolus infusion over 60 min to permit an assessment of
bolus pharmacokinetics. The initial 13 patients were dosed by actual body weight,
while the last eight patients were dosed by calculated lean body weight. As was true
for anti-B4-bR, the peak concentration of N901-bR was achieved approximately 1h
after the bolus injection and then declined to less than one half the peak concen-
tration over the next 5h. When continuous infusions of N901-bR were adminis-
tered, a plateau concentration could be achieved at approximately day 4 and be
maintained until day 7. Serum concentrations in the range of 90ng/ml were
achieved, and such concentrations can kill more than 4 logs of N901 antigen-
positive cells in vitro with 24h exposure to the IT. In three patients, tissue samples
were obtained during treatment to investigate whether the IT reached the targeted
tissue. By immunoperoxidase staining, N901-bR could be identified binding to
tumor cells in all instances.
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The DLT of N901-bR was capillary leak syndrome, characterized by hypo-
albuminemia, hypotension, peripheral edema, and dyspnea. Two patients at the
MTD of 40pg/kg per day for 7 days developed hypotension requiring hospital-
ization for greater than 48h, and one patient required an infusion of dopamine to
maintain a systolic blood pressure above 90mm Hg. To monitor potential cardiac
toxicity, all patients received Holter monitoring during the first 48h of therapy.
Fourteen patients developed sinus tachycardia during the infusion, likely secondary
to hypovolemia which occurred as a manifestation of capillary leak syndrome. One
patient developed atrial fibrillation which did not necessitate discontinuation of the
infusion. In 15 of 16 patients, there was no change in the left ventricular ejection
fraction following therapy. One patient had a myocardial infarction on day 8 of
therapy as detected by a routine electrocardiogram showing an acute anterior wall
myocardial infarction. Of note, this patient had prior coronary artery disease,
diabetes, hypertension, and mediastinal radiation. It is impossible to determine
whether N901-bR contributed to this ischemic cardiac event. Two of the other 16
patients who were monitored also showed an increase in CPK with therapy, and
one of these patients had a mild decline in left ventricular ejection fraction from
66% to 56% post-therapy.

Neurologic toxicity also was examined closely in patients treated on this trial.
Because most patients had received prior cis-platinum therapy for their disease, 11
patients had a mild to moderate baseline peripheral neuropathy. In addition, four
patients had evidence of Horner’s syndrome. Baseline focal peripheral neuro-
pathies, radicular signs, and cerebellar ataxia also were observed. Neurophysio-
logical studies done pre- and post-therapy indicated a decline in amplitude for all
sensory and motor nerves tested. Nevertheless, no patient developed any clinically
significant neurological signs or symptoms following N901-bR therapy.

Twenty of the patients were evaluated for HAMA and HARA. In contrast to
patients with NHL, patients with SCLC have less baseline immune system im-
pairment and, not surprisingly, develop anti-mouse and anti-ricin antibodies at a
high frequency. Seventeen patients had evidence of HARA and 11 patients had
evidence of HAMA within 28 days after initiating therapy. An additional patient
developed HARA at.day 34. This high rate of antibody formation precluded the
delivery of repeat courses of therapy to patients.

Six of the patients had stable disease 1 month following treatment, while an
additional 14 patients showed evidence of progression. One patient treated at 30pg/
kg per day for 7 days had a PR with resolution of right upper lobe and left lower
lobe CT scan abnormalities and a 50% reduction in size of a right lower lobe mass.
The PR persisted for 3 months without additional therapy.

In sum, this phase I clinical trial indicated that N901-bR could be administered
to patients with relapsed SCLC with tolerable and reversible toxicities. The DLT of
capillary leak syndrome is commonly seen with ITs. Although there was evidence of
binding of N901-bR to tumor, it is unclear whether all sites of bulky disease are
exposed to therapeutic concentrations of N901-bR. The high frequency of antibody
formation also is limiting. It is difficult to imagine that a single infusion of IT will
kill enough tumor cells to effect a clinical PR or CR in many patients.



Clinical Trials with Blocked Ricin Immunotoxins 53

As with anti-B4-bR, N901-bR can be employed in the adjuvant setting fol-
lowing the completion of induction chemotherapy. For patients with extensive
stage SCLC, conventional chemotherapy regimens are capable of inducing remis-
sions in approximately 60% of patients. However, no patients are cured and the
median survival is in the range of 9 months. While only 5%-10% of patients with
limited stage SCLC may be cured of their disease, these patients nevertheless have
extraordinarily high remission rates after initial chemotherapy with or without
radiation therapy. Hence, SCLC is an optimal disease in which to assess the efficacy
of adjuvant IT therapy.

A phase II trial using N901-bR to treat patients with reduced tumor burdens
following induction therapy has been initiated (LyNcH et al. 1995). Eligible patients
are in CR or near CR within 60 days of receiving their final chemotherapy or
radiation therapy. All patients receive a 7 day continuous infusion of N901-bR at a
dose of 30pg/kg LBM per day for 7 days. By treating patients with negligible tumor
burdens, the obstacles of tumor bulk and HAMA/HARA formation may be cir-
cumvented. Perhaps a single cycle of therapy in these patients can effect enough
cytotoxicity to enhance the remission duration and cure rates. To date, nine pa-
tients have been treated on this protocol. No new toxicities have been seen as
compared with the initial study. Capillary leak syndrome has occurred frequently,
and one patient died secondary to respiratory failure and hypotension likely sec-
ondary to capillary leak syndrome. At autopsy, the patient was found to have
residual SCLC. Whether N901-bR will have acceptable toxicity and efficacy in the
adjuvant setting remains to be determined.

6 Conclusions

Four bR-ITs now have been used in human clinical trials. These ITs have been used
to treat patients with both hematologic malignancies and solid tumors. From these
trials, several conclusions already can be made:

First, the similarity between these ITs in terms of their in vivo toxicity is
striking. Despite the use of different antibodies and target antigens, all of these
agents cause capillary leak syndrome, transient liver enzyme elevations, and
thrombocytopenia as side effects. Hence, the antibodies to which these toxins are
conjugated confer the necessary specificity to the blocked ricin toxin and the few
side effects of therapy that may be antibody mediated do not appear to be dose-
limiting.

Second, all of these agents have been demonstrated to have biologic activity,
even in pretreated patients with bulky relapsed disease. In each instance, limitations
exist to the efficacy of therapy in patients with bulky tumors, and future clinical
efforts will best be directed toward the testing of these agents in the minimal
residual disease state. Preliminary studies with both anti-B4-bR and N901-bR
demonstrate that adjuvant therapy can be accomplished safely with these agents.
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Third, these compounds are immunogenic, minimizing the potential to deliver
repeat courses of therapy. However, in the case of anti-B4-bR, it may be possible to
develop alternative infusion schedules (e.g., 28 day continuous infusion) which
suppress B cells and limit the ability to mount an immune response. Similarly, when
anti-B4-bR has been used in conjunction with ProMACE-CytaBOM chemother-
apy, multiple cycles of the IT can be delivered. Continued efforts must be directed
at developing alternative infusion schedules, humanizing the antibodies, producing
a recombinant toxin, or suppressing the patient’s immune system in order to cir-
cumvent the obstacle of HAMA/HARA formation.

Valuable lessons have been learned from the first generation of clinical studies
with each of the ITs detailed in this chapter. Within the next few years, pivotal
studies will have been completed for one or more of these agents that will better
define their efficacy and their role in cancer therapy.
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Saporin Immunotoxins

D.J. FLAVELL

The majority of clinical trials with immunotoxins (ITs) have been conducted with
conjugates containing ricin A-chain (AMLOT et al. 1993; GROSSBARD et al. 1992;
VITETTA et al. 1991). This has arisen largely as an historical accident simply because
the early development of ITs was carried out with ricin as the toxin of choice, for no
better reason than its availability. Native ricin poses a major handling hazard
requiring special precautions. This is so because ricin is comprised of two chains, an
A-chain which possesses the catalytic ribosome inactivating activity and a B-chain
which has a lectin-like activity binding to galactose on the cell surface and it is this
which confers nonspecific binding and hence toxicity to the intact toxin. Both the
A- and B-chains of ricin are glycosylated, which confers liver binding properties
that significantly contribute to their hepatotoxicity when used in patients. Saporin,
by contrast, is a single chain, ribosome inactivating protein (rip) which conse-
quently has no lectin-like binding activity and moreover is not glycosylated in the
native form (STIRPE et al. 1983). Saporin is therefore very considerably safer to
handle and can be used in its native form without the attendant toxicities associated
with unmodified ricin based immunoconjugates. The seeds of the soapwort plant
(Saponaria officinalis) are a rich source of saporin and constitutes almost half a
percent of the total weight of the seed. The gene for the SO6 isoform of saporin has
been cloned and expressed in bacteria (BARTHELEMY et al. 1993). Saporin, like ricin
A-chain, acts as an N-glycosidase catalytically cleaving 28S ribosomal RNA at
A-4324 thus irreversibly inactivating cellular ribosome capability (Enpo 1988).
Despite the fact that saporin and ricin A-chain possess exactly the same catalytic
activity and are comparable in their potency, the two proteins are antigenically
unrelated.

ITs that deliver saporin (and other toxins) to a selected cell population do so
through the specificity of the antibody component . Changing the antibody changes
the specificity of the IT target so that ITs may be customised for individual target
tumours, providing an appropriate target antigen and respective antibody is
available. Anecdotally and by indirect comparison of in vitro performance reported
in the literature, immunotoxins constructed with saporin would appear to be at
least as potent as those constructed with ricin A-chain, though no formal studies
have been published that have made such a direct comparison. With conventional
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chemically constructed immunoconjugates the nature of the covalent bond between
antibody and toxin has been an issue that has led some working with ricin A-chain
immunoconjugates to utilise a so called “hindered” disulphide bond as the linker as
opposed to a nonhindered disulphide linker (THoOrPE et al. 1987b). Here the
disulphide bond is sterically hindered by side groups rendering this bond less sus-
ceptible to reduction in vivo by glutathione-type enzymes. The advantage claimed
here is an increased longevity of survival of IT in the circulation and hence a
prolongation of exposure of target tumour cells to the drug (THORPE et al. 1987a,
1988). However with the rips saporin and pokeweed anti-viral protein (PAP) there
does not appear to be any advantage in constructing the IT with a hindered
disulphide bond, either in terms of pharmacokinetics or therapy outcome in pre-
clinical studies in mouse models of human leukaemia and lymphoma (FLAVELL et al.
1994; Uckun et al. 1993). Hence clinical trials in humans with saporin or PAP
based ITs are being conducted with ITs constructed with conventional unhindered
disulphide bonds.

There have been several preclinical studies which point to a promising activity
of saporin ITs in a variety of human haematological tumours. Earlier studies have
reported selective in vitro (BARBIERI et al. 1989a,b; BREGNI et al. 1989; DinoTA et al.
1990; Tazzari et al. 1992, 1993) activity and more recent work in vivo activity in
animal models (FLAVELL et al. 1994, 1995b; MorLAND et al. 1994; PAsQuUALuUCCI
et al. 1995) of human leukaemia and lymphoma. The two notable preclinical studies
which have now led to clinical trials include an anti-CD30 saporin IT for Hodgkin’s
disease and anaplastic large cell lymphoma (PasQuaLucci et al. 1995), and the anti-
CD19 IT BU12-SAPORIN for B-lineage acute lymphoblastic leukaemia and non-
Hodgkins lymphoma (FLAVELL et al. 1995b).

There is currently only very limited clinical experience with saporin ITs. Studies
that are currently being conducted are exclusively aimed at patients with haema-
tological malignancies, in particular Hodgkin’s lymphoma and low grade non-
Hodgkin’s lymphoma. In the first study with a saporin based IT, FaLini et al. (1992)
treated four patients with advanced refractory Hodgkin’s lymphoma with the anti-
CD30 IT BER-H2/SO6. A dose of IT of 0.8mg/kg was given as either one or two
doses as an infusion over 4h. Three patients showed a rapid and substantial re-
duction in tumour mass (50% to > 75%). There were no major toxicities en-
countered other than transient elevations in liver enzymes and a transient
thrombocytopaenia seen in one patient. The authors of this study claim that vas-
cular leak syndrome was not seen in any of the four patients though one patient did
develop oedema with an attendant Skg weight gain, but without a decrease in serum
albumin levels as normally seen with IT-induced VLS. The responses were however
transient lasting from between 6 and 10 weeks. All patients developed antibody
responses to both the antibody and saporin component parts of the I'T. This original
series has now been expanded to 12 patients with a reported response rate of 40%.

We are currently conducting a phase I clinical trial with the anti-CD19 IT
BU12-saporin at two centres in the UK (Southampton and Leeds) in patients with
relapsed/refractory B cell lymphoma. This is a dose escalation study whose primary
endpoint is determination of the maximum tolerated dose (MTD). At the time of
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writing five patients have been treated at dose levels of 30ug/m? (3 patients) and
60pg/m? per day for 7 days (i.e. total doses of 210pg/m? and 420pg/m> respec-
tively) given daily as a 1h i.v. infusion. No toxicity has thus far been encountered in
any of these patients and interesting minor responses have been noted in one
patient treated at 30pg/m?® (tenderness at disease site involving cervical lymph
nodes) and 60pg/m? (improved platelet counts). Pharmacokinetic data will even-
tually be gleaned from this study but is currently not available.

Although not strictly an immunoconjugate, though worthy of mention, is the
limited clinical experience reported by FrReNcH et al. (1995), who targeted saporin
to tumour cells utilising two bispecific antibodies (BsAb) each with anti-CD22
specificity in one arm and anti-saporin specificity in the other in four patients with
B cell lymphoma. The BsAb was precomplexed with saporin prior to administra-
tion i.v. as a lh infusion. All four patients showed responses with a reduction of
50% or greater in measurable tumour though the duration of the responses was
relatively short, the maximum being 28 days. Toxicities encountered were reported
as minor with no apparent sign of vascular leak syndrome.

Most clinical trials with ITs in human leukaemia and lymphoma have dem-
onstrated anti-tumour activity, though in general, with a few notable exceptions,
the extent and duration of the responses have been disappointing. This does not
necessarily mean that IT therapies for cancer have no role to play, as it must be
remembered that of necessity the vast majority of patients so far studied have had
bulky end stage disease that has become unresponsive to conventional cytotoxic
therapy. Largely for ethical reasons this is the traditional patient group that these
types of phase I/II clinical trials are conducted in and as such they are a far from
ideal patient population in whom to look for durable responses. The fact that
responses have been seen at all in this very poor prognostic group should be viewed
as encouraging and demonstrates that real anti-tumour activity does exist and the
utility of IT treatment in patients with minimal residual disease would seem an
application much more likely to yield beneficial effects.

It has become clear in recent years that the major dose-limiting toxicity seen
with any IT is the occurrence of vascular leak syndrome (VLS) above serum IT
concentrations of 1pg/ml. Any means that can be found to modulate this toxicity or
to alternatively improve the therapeutic index so that IT may be used at a dose level
not likely to cause VLS would represent a major step forward for this therapeutic
approach. There is recently the suggestion from preclinical data that the use of
combination IT therapy might ensure the total ablation of all cells in the tumour
(FLAVELL et al. 1995a, 1996; GHETIE et al. 1992). If this eventually translates into an
increase in IT therapeutic index, then the use of cocktails of ITs in patients with
minimum residual disease following tumour debulking by more conventional
methods may very well be a promising way ahead for this type of therapeutic
modality. In this context a phase I clinical trial with a two combination anti-CD19-
positive anti-CD22-ricin A-chain IT cocktail is currently underway in patients with
B cell non-Hodgkin’s lymphoma at the National Cancer Institute and a saporin-
based three IT cocktail (anti-CD19 /CD22/CD38) phase I clinical trial is currently
in the planning (FLAVELL 1996). The next few years should therefore hopefully
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clearly finally show whether or not there really is a role for I'T based therapy in the
treatment of human malignancy.
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1 Introduction

Two different approaches have been undertaken to develop targeted biomolecules
for therapeutics. The first was the construction of immunotoxins consisting of
monoclonal antibodies chemically linked through a disulfide bond to a plant or
bacterial toxin or radionuclide. Instability of the chemical conjugation of some of
the earlier immunotoxins led to the concept of using protein engineering and re-
combinant DNA to assemble fusion genes combining the sequences for the enzy-
matically active and translocation domains of a toxin with those of a specific
targeting ligand. From the outset, the prospect of using recombinant DNA
methods to assemble the structural genes encoding bacterial toxin growth factor
fusion toxins, or fusion proteins, offered significant advantages over chemical
conjugation in the assembly of chimeric proteins. Most importantly, the fusion
junction, or point at which the substitute receptor binding domain was linked to the
toxin fragment, could be precisely determined. Expression of the fusion gene in
recombinant Escherichia coli would then result in the synthesis of a single homo-
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geneous gene product rather than the mixture of isomeric forms which result from
the chemical conjugation process used in the generation of immunotoxins, thereby
leading to a theoretically more uniform agent for clinical studies.

A number of years ago, Murphy and colleagues explored the use of diphtheria
toxin as a platform for the development of genetically engineered toxins, in which
substitution of the native receptor binding domain with specific growth factors
would result in a family of biologically active fusion proteins. These “‘new” toxins
would combine the potent cytotoxic active of diphtheria toxin with the cell receptor
specificity of the growth factor employed as the substitute receptor binding domain,
creating a targeted therapeutic agent for human disease.

2 Diphtheria Toxin

The choice of diphtheria toxin as the toxophore for receptor binding domain
substitution was based upon a detailed understanding of the structure-function
relationship of the molecule. In their classic study, Uchida, Gill, and Pappenheimer
(UcHipA et al. 1971) demonstrated that the structural gene for diphtheria toxin was
carried by corynebacteriophage B. This study also provided the foundation for
subsequent studies on the structure function relationships of diphtheria toxin by
demonstrating that the enzymatically active A fragment was positioned on the
NH,-terminal end of the toxin, whereas the receptor binding domain of the toxin
was carried on fragment B. Shortly thereafter, MurpHY et al. (1974) used B-phage
DNA to program S-30 extracts of E. coli and demonstrated, in this coupled tran-
scription translation system, that biologically active diphtheria toxin could be
synthesized in vitro.

It was known quite early that native diphtheria toxin was a three domain
protein consisting of the enzymatically active domain (fragment A), the hydro-
phobic domain (NH,-terminal portion of fragment B), and the receptor binding
domain (COOH-terminal portion of fragment B). The process by which diphtheria
toxin intoxicates sensitive eukaryotic cells involves at least the following steps, as
shown in Fig. 1: (1) binding of the toxin to its cell surface receptor, (2) activation of
the catalytic domain by a proteolytic cleavage (‘“nicking”) of the toxin in a sensitive
exposed 14 amino acid loop that is subtended by Cys-186 and Cys-201, (3) inter-
nalization of the bound toxin into endosomes by receptor-mediated endocytosis,
and following acidification of the endocytic vesicle, (4) the facilitated delivery of the
catalytic domain across the endocytic vesicle membrane and into the cytosol. Once
delivered to the cytosol, fragment A rapidly catalyzes the adenosine diphosphate
ribosylation of elongation factor 2 which results in the inhibition of protein syn-
thesis and subsequent death of the cell.

The first step in the intoxication process is the specific binding of diphtheria
toxin to its cell surface receptor. MIDDLEBROOK et al. (1978) were able to correlate
the apparent sensitivity of a given cell line to diphtheria toxin with the number of
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Fig. 1. Mechanism of action of diphtheria toxin. Diphtheria toxin recognizes its receptor on the cell
surface (A4). The receptor-binding domain of the toxin binds to the cell surface receptor (B). The toxin-
receptor complex is internalized (C) by receptor-mediated endocytosis into endosomal vesicles (D). The
vesicles undergo acidification, resulting in a conformational change in the transmembrane domain of the
toxin which allows it to insert into the vesicle membrane and induce pore formation (). Delivery of free
fragment A, the enzymatically active part of the toxin, into the cytoplasm (F)

receptors on the cell surface. The initial localization of the diphtheria toxin receptor
binding domain to the COOH-terminal region of fragment B was based upon the
findings that CRM45, a premature chain termination mutant of the toxin which
lacked the COOH-terminal 15,000 dalton region, failed to bind to the diphtheria
toxin receptor and block the toxic activity of diphtheria toxin on cells (UcHibA et al.
1971, 1973). In addition, observations made by many investigators using different
approaches strongly suggested that the functional native receptor binding domain
was positioned in the COOH-terminal 50 amino acids of the toxin (HAYAKAWA
et al. 1983; MurpHY et al. 1986; GREENFIELD et al. 1987; MyYERS and VILLEMEZ
1988; RoLr and EipeLs 1993).

Once diphtheria toxin is bound to its cell surface receptor, it is internalized into
the cell by receptor-mediated endocytosis (Mova et al. 1985; Morris et al. 1985).
Early endocytic vesicles are known to be acidified by specific vesicular ATPases to
an average pH value of 6.2 (FucHs et al. 1989; CAIN et al. 1989). It is well known
that diphtheria toxin must pass through an acidic compartment in order to deliver
the catalytic domain to the cytosol. Over a decade ago, it was recognized that under
acidic conditions diphtheria toxin and CRM45 will spontaneously insert into the
plane of lipid bilayers and form channels (KAGAN et al. 1981; DoNovAN et al. 1981).
Moreover, the diameter of the channel has been reported to be 18 A (KaGAN et al.



66 F.M. Foss et al.

1981; HocH et al. 1985), which is large enough for a denatured, extended fragment
A to pass through and be delivered to the cytosol. Importantly, diphtheria toxin-
induced channels have been observed in both Vero and CHO cell membranes
following a low pH pulse (PApinNI et al. 1988; SANDVIG and OLsNEs 1988).

3 Construction of the Diphtheria Toxin Fusion Proteins

MurprHY et al. (1986) described the construction and properties of the first diph-
theria toxin fusion protein, DAB4gs-MSH, in which the native diphtheria toxin
receptor binding domain was replaced with a-melanocyte stimulating hormone (o-
MSH). This construct employed a unique Sphl restriction endonuclease site in the
diphtheria toxin structural gene such that amino acid 486 served as the fusion
junction between diphtheria toxin-related sequences and a-MSH . Unfortunately,
DAByg6 a-MSH was subject to marked proteolytic degradation in E. coli; however,
sufficient amounts of the fusion protein were purified to demonstrate specific tox-
icity for a-MSH receptor bearing cells.

Since the protease(s) sensitive sites of DAB4gs0-MSH appeared to be close to
the fusion junction between diphtheria toxin and o-MSH, it was speculated that a
fusion protein constructed with a growth factor of larger mass might provide stearic
hinderance and thereby minimize degradation. The next fusion proteins synthe-
sized, DABy4gs IL-2 and DABsge IL-2, utilized interleukin (IL)-2 as a ligand and, as
predicted, these larger molecules were largely resistant to proteolysis (WILLIAMS
et al. 1987, 1990; BAcHA et al. 1988; WATERS et al. 1990). Building on the success
with the IL-2 fusion protein constructs, a variety of other growth factors have been
used to replace the native receptor binding domain of the toxin, as shown in
Table 1. In all instances, these fusion proteins have been shown to be selectively
toxic for only those eukaryotic cells which express the appropriate cell surface
receptor (GREENFIELD et al. 1987; WiLLIAMS et al. 1987, 1990; AuLLo et al. 1992;
Lakxis et al. 1991; WEN et al. 1991; SHAw et al. 1991; JeAN and MurpHY 1992).

Table 1. Diphtheria toxin-based cell receptor-targeted fusion proteins

Fusion toxin Receptor Cytotoxicity (ICsq)
DABygsa-MSH o-MSH n.d.
DAB3g00-MSH a-MSH 3x107''M
DABse IL-2 L2 1x1071'M
DAB;50 IL-2 IL-2 1 x 107*M
DABsgo mIL-4 IL-4 2% 1071
DAB3g IL-6 IL-6 2x107"'"™M
DAB:go IL-7 IL-7 1 x 1071°M
DABsg EGF EGF 1x1071'M
DAB;g9 CD4 HIV gpl20 1x107°M

DAB, diphtheria toxin fusion protein; MSH, melanocyte-stimulating hormone; IL, interleukin; EGF,
epidermal growth factor.
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4 The Interleukin-2 Fusion Proteins

4.1 The DAB4g6lL-2 Fusion Protein

WiLLiaMms et al. (1987) described the genetic construction, expression, and purifi-
cation of the DAB,gg IL-2 fusion protein. In contrast to «-MSH, the DABgg IL-2
fusion protein could be readily purified from recombinant E.coli in good yield. The
purified DAB4gs IL-2 was biologically active and selectively inhibited protein
synthesis in IL-2 receptor bearing cells with an ICsq of 10™''M. Cells lacking the IL-
2 receptor were resistant to the fusion protein, with ICso of > 107°M. BacHa et al.
(1988) demonstrated that receptor binding was required for fusion protein-medi-
ated cytotoxicity.

It has further been shown that cells bearing the high-affinity isoform of the IL-
2 receptor (pS5, p75, p64) are the most sensitive to intoxication by the IL-2 fusion
proteins (WATERS et al. 1990). The early events following binding of DAB,gg 1L-2
to the high affinity receptor have been shown to mimic those of IL-2, with increase
in messenger RNAs for IL-2, IL-2 receptor, c-myc, and interferon-y. This initial
stimulation is rapidly followed by inhibition of protein synthesis such that by 12h
the messenger RNA profiles that of a cell treated with cycloheximide (WALz et al.
1989). Since the high-affinity form of the receptor (TAKESHITA et al. 1992) is found
only on activated proliferating T cells, recently activated B cells, and activated
monocytes, and selected leukemia and lymphoma cells (WALDMANN 1986, 1990),
the NK cells which constitutively express the intermediate form of the receptor (p75
p64) and selected neoplastic cells expressing only the pS5 and p64 components
(WEIDMANN et al. 1992) are less sensitive to the action of the fusion protein.

4.2 DAB,g6IL-2 Clinical Studies

IL-2 receptor expression has been reported on subsets of hematopoietic malig-
nancies, including Hodgkin’s disease, low and intermediate grade non-Hodgkin’s
lymphoma, cutaneous T cell lymphoma, HTLV-1-associated adult T cell leukemia/
lymphoma, and chronic lymphocytic leukemia (CraiG and BANKs 1992; UcHiyaAMA
et al. 1985; STRAUCHEN and BREAKSTONE 1987; SHEIBANI et al. 1987; BARNETT et al.
1988; RosoLEN et al. 1989; KuNG et al. 1988).

A series of phase I/II clinical studies were developed to determine the safety,
tolerability, and pharmacokinetics of the first generation IL-2 fusion protein,
DABysg6lL-2, in patients with refractory hematologic malignancies (LEMAISTRE
et al. 1992, 1993; ScHwARTz et al. 1992; HeskETH et al. 1993; Foss et al. 1994). In
these studies, IL-2 receptor expression was determined based on immunostaining
with anti-Tac (CD25) antibody on available tumor tissue of enrolled patients, but
detectable IL-2R expression was not required for eligibility due to inaccessibility of
fresh tissue in many patients. The initial clinical trials were designed as a three
patient cohort dose escalation in which single and multiple doses of the fusion
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protein were administered by intravenous injection, either as a bolus, or 90 min
infusion. The initial dose was 700ng/kg per day and was escalated to 400pug/kg per
day. Adverse effects were generally mild and included nausea/vomiting, hypersen-
sitivity, fever/malaise/chills, and elevations in serum hepatic transaminases. The
maximal tolerated dose for DAB4gglL-2 was 400pg/kg per day, above which renal
insufficiency occurred. All of the adverse effects observed in these studies were
transient, not cumulative, and did not preclude repeated administration of the
fusion protein to patients who responded to therapy. In addition, there were no
changes in circulating normal lymphocyte subsets during or following therapy, and
no increased incidence of opportunistic infection was observed.

The time course of analysis of DAB4ggIL-2 concentrations in serum, using a
nonlinear mathematical model, showed that the clearance of the fusion protein
followed a one-component model with a ¢, of approximately 11 min at dose levels
of 200400pg/kg (LEMAISTRE et al. 1993). Moreover, the pharmacokinetics of the
fusion protein did not change following multiple courses of administration.

In many patients increased serum levels of soluble IL-2 receptor (SIL-2R) were
detected; however, there was no correlation between the clearance rates of the
fusion protein from circulation and the level of sIL-2R. Bacha (personal commu-
nication) had found previously that the presence of 50,000 units/ml of sIL-2R
failed to inhibit the cytotoxic action of DAByggIL-2 in vitro. Following adminis-
tration of DABglL-2, approximately 60% of the patients had an anamnestic
response to the diphtheria toxin component of the fusion protein. Few patients,
however, had anti-IL-2 titers prior to study entry. After one or more course of
fusion protein administration approximately half of the patients developed low
titers of anti-IL-2 antibodies. As was seen with sIL-2R, the presence of either anti-
diphtheria toxin-related or anti-IL-2 antibodies did not appear to prevent an anti-
tumor response.

Clinical responses were seen in these phase I studies in patients with low and
intermediate grade non-Hodgkin’s lymphoma, Hodgkin’s disease, and cutaneous T
cell lymphoma, as shown in Table 2. All of these patients had refractory disease
and had failed at least two prior chemotherapy regimens. While IL-2 receptor
expression on the patient’s tumor tissue was not a requirement for entry onto this
study, immunohistochemical studies were performed in patients in whom tissue was
readily accessible for biopsy. All of the responders had demonstrable IL-2 receptor
expression as measured by immunoreactivity with the CD25 (anti-Tac) antibody.

Table 2. Clinical response to DABygeIL-2

Diagnosis Number enrolled CR PR Total CR+PR (%)
NHL 51 1 3 4 (8%)

HD 14 1 0 1 (7%)

CTCL 36 1 5 6 (17%)

DAB, diphtheria toxin fusion protein; IL, interleukin; NHL, non-Hodgkin’s lymphoma; HD, Hodgkin’s
disease; CTCL, cutaneous T cell lymphoma; CR, complete response; PR, partial response.
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The most impressive responses in these studies occurred in patients with cutaneous
T cell lymphoma. One patient with tumor stage cutaneous T cell lymphoma had a
complete remission with disappearance of all of his tumors, and he has remained
disease-free without further therapy for at least 5 years (HESKETH et al. 1993).
Another patient with diffuse plaque stage disease had significant clearing of his
lesions, and two patients with the Sezary syndrome experienced marked improve-
ment in skin exfoliation and pruritis without a significant change in the numbers of
circulating Sezary cells (Foss et al. 1994).

4.3 Construction of the DAB3gol -2 Fusion Protein

While DABygs IL-2 demonstrated high specific activity in vitro, its half-life was less
than 5 min, perhaps due to the propensity of the molecule through hydrophobic
interactions to form aggregates in solution. Efforts to reengineer the molecule were
undertaken by WiLLIAMS and colleagues, who performed a series of experiments in
which a series of truncated DAB molecules were created and tested for binding and
bioactivity. They demonstrated that the deletion of 97 amino acids from the
diphtheria toxin fragment B resulted in a molecule (DAB;g9 IL-2) which had a two-
to threefold higher kDa than DAB,gs IL-2, with resulting tenfold increase in po-
tency (WiLLIAMS et al. 1990; Kivokawa et al. 1991). Based on these results, it was
determined that amino acid 389 of diptheria toxin is the optimal site for the genetic
fusion of cell receptor binding ligands. As seen in Fig. 2, the X-ray crystallographic
structure of native diphtheria toxin has shown that amino acid 388 (amino acid 389
of the fusion proteins) is positioned at the end of a random coil separating the
transmembrane domain from the native receptor binding domain (CHOE et al.
1992). DAB3goIL-2, like its progenitor, binds to and is selectively cytotoxic only for
high-affinity IL-2 receptor bearing cells.

4.4 Clinical Studies of DAB3goI1.-2 in Lymphoma

Because of the encouraging results with DABygeIL-2, further clinical studies were
performed with the redesigned fusion protein, DAB3golL-2. A phase I/II study of
DAB;gIL-2 was initiated in patients with non-Hodgkin’s lymphoma, Hodgkin’s
disease, and cutaneous T cell lymphoma whose tumors expressed the IL-2 receptor
as determined by immunohistochemical staining using the anti-CD25 antibody and
antibodies directed against the p75 component of the IL-2 receptor (LEMAISTRE
et al., in press; SALEH et al., in press). Only cells histologically and immunohisto-
chemically representative of malignant cells were assessed for IL-2R. Tumor sec-
tions were considered positive if >25% of the tumor cells stained with either p55 or
p75. Patients with HIV-associated T cell malignancy were excluded from this study.

A minimum of three patients were studied at each dose level with each patient
receiving the same dose for the duration of treatment. A treatment cycle consisted
of DAB;golL-2 administered over 5 min daily for 5 days. Treatment cycles were
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Fig. 2A,B. Ribbon diagram of the X-ray crystal structure of native diphtheria toxin (A) (CHOE et al. 1992;
BENNETT et al. 1994). The catalytic domain, transmembrane domain, and receptor binding domain are
shown. The DAB389 IL-2 fusion toxin was constructed by substitution of the receptor-binding domain
with the gene for interleukin-2 (B). The ribbon diagrams were generated using MOLESCRIPT (KRrAuLIS
1991)

repeated every 3 weeks. Tumor assessment was performed every two cycles and
patients with objective response or stable disease were permitted to receive addi-
tional treatment for up to six cycles. Retreatment was permitted as long as drug
related toxicity and/or associated laboratory abnormalities had returned to
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pretreatment baseline or less than grade 1. During the course of this study,
DAB3golL-2 dosage was determined in micrograms instead of bioactivity units
which were used in studies with DAB4gg IL-2.

A total of 230 patients were screened for inclusion in to the study. IL-2R was
detected on tumor specimen from 109 patients (47%). The prevalence of IL-2R was
41% in patients with non-Hodgkin’s lymphoma, 62% in patients with cutaneous T
cell lymphoma and 83% in patients with Hodgkin’s disease. Seventy-three patients
fulfilled the eligibility criteria and were enrolled in this study. This was a heavily
pretreated patient population having received a mean of five previous therapies.
Twenty-five patients (34%) with lymphoma had undergone bone marrow trans-
plantation. Patients received doses ranging from 3 to 31pg/kg per day daily for
5 days. Fifty-two patients (71%) completed two courses and 39 (53%) received
three of the six treatments. Overall, one quarter of the patients completed all six
cycles of therapy. Thirty-nine patients (53%) discontinued treatment because of
disease progression while 12 (16%) patients came off study because of toxicity.

The most common side effect associated with DAB3golL-2 was treatment-
associated fever/chills (74%), which were self limited or readily reversible with
symptomatic treatment. Approximately half of the patients also experienced nau-
sea/vomiting, asthenia and hypotension. The severity of adverse events diminished
with subsequent courses and 84 of 91 (92%) of grade 3—4 toxicities occurred during
the first or second treatment cycle. Treatment-associated laboratory abnormalities
consisted of decreased serum albumin (80%) and reversible elevation of serum
transaminases (62%). The association of hypoalbuminemia, hypotension and
edema was observed in eight patients with cutaneous T cell lymphoma and was felt
to potentially represent a form of mild vascular leak syndrome previously reported
with ricin and Pseudomonas exotoxin-based immunotoxins. Dose limiting toxicity
was observed at the 31pg/kg per day dose and consisted of severe fatigue and
asthenia precluding administration of more than one cycle in four of five patients at
the dose level. No particular laboratory finding could be linked to this clinical event
except for a twofold increase in transminase elevation compared to the previous
dose level (23-27pg/kg per day). Toxicity was reversible in all patients. As shown in
Fig. 3, there was no change in circulating populations of T cell subsets or B cells
during the course of therapy.

The kinetics of DAB3goIL-2 best fit a one compartment model with an overall
half-life of 72min. The area under the curve (AUC) increased with administered
dose. Approximately 38% of the patients demonstrated preexisting antibodies to
DAB3goIL-2 and antibodies were detected in 92% of the study population fol-
lowing two cycles of treatment. Importantly, however, preexisting antibody or
antibody development following treatment did not appear to interfere with clinical
response or significantly contributed to the side effect profile.

Objective clinical responses were observed in 16 of the 73 patients (22%),
including six complete and ten partial responses. Of 35 cutaneous T cell lymphoma
patients, 13 (37%) and three of 17 non-Hodgkin’s lymphoma patients (18%)
demonstrated an objective clinical response. There were no responders in the
Hodgkin’s disease patients. The median time to response was 2 months (two cycles
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Fig. 3. Lymphocyte subsets during therapy with DAB;gIL-2. Populations of circulating normal lym-
phocytes were measured during therapy with DAB;gIL-2 by flow cytometry on days 3, 8, and 21 of each
21 day cycle for four cycles. Data represents mean for all patients without circulating neoplastic cells (11
non-Hodgkin’s disease, 21 Hodgkin’s disease). The x-axis shows cycle number and day; the y-axis shows
mean % positive cells derived by flow cytometry using antibodies to CD3, CD4, CD8, and CDI19 in
separate analyses

of treatment) with the median duration of response being 10 months. The most
dramatic responses, including five of six complete responses, were observed in
patients with cutaneous T cell lymphoma. Four of the five complete responders had
failed prior photophoresis. An impressive complete response was achieved in a
patient with extensive erythroderm (T4) and palpable adenopathy (stage 11I). The
patient had debilitating plaque disease involving both hands and arms resulting in
palmar contractures bilaterally (Fig. 4A,B). He had previously failed photophoresis
and PUVA therapy. He was treated at the 15pg/kg per day dose and objective
response was documented following four cycles and biopsy proven complete re-
sponse following six cycles of DAB;glL-2. The complete response lasted
16 months. A second patient with extensive tumors measuring 2—-3cm involving the
entire body including palmar and plantar surface (stage I1lb) demonstrated a re-
markable clinical response (Fig. 4C-F). He had previously failed topical therapy,
phototherapy, chemotherapy, interferon and local radiotherapy. He experienced
dramatic shrinkage of tumors following one cycle of treatment at the 27ug/kg per
day dose and complete regression of all visible lesions by the end of the second
cycle. Complete response was confirmed by biopsy following the fourth cycle. The
patient had an unmaintained complete response for 12 months. One patient with
primary refractory non-Hodgkin’s lymphoma, who had failed bone marrow
transplantation, achieved a complete response which has been ongoing for greater
than 39 months. Clinical responses were seen at all dose levels.
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Fig. 4A-F. Clinical response to DAB3goIL-2. A, B Patient with stage III cutaneous T cell lymphoma and
Sezary syndrome before (A) and after (B) four cycles of therapy. The patient achieved a clinical complete
response for 16 months. C—-F Photographs of patient with stage IIb cutaneous T cell lymphoma with
diffuse cutaneous tumors before (C, E) and after (D, F) four cycles of therapy. The patient had a complete
response for 12 months

Table 3 compares results from this phase I study with those from the DA-
BugeIL-2 studies. The half-life of DAB1go-IL2 is substantially longer than that of
the first generation molecule. Both molecules cause reversible elevation of liver
function enzymes though the toxicity profile at maximum tolerated dose (MTD) is
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Fig. 4E,F

different for the two reagents. The achievement of objective anti-tumor responses,
including durable complete remissions, in a heavily pretreated patient population in
this dose escalation study of DAB;g9lL-2 provides compelling evidence for the
anti-tumor potential of [L-2 fusion proteins in patients with cutaneous T cell
lymphoma. Unlike the experience with most conventional modalities, the complete
responses achieved with DAB3golL-2 have been durable in the absence of continual
or prolonged maintenance therapy. In vitro studies have demonstrated that
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Table 3. Comparison of clinical activity of DAB486IL-2 and DAB389-IL-2

DAB486-1L.2 DAB389-1L-2
MTD 300ug/kg per day x 5 days 27ug/kg per day x 5 days
t172 (min) 11.5 + 43 65 + 50
DLT Renal Asthenia
Response 11/101(11%) 16/73 (22%)

MTD, maximum tolerated dose; DLT, dose-limiting toxicity.

inhibition of protein synthesis and cell kill can be induced by DABsgoll-2 at
concentrations as low as 0.1ng/ml and drug exposure time of less than Smin. Ki-
netic data emerging from this phase I study reveal that comparable biologically
active levels of DAB;3golL-2 are achieved in vivo using the current schedule. It is
unclear why responses were not observed in Hodgkin’s disease patients in this
study, although this may be related to an internalization defect related to lack of
expression of all components of the high affinity IL-2 receptor.

Based upon these observations, two phase III clinical trials were initiated using
DAB;goIL-2 in the treatment of cutaneous T cell lymphoma. The first study for
refractory patients was an open label treatment study comparing two doses of
DAB5;goIL-2, and this study is now closed to accrual and under analysis. Patients in
this study were randomized to either 18ug/kg per day or 9ug/kg per day of
DAB;goIL-2 using the phase I/II dosing regimen of five consecutive daily doses
every 21 days. The second study, which is still accruing patients, is a double-blind,
randomized, placebo-controlled study in earlier stage cutaneous T cell lymphoma
patients who have not received prior systemic therapy. In this study, patients will be
randomized to placebo or to either the 18pg/kg per day or 9ug/kg per day dose of
DAnggIL-z.

4.5 Application of DAB;zgolL.-2 to Lymphocyte-Mediated
Cutaneous Diseases

One important function of the skin is to provide an immunologic barrier to the
environment. In normal skin, the epidermal Langerhans cell and the dermal den-
dritic cell are resident antigen-presenting cells, while T lymphocytes and other im-
munocytes regularly traffic throughout the epidermis and dermis. Not surprisingly, a
wide array of cutaneous diseases are related to local immune activation in skin, to
systemic immune activation visible in the skin, or to homing of neoplastic T lym-
phocytes to the skin. Some immune events, e.g., contact dermatitis to a topical
allergen or a drug “rash” due to a systemic medication, are self-limited and are most
appropriately treated with short-duration immunosuppressives such’as corticoste-
roids. In contrast a number of autoimmune or inflammatory skin diseases are caused
by persistent infiltration of CD4+ or CD8+ T lymphocytes in the epidermis or
dermis. Common examples of chronic inflammatory diseases are psoriasis, atopic
eczema, lichen planus, alopecia areata, and graft-versus-host disease (GVHD)
(following bone marrow transplantation). In each of these conditions, a direct link
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between activated T lymphocytes and the disease phenotype is suggested by im-
pressive clinical improvements mediated by cyclosporine or other direct immuno-
suppressives (GUPTA et al. 1990). Each of these conditions represents a considerable
therapeutic challenge, as all persist for years, or even a lifetime, and thus require
treatment for years-to-decades. Treatment with cyclosporine and other immuno-
suppressives is usually limited to short periods due to toxicity concerns. Hence, there
is significant medical need for alternate treatments, such as to DABsgoIL-2, which
have reduced or non-overlapping toxicity with other available agents.

Presently, only two cutaneous immune-related diseases have been treated with
DAB;g9IL-2: cutaneous T cell lymphoma and psoriasis (GoTTLIEB et al. 1995).
Psoriasis is considered to be the most common human immune-mediated or au-
toimmune disease (VySe and Tobb 1996). Its immunological features include:
(1) activated antigen-presenting cells in skin lesions, (2) high numbers of T lym-
phocytes infiltrating affected skin regions, (3) impressive activation of T lympho-
cytes as measured by expression of the IL-2 receptor a-subunit (CD25), and (4)
clonal proliferation of CD8+ T cells in lesional skin (WEINSTEIN and KRUEGER
1993; NickoLorr and GrirrITHS 1990; GOTTLEIB et al. 1986). T cell activation in
psoriasis is thought to be driven by an as yet unidentified cutaneous antigen which
is presented to T cells by the activated dendritic cells in psoriatic lesions. As
pathogenic T lymphocyte clones would control their proliferation through up-
regulated “normal” IL-2 receptors, disease-mediating T cell clones should be highly
sensitive to DABsgoIL-2.

While relatively few psoriatic patients have been treated DABigolL-2, this
agent has produced remarkable skin clearing or disease improvements in the ma-
jority of those treated (GOTTLEIB et al. 1995). Clinical improvement was coupled
with reduction in the number of T lymphocytes infiltrating skin lesions and with
marked improvement or elimination of keratinocyte hyperproliferation and other
cellular aberrations that define the histopathology of psoriasis. While larger series
of psoriasis studies are needed, and an optimal dosing regimen for this disease must
still be determined, the initial experiments suggest the potential of DAB;golL-2 as
an effective therapeutic for inflammatory or autoimmune skin disorders. The
clinical responsiveness of atopic eczema, alopecia areata, lichen planus, and GVHD
to cyclosporine and other immunosuppressives suggests that these diseases are also
logical candidates for DAB3goILL-2 therapy. One potential advantage of DABsgolL-
2 over cyclosporine (and other noncytotoxic agents) is the potential of DAB3goIL-2
to eliminate pathogenic T lymphocyte clones and thus produce stable disease re-
mission without the need for repetitive or on-going treatment.

5 The Epidermal Growth Factor Fusion Protein

DAB;339EGF is a 48kDa fusion protein in which sequences for the human epider-
mal growth factor (EGF) are combined with the 389 amino acids of diphtheria
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toxin (SHAW et al. 1991). DAB;gEGF selectively binds to the EGF receptor (EGF-
R) and is internalized with inhibition of protein synthesis occurring after entry of
the toxin portion of the molecule into the cytosol, as described above for the DAB
IL-2 fusion proteins. Mammalian cell lines expressing high levels of EGF-R (> 10°
receptors/cell) are uniformly sensitive to DAB;goEGF at concentrations in the
range of 1 x 107! to 5 x 107'°M. Cells which have fewer than 10* EGF-Rs are
intoxicated only at concentrations greater than 10™°M.

The EGF-R is a transmembrane glycoprotein which is expressed on normal
and transformed cells of epidermal and mesenchymal origin (CARPENTER and CHEN
1990). The receptor is composed of an extracellular domain, a membrane spanning
region, and an inner domain which possesses intrinsic protein tyrosine kinase ac-
tivity. Overexpression of the EGF-R has been described on colorectal, bladder,
pancreatic, head and neck, lung, breast, ovarian, and prostate tumors (VEALE et al.
1989; EisBrucH et al. 1987; SteeLE et al. 1990; SmiTH et al. 1989; NEAL and
MELLON 1992; LEMOINE et al. 1992; BATTAGLIA et al. 1989; BERCHUCK et al. 1991;
Morris and Dopp 1990). The expression of EGF and EGF-R by many of these
tumors suggests the existence of an autocrine growth pathway. Elevated EGF-R
expression has been associated with poor prognosis and lack of response to con-
ventional therapies (NICHOLSON et al. 1988).

To date, two phase I studies using DAB3ggEGF have been conducted in pa-
tients with EGF-R expressing malignancies (THEODOULOU et al. 1995). Both studies
were cohort dose escalation studies, one with 5 consecutive days of dosing and one
with episodic dosing on days 1, 8, 9, 15, 16 every 28 days. Fifty-two patients with
metastatic disease were enrolled, and the doses evaluated ranged from 0.3 to 15ug/
kg per day. Of the enrolled patients, 12% had prostate cancer, 11% gastrointestinal
tumors, 9% head and neck, 6% renal cell, and 5% breast cancer.

Toxicities were similar to those seen with DAB;3g0I1.2 and included reversible
hepatic transaminase elevations in 52% of patients on the first course of treatment,
decreasing with subsequent courses. Renal toxicity included elevation of serum
creatinine in 25% and abnormal urinanalysis findings in 60%. One patient expe-
rienced proximal renal tubular acidosis which resolved with electrolyte supple-
mentation. Hypoalbuminemia was noted in 42% of patients. Other toxicities
included fever and chills, nausea, blood pressure alterations, and anorexia. The
dose-limiting toxicity was renal tubular acidosis in the consecutive dosing schedule
at 9pg/kg per day and back and chest pain in the episodic dosing schedule at 15ug/
kg per day.

All patients developed antibodies to DAB3goEGF and a proportion of patients
developed antibodies to EGF. In most patients, these antibodies were neutralizing
in vitro, and there was no correlation between antibody titer and clinical response.

One patient with lung cancer had a partial response at the 6pg/kg per day dose
level on the episodic schedule, and three patients had stable disease during the
6 months of dosing during the study. Two of these patients had prostatic carci-
noma and were dosed at 1.2 and 4.2pug/kg per day on the consecutive schedule, and
one had head and neck cancer and received 0.6pg/kg per day on the episodic
schedule. Based on these results, a phase I/II study is currently being conducted in
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patients with non-small cell lung cancer with a starting dose of 6pg/kg per day every
other day for three doses, to be repeated every 21 days.
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1 Background: Clinical Trial with First Generation
Immunotoxin Using Native Pseudomonas Exotoxin

Pseudomonas exotoxin (PE) has been used to make immunotoxins for cancer
therapy for more than a decade (FitzGERALD et al. 1983). The function of PE is
described in detail elsewhere in this book. In summary, PE is a 613 amino acid
(66kDa) single-chain protein secreted by Pseudomonas aeruginosa. X-ray crystal-
lography (ALLURED et al. 1986) and mutational studies (GRrAY et al. 1984; HwANG
et al. 1987) have shown that PE is composed of three major structural and func-
tional domains: an NH,-terminal cell binding domain (domain Ia, composed of
amino acids 1-252), a central translocation domain (domain II, amino acids 253—
364), and a COOH-terminal domain (III, amino acids 399-613). The latter cata-
lyzes the ADP-ribosylation and inactivation of elongation factor 2 and thereby

Laboratory of Molecular Biology, Division of Basic Sciences, National Cancer Institute, National In-
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Fig. 1. Pseudomonas exotoxin (PE) and LysPE38

inhibits protein synthesis and leads to cell death. Domain III contain a COOH-
terminal sequence (REDLK) that directs the endocytosed and processed toxin into
the endoplasmic reticulum (see below). Substitution of REDLK with a KDEL
sequence, which is known to retain newly synthesized proteins in the endoplasmic
reticulum (SEETHARAM et al. 1991), results in a PE molecule that is more toxic to
cells probably because it is more efficiently brought to the endoplasm reticulum
where translocation seems to occur. Domain Ib is composed of amino acids 365-
399 and has no known function; deletion of all of this domain results in no loss of
activity (Fig. 1).

Cell killing is initiated when PE binds to a multifunctional, high molecular
weight cell surface glycoprotein. This protein is the receptor for both o,-macro-
globulin and a low density lipoprotein (KounnNas et al. 1992). PE is then inter-
nalized by the pathway of receptor-mediated endocytosis (FiTzGERALD et al. 1980).
Upon reaching the endocytic compartment, the PE proenzyme is activated by a
cleavage between amino acids 279 and 280 followed by reduction of a disulfide
bond connecting amino acids 265-287. This generates a 37kDa fragment composed
of a portion of domain II and all of domain III. The terminal lysine of PE is
removed either by enzymes present in the plasma or within the cells. The 37kDa
fragment is ultimately translocated to the cytosol, where it inactivates elongation
factor 2 and produces cell death (IGLEwskl and KaBaT 1975).

The first immunotoxin made with PE utilized an anti-transferrin receptor
monoclonal antibody as the targeting moicty. Anti-transferrin-PE receptor was
shown to be active in tumors cells in vitro, with an ICsq of 0.1ng/ml (PIRKER et al.
1985). Because of the ubiquitous expression of the anti-transferrin receptor in eu-
karyotic cells, with the potential of multiple organ toxicity in patients, a decision
was made not to proceed with its clinical development.

PE was also coupled to OVB3, a murine monoclonal antibody (IgG,y) that
reacts with all human ovarian cancers tested. The ICsy of OVB3-PE for inhibition
of protein synthesis against the ovarian carcinoma cell line OVCAR-3 in vitro was
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0.5ng/ml. When administered intraperitoneally, OVB3-PE was shown to prolong
the life of nude mice bearing human ovarian tumor xenografts (WILLINGHAM et al.
1987; FitzGERALD et al. 1986).

A phase I study of OVB3-PE was conducted at the National Cancer Institute
from November 1987 though November 1989 in patients with ovarian cancer
limited to the peritoneal cavity (Par et al. 1991a). Twenty three patients with re-
fractory ovarian cancer were treated intraperitoneally with escalating doses (1, 2, 5
or 10pg/kg) of OVB3-PE in a fixed schedule (day 1, 4) or fixed dose (Spg/kg),
escalating schedule (day 1, 4, 7 or day 1, 3, 5). All patients had histological con-
firmation of refractory invasive epithelial cancer of the ovary limited to the peri-
toneal cavity following platinum-based chemotherapy. The mean age was 53 years
(39-68 years old).

The dose-limiting toxicity of OVB3-PE was encephalopathy at 5 and 10pg/kg.
Dose-limiting central neurologic toxicity occurred in three patients. Two incidents
of reversible encephalopathy occurred among five patients treated at the 10pug/kg
dose level and were characterized by confusion, apraxia and dysarthria. Fatal
neurotoxicity occurred in one patient after a third dose of OVB3-PE at 5pg/kg dose
level. MRI in this patient revealed inflammatory abnormalities in the brainstem,
cerebellum, deep nuclei and deep white matter. This toxicity necessitated immediate
termination of the study. Other drug-related side effects included: grade 1-2
abdominal pain in 19 patients (83%) with no evidence of inflammatory or hem-
orrhagic peritonitis on the basis of peritoneal fluid cell counts, grade 1-2 nausea/
vomiting, fever and grade 1 elevations of SGOT, SGPT or alkaline phosphatase.

Peritoneal fluid levels of OVB3-PE was measured and exceeded the in vitro
ICsp at all doses tested. Immunotoxin remained detectable up to 72h after dosing
and achieved levels > 100ng/ml at 5-10pg/kg dose levels.

Serum levels of OVB3-PE were detectable for 72h (peak 24h) following doses
of 5 or 10ug/kg. At the dose level of Spug/kg, 4-13.6ng/ml of OVB3-PE were de-
tected 24h after each i.p. infusion. Serum levels remained constant and were still
detected 72h after the first i.p. dose, but were negligible before the second dose at
96h. At the dose level of 10pg/kg, serum levels were detected at 24h after infusion,
with a mean level of 19ng/ml range (7-40ng/ml). It was no longer detectable prior
to the second dose (96h after infusion). OVB3-PE was not detected in the CSF
obtained 48-72h after dosing from two patients with neurotoxicity. All patients
developed antibodies against mouse immunoglobulins (HAMA) and to PE within
2-3 weeks of therapy. Domain II of PE appeared to be the most immunogenic
portion of the PE molecule. No clinical antitumor responses were observed in this
trial.

OVB3 reacts with an unknown antigen on the surface of several human ade-
nocarcinomas. It also reacts with a small number of normal human tissues.
However, it does not react with any monkey or rodent tissues. Based on antibody
localization studies using frozen sections of normal human tissue, pancreatic and
thyroid toxicity was anticipated. However, toxicities to these organs were not ob-
served but, instead, neurocortical toxicity proved to be dose-limiting with abnor-
malities in the brainstem, cerebellum, deep nuclei and deep white matter.
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In view of the unexpected clinical toxicity, immunohistochemical studies were
performed in fresh samples from various portions of normal human brain. Weak
immunoreactivity of OVB3 was detected with the molecular layer of the cerebellum,
but not in the cerebellar granular layer, white matter, capillaries and cortical gray
matter. Similar studies were performed in monkey brain tissue, which showed no
reactivity to OVB3-PE. This explains the lack of neurologic symptoms in preclinical
experiments performed in these primates. Although we were not able to detect the
presence of OVB3-PE in the CSF, it is possible that small amounts of the
immunotoxin not detectable by our assay (< 4ng/ml) may have entered the cere-
brospinal space and damaged critical cells in the brain due to reactivity with
monoclonal antibody OVB3. It is very unlikely that the neurotoxicity seen in these
patients was due to free PE, since the thioether bond used for conjugation is known
to be very stable. Thus, the neurotoxicity observed in this trial was most likely due
to the specific reactivity of OVB3 with certain brain cells, which was not detected in
the preclinical screening.

From this and other studies using ricin immunotoxins to target solid tumors,
we conclude that immunotoxins are extremely active molecules that kill cells ex-
pressing the specific antigen on their surface. To prevent unanticipated clinical
toxicity, antibodies selected for use in immunotoxins must be highly specific to
tumor cells. If any cross-reactivity with normal human tissues is present, it would
be desirable for the monoclonal antibody to react with the tissues of nonhuman
primates (or other animals) to permit a very thorough preclinical evaluation of
toxicity.

2 Second Generation Pseudomonas Exotoxin Immunotoxins

2.1 Monoclonal Antibodies with Improved Selectivity

Monoclonal antibody (MAb) B3 is an example of an antibody that reacts with
many cancers and has better selectivity than OVB3. The hybridoma that produces
MAD B3 (IgGyy) was isolated from the spleen of a mouse immunized with MCF-7
(human breast carcinoma) cells (PASTAN et al. 1991). Biochemical analysis indicated
that MAb B3 reacts with a carbohydrate antigen in the Le* family that is present on
many cell surface glycoproteins. These range in molecular weight from greater than
200,000kDa to less than 40,000kDa. Because many of these glycoproteins are in-
ternalized, they represent good targets for immunotoxin therapy.

A total of 382 tumors samples from patients with solid tumors have been
screened for B3 reactivity by Dr. Mark Willingham at the University of South
Carolina. Results are shown in Table 1. Using paraffin embedded tumor samples he
found that 93% all adenocarcinomas of the colon react with MAb B3 and at least
75% of them react very strongly and homogeneously. Other gastrointestinal ma-
lignancies such as adenocarcinomas of the esophagus and stomach showed similar
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Table 1. B3 Reactivity: immunohistochemical results (from 382 patients we have screened)

Primary Site N +B3 (%)

Colorectal 229 212 (93)
Breast 95 76 (80)
Esophagus/stomach 20 18 (90)
Pancreas/Bile duct 12 10 (83)
Lung 12 8 (66)
Ovary 8 4 (50)
Small Bowel 3 3 (100)
Bladder 4 2 (50)
Others* 10 0 0)

“Salivary glands (2), prostate (2), sarcomas (2), skin (2), kidney (2)

strong reactivity in 90% of the samples tested. Some 80% of the breast carcinomas
and 66% of adenocarcinomas of the lung express the B3 antigen. MAb B3 also
reacts strongly with 50% of the mucinous adenocarcinomas of the ovary and
transitional cell carcinoma of the bladder.

Peroxidase immunohistochemistry with frozen sections of normal tissues
demonstrated that MAb B3 reacts with the glands of the stomach, the differentiated
cell layer of the esophagus, and the epithelia of the trachea and bladder. Similar
reactivity was found in cynomolgus monkeys and human tissues so that monkeys
could be used for toxicology studies.

2.2 Recombinant Forms of Pseudomonas Exotoxin

When administered to animals, native PE causes acute liver necrosis due to the
binding of domain Ia to hepatocytes. In order to decrease this nonspecific toxicity,
domain Ia (amino acids 1-252) of PE was removed by recombinant DNA tech-
nology. The resulting molecule, PE40 was found to be 200-fold less toxic to mice
than PE (Konpo et al. 1988). Deletion of amino acids 365-384 of domain Ib
resulted in a smaller molecule, PE38, that retains full ADP-ribosylation activity and
is also 200-fold less toxic to mice than native PE (KREITMAN et al. 1993). Figure 1
shows the schematic representation of PE and PE38.

Both PE40 and PE38 have been used to make second generation immuno-
toxins with less nonspecific liver toxicity. A peptide with a lysine residue was placed
at the NH,-terminal of PE38 to facilitate chemical coupling.

3 Clinical Trial with Immunotoxin B3(Lys)-PE38 (LMB-1)

LMB-1 B3(Lys)-PE38 is an immunotoxin in which MAb B3 is chemically coupled
to LysPE38. In vitro, LMB-1 B3(Lys)-PE38 is very cytotoxic to several human
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carcinoma cell lines that express the B3 antigen on their surface, with ICsos ranging
from 1 to 10ng/ml (Pai et al. 1991b). In athymic mice, LMB-1 caused complete and
lasting regressions of two human carcinomas (A431, an epidermoid carcinoma and
MCF-7, a breast carcinoma) (PAl et al. 1992). Preclinical toxicity was assessed in
cynomolgus monkeys because expression of the B3 antigen in normal monkeys is
similar to that found in human tissue. The limiting toxicity in monkeys was found
to be gastric mucosa necrosis and hemorrhage at the dose of 5Smg/kg i.v. x three
doses. Based on the immunohistochemical staining, this toxicity was predicted (PAl1
and PAsTan 1993).

A phase I trial of LMB-1 in cancer patients was conducted at the Medicine
Branch, National Cancer Institute (PAI et al. 1996). Patients eligible for this study
had a histologic diagnosis of a malignant solid tumor and had exhausted the
standard therapeutic options for their disease, or had a malignant disease for which
no established therapy exists. Tumor must express the B3 antigen on the surface of
> 30% of the cells and they must not have preexisting neutralizing antibodies to
LMB-1. Thirty eight patients with advanced solid tumors were enrolled in this
study from July 1993 though December 1996. Sixteen patients were male and 22
patients were female, with a mean age of 47 (range 30-70). Twenty-six patients had
colorectal cancer, eight breast cancer, one cancer of the esophagus, one cancer of
the stomach, one ovarian cancer and one cancer of the ampulla of Vater. Patients
received doses ranging from 10 to 100pg/kg (10, 15, 25, 30, 45, 70, 90 and
100ug/kg). Three to six patients were treated at each dose level. The starting dose
was 100pg/kg, 1/30 of LD, in mice (3.35mg/kg). Doses were subsequently reduced
to 10pg/kg due to the occurrence of grade IV toxicity.

The major side effect of LMB-1 was found to be vascular leak syndrome,
manifested by hypoalbuminemia, fluid retention and peripheral edema. At doses
higher than 75pg/kg, transient postural hypotension and oliguria that did not re-
quire presser agents were observed in some patients. Pulmonary edema and severe
hypotension occurred in one patient who received 100pug/kg. Other less frequent
and well-tolerated side effects include “flu-like” symptoms, fever, malaise, skin
rash, headache and nonspecific EKG changes. All drug-related side effects occurred
during the week of therapy and resolved within 2 weeks. Although normal tissues
such.as mucosal surface of the stomach, trachea and bladder, exocrine glands of the
pancreas and the colloid of the thyroid gland do express Le¥ antigen', no drug
related side effects were observed. The maximum tolerated dose of LMB-1 was
defined as 75pg/kg every other day x three doses.

Antitumor activity was observed in five patients, 18 patients had stable disease,
15 patients progressed. A complete remission lasting 2 months was observed in a
40 year old female with metastatic breast cancer to the supraclavicular lymph
nodes. This patient received two cycles of LMB-1 at 15ng/kg. Shrinkage of su-
praclavicular nodes was observed 5-7 days after the first dose of LMB-1. A greater
than 75% tumor reduction was observed in a 50 year old male with extensive
metastatic colon cancer to the abdomen and supraclavicular lymph nodes. Tumor
shrinkage was observed after one single dose of LMB-1 at 90pg/kg (Fig. 2). Be-
cause this patient did not developed antibodies, he received three additional cycles
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Fig. 2. Computerized tomography scan of a 50 year old male with colon cancer treated with LMB-1.
Upper scan: extensive retroperitoneal adenopathy prior to therapy. Lower scan: after two cycles of LM B-1
there is marked tumor shrinkage

of LMB-1 at 50% (45png/kg) dose reduction. Dose was reduced due to grade 3
toxicity after cycle 1. CT scan of the abdomen show that the tumor continued to
decrease in size after each cycle. This patient was followed without evidence of
disease progression for > 6 months. Prior to therapy, the patient complained of
chronic diarrhea and abdominal pain which required therapy with acetaminophen
plus codeine. Symptoms resolved completely after treatment. Biological responses
(< 50% decrease in tumor size and/or tumor shrinkage lasting less than a month)
were observed in three additional patients who received 10, 75 and 90pg/kg. One
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colon cancer patient had shrinkage of pulmonary nodules lasting for up to
9 months. Minor responses were observed in two other patients, one colon cancer
patient with transient decrease of an inguinal mass lasting for < 4 weeks and a
breast cancer patient with adrenal metastasis who had < 50% tumor reduction
lasting 2 months. Stable patients that could not be retreated due to presence of
antibodies against LMB-1 were followed until disease progression. The median
time to disease progression was 3 months (range 1-9 months).

Immunogenicity of LMB-1 was assessed by using ELISA and serum neutral-
ization assays. Some 90% (33/38) of the patients developed neutralizing antibodies
against LMB-1 3 weeks after one cycle of treatment. Three patients received two
cycles of LMB-1 (10, 15, 60ug/kg) and one patient received four cycles
(90/45pg/kg). ELISA assay indicated that all patients (38/38) developed antibody
titers against PE38 and 33 of 38 had antibody titers against MAb B3. These
findings indicate that, although all patients formed antibodies against the toxin
moiety, these antibodies have no neutralizing effect against the LMB-1 in 15% of
the cases.

The evidence of antitumor activity observed with LMB-1 proves that it is
possible to target epithelial malignancies in humans. Although immunotoxin
therapy has been shown to be active in hematologic malignancies, this is the first
time that objective antitumor activity against metastatic colon and breast cancers
has been documented. At the maximum tolerated dose, side effects of LMB-1 were
well-tolerated and transient. The major side effect, vascular leak syndrome, is
secondary to targeting of LMB-1 to antigen-positive endothelial cells. Phase II
studies using LMB-1 are presently being planned to target patients with epithelial
tumors with minimal residual disease. Concomitant use of LMB-1 with high dose
steroids is presently being investigated in an attempt to suppress neutralizing an-
tibody formation and ameliorate vascular leak syndrome.

4 Recombinant Single-Chain Immunotoxins
with Improved Properties

The third generation PE-containing immunotoxins are composed of the variable
regions of the light and heavy chains of an antibody directly fused to truncated
forms of PE (CHAUDHARY et al. 1989, 1990). Single-chain immunotoxins have
several advantages over chemical conjugates such as OVB3-PE and LMB-1 (B3-
LysPE38). They are more active when compared to chemical conjugates, they are
more homogeneous, less costly to produce and less immunogenic. However their
most important property is that due to their smaller size compared to chemical
conjugates (66kDa x 200kDa) they should have better tumor penetration.
Antibodies are large molecules in which the antigen recognition site contained
in the light and heavy chain variable domains is connected to a large constant
region that has several different effector functions. The smallest antibody fragment
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that can bind antigen with high affinity is the Fv region (fragment variable), which
comnsists of two chains each about 110 amino acids in length. The two chains are not
naturally linked together and therefore usually form unstable complexes, but these
can be stabilized by connecting them together with a linking peptide of about 15
amino acids in length. The product is a single-chain antigen-binding protein or
single-chain antibody. These small molecules can have high affinity for antigen, and
have been used to target cells by genetically fusing PE40 or PE38 to their carboxyl
end. Several single-chain immunotoxins have been made with PE40 and PE38 and
are presently or undergoing clinical investigation or are in late phases of preclinical
development (Table 2).

4.1 Single-Chain Immunotoxin LMB-7

LMB-7 (B3Fv-PE38) is the recombinant single-chain counterpart of LMB-1
(chemical conjugate B3-LysPE38). The cloned genes encoding the heavy and light
chain Fv regions of MAb B3 were fused to the gene encoding PE38 to generate the
single-chain immunotoxin B3(Fv)-PE38, also termed LMB-7 (BRINKMANN et al.
1991). LMB-7 is very cytotoxic to carcinoma cell lines that express the B3 antigen
and causes complete regressions of a human breast carcinoma (MCF-7) and an
epidermoid carcinoma (A431) growing in immunodeficient mice. Complete remis-
sion of tumors was achieved with 0.075mg/kg given every other day x three doses
and very significant antitumor effects occurred at lower doses. These findings in-
dicate that LMB-7 is more active than LMB-1, even taking the differences in
molecular weight into consideration. Figure 3 shows a schematic figure of LMB-1
and LMB-7 emphasizing their major differences. A clinical trial using LMB-7 in
patients with solid tumors is presently being conducted at the Medicine Branch,
National Cancer Institute. Results of this trial should be available within a year.

Table 2. Pseudomonas exotoxin immunotoxins for cancer therapy

Immunotoxin Target antigen Disease Major toxicity Reference
OVB3-PE ? Ovarian cancer Encephalopathy FrrzGERALD et al.
(i.p.) 1986
TP40 EGFR Bladder cancer None GOLDBERG et al.
(intravesical) 1995
LMB-1 Le” Adenocarcinomas  Vascular leak Par et al. 1996
(B3-LysPE38) syndrome
LMB-2 Interleukin-2 ~ Lymphomas Ongoing
(Anti-Tac-Fv PE38) receptor (p55)
LMB-7 (B3Fv-PE38)  Le’ Adenocarcinomas  Ongoing
Preclinical testing
¢23-(Fv)-PE38 Erb-2 Breast, gastric, - BATRA et al. 1992;
lung cancer REITER et al. 1994
B3(dsFv)-PE38 Le¥ Adenocarcinomas —

RFB4(Fv)-PE38 CD22 Lymphoma -
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LMB-1 LMB-7
B3- Lys PE38 B3 (Fv)- PE38

\W ﬁ-ys WY OO

+ Chemical Conjugate * Single-chain

* M.W. =200 KD * MMW.=64 KD

* Heterogeneous * Homogeneous

* IC5 =3 ng/mi * IC 5,= 0.3 ng/ml

* CRin mice 2.5 mg/kg * CR in mice 0.2 mg/kg
* Immunogenic * Less immunogenic

Fig. 3. Schematic representation of immunotoxins LMB-1 and LMB-7 and their preclinical character-
istics

4.2 Single-Chain Immunotoxin Anti-Tac(Fv)-PE38

The first single-chain immunotoxin constructed employed anti-Tac, an antibody to
the p55 subunit of the human interleukin (IL)-2 receptor (CHAUDHARY et al. 1990).
The Fv regions of the anti-Tac antibody were genetically fused to PE40. Anti-
Tac(Fv)-PE40 and derivatives are very cytotoxic to IL2 receptor-bearing human
cell lines and peripheral blood malignant cells from patients with adult T cell
leukemia (KREITMAN et al. 1990). They also cause complete tumor regressions in
nude mice bearing tumors that overexpress the 1L2 receptor (KrReEITMAN et al.
1994). Because anti-Tac(Fv)PE38 was found to be active against a variety of leu-
kemia and lymphoma cell lines, a phase I clinical trial using anti-Tac(Fv)PE38 was
opened for patient accrual late in 1996 and is presently being conducted at National
Cancer Institute by Dr. Robert Kreitman.

4.3 Recombinant Single-Chain Immunotoxin ¢23(Fv)-PE38

To exploit the overexpression of erbB-2 in many human cancers (breast, stomach,
lung and ovary), a single-chain immunotoxin was made using MAb e23 that reacts
with erbB-2. This single-chain immunotoxin is specifically cytotoxic to cells ex-
pressing erbB-2 and causes regression of the human gastric cancer cells (N87) and
epidermoid carcinoma cells growing as tumors in immunodeficient mice (BATRA
et al. 1992). The Fv fragment of MAb €23 is unstable and has a diminished affinity
compared to the original antibody. These differences were overcome by stabilizing
the Fv with a disulfide bound to make e23(dsFv)PE38 (ReiTer et al. 1994). This
and several other recombinant immunotoxins are undergoing preclinical develop-
ment and should be available for clinical testing in cancer patients within the next
few years.
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5 Other Pseudomonas Exotoxin Recombinant Toxins
for Cancer Therapy

Several chimeric toxins have been made by fusing a portion of the PE gene to
c¢DNAs encoding growth factors or cytokines. These include transforming growth
factor (TGF)-o (CHAUDHARY et al. 1987), insulin-like growth factor (IGF)-1 (PrioR
et al. 1991), acidic and basic fibroblast growth factor (FGF) (SIEGALL et al. 1991),
IL2 (LoRBERBOUM-GALSKI et al. 1988), IL4 (DEBINSKI et al. 1993) and 1L6 (SIEGALL
et al. 1990). Thesc oncotoxins are designed to target specific tumor cells that
overexpress these receptors and are in different stages of preclinical and clinical
development.

5.1 Intravesical Therapy of Transitional Cell Cancer
with TP40 (TGFa-PE40)

The DNA encoding TGFa has been fused to PE40 to form the chimeric toxin
TGFo-PE40 (CHAUDHARY et al. 1987), which specifically kills cells that overexpress
EGF receptor. When given by 1.p. infusion to immunodeficient mice bearing sub-
cutaneous tumors which express EGF receptors, it caused partial regressions (Pal
et al. 1991c). However, because several normal organs, and particularly the liver,
express the EGF receptor (EGFR), the therapeutic window for TGFa-PE40 is
narrow when delivered systemically. To circumvent liver toxicity, this agent has
been used for the regional therapy of superficial bladder cancer in patients.
Transitional cell cancer of the bladder is known to overexpress EGFRs and
tumors with a high density of EGFR have been shown to have a poorer clinical
outcome than tumors with fewer receptors (NEAL et al. 1990). A phase I trial using
a genetically modified form of TGFa-PE40, termed TP40 (HeiMBROOK et al. 1990),
was carried out In patients with superficial bladder cancer. Forty-three patients
were entered into this study (GOLDBERG et al. 1995). Therapy was given weekly x 6
by intravesical administration at doses ranging from 0.15mg to 9.6mg. No toxicities
were observed in this study. Eleven patients had evaluable Ta or T1 lesions, 19 had
resected Ta or T1 lesions, seven had carcinoma in situ only and six patients had
mixed carcinoma in situ (CIS) and stage Ta/T1 disease. Eighteen of 18 tumor
samples tested were positive for EGFR. One complete remission occurred in a
patient with CIS, five of seven (70%) of the patients with CIS were found to have
visual resolution of the lesions during follow-up cystoscopy. Two out of five pa-
tients continued to have positive cytology during follow-up, one patient had res-
olution of bladder lesions, but CIS persisted in the prostatic urethra; one patient
recurred with Ta lesions and one patient remained in complete remission after more
than 5 months. This last patient had a history of multiple panurothelial Ta and CIS
lesions that failed BCG treatment and had multiple recurrences after surgical re-
sections. Prior to receiving TP40, cystoscopy revealed multiple areas of CIS in the
bladder. The patient received six doses of TP40 at 9.6mg/dose without complica-
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tions, side effects or toxicity. Follow-up cystoscopies revealed a normal bladder and
the urinary cytology has remained negative 5 months after treatment. None of the
patients in this trial developed antibodies against TP40.

The evidence of biological activity of TP40 in CIS patients in this phase I study
is encouraging. Further trials using prolonged bladder irrigation, daily intravesical
administrations or other schemes of delivery might help improve the efficacy of this
agent for patients with superficial bladder cancer.

6 Conclusions and Future Directions

The most important conclusion from our studies is that it is possible to obtain
regression of solid tumors in patients treated with immunotoxins containing
Pseudomonas exotoxin A. It is particularly striking that responses were observed in
patients with colon cancer, because colon cancer is a very common disease and
colon cancers are resistant to current therapies. Moreover, responses were also
observed in breast cancer. Based on these phase I studies, phase II trials with
LMB-1 will be carried out targeting specific cancers in patients with minimal re-
sidual disease following surgery or other therapies.

An unexpected side effect of LMB-1 was vascular leak syndrome. Our evidence
indicates that vascular leak syndrome is due to a small amount of antigen on
endothelial cells combined with the long half-life of LMB-1 in the circulation, so
that the endothelial cells are exposed to high concentrations of LMB-1 for a pro-
longed period (Kuan et al. 1995). We have recently began trials with a small
recombinant immunotoxin (LMB-7) containing the Fv portion of monoclonal
antibody B3. These small molecules (molecular weight 64,000) rapidly leave the
circulation and should produce less vascular leak syndrome. A second and more
stable recombinant immunotoxin, LMB-9, also directed at Le¥, will enter trials
sometime in 1997. These single-chain immunotoxins are also less immunogenic
than LMB-1. We plan try to combine these immunotoxins with immunosuppressive
drugs so that repeated cycles can be given.

A major problem with recombinant immunotoxin therapy is the specificity of
the antibody. MAb B3 and antibodies to erb2 are known to react with essential
normal tissues so that there is a small window between response and targeted side
effects. It would be desirable to target antigens that are not present on normal cells.
Two approaches to this problem have been developed. One is to target mutant
molecules such as mutant receptors on the surface of cancer cells. A recombinant
immunotoxin that binds only to a mutant form of the EGFR has recently been
produced (LoRIMER et al. 1996). The second is to target peptide MHC-peptide
complexes present on the surface of tumor cells. We have recently made an
immunotoxin that recognizes a peptide-MHC complex in which the peptide is
derived from a virus. Immunotoxins against this complex are very active in killing
target cells (REITER et al. 1997). Our plan is to try and generate monoclonal anti-
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bodies that recognize MHC-peptide complexes in which the peptides are derived
from intracellular antigens such as mutant p53 or mutant ras. These mutant pep-
tides are very attractive candidates for future immunotherapy.
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1 Immunotoxins from the Diphtheria Toxin Mutant CRM107

Cancer cells can be specifically killed by a class of therapeutic molecules called
immunotoxins that combine the potent toxicity of natural plant and bacterial
proteins with the tumor-specific binding capacity of monoclonal antibodies. Toxins
such as ricin and diphtheria toxin have been linked to new cell surface binding
moieties in order to target tumor cells for destruction. To the extent that tumor cells
have cell surface receptors that distinguish them from normal and essential cells,
immunotoxins can be considered as potential reagents for cancer therapy. Tumor
cell specific ligands, such as growth factors or monoclonal antibodies, can be linked
to protein toxins by random chemical modification of lysine or sulfhydral residues
(ViTETTA et al. 1987) or by fusion of the new protein domains at the COOH- or
NH,-terminal of the protein by molecular biology techniques (PAsSTAN et al. 1986).

One of the most potent and specific immunotoxins generated to date expresses a
cell-type-specificity of 200,000 fold between target and nontarget cells (YouLe 1991).

Surgical Neurology Branch, National Institute of Neurological Disorders and Stroke, 10 Center Drive,
Room 5D37, Bethesda, MD 20892, USA
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The toxin, CRM107, is a single point mutant of diphtheria toxin initially isolated by
random point mutagenesis and screening for nontoxic variants of diphtheria toxin
(LAIRD and GroOMAN 1976). Sequencing of CRM 107 identified a single point mu-
tation, serine to phenylalanine, at amino acid 525 (NicHOLLS et al. 1993). The point
mutation inactivated the toxin binding activity and toxicity 10,000-fold (GREEN-
FIELD et al. 1987). However, the translocation activity in the B-chain and the en-
zymatic activity were intact and resulted in fully potent immunotoxins upon
coupling the mutant to monoclonal antibodies (GREENFIELD et al. 1987; JOHNSON
et al. 1988). Thus, due to the large decrease in nonspecific toxicity due to the point
mutation, the therapeutic window of the immunotoxin was greatly increased.

Ricin, a plant toxin, has also been linked to monoclonal antibodies to generate
immunotoxins. Ricin A-chain linked to monoclonal antibodies to the transferrin
receptor, for example, are extremely specific for target cells, although their potency
has some interesting and marked differences compared to CRM107 linked to the
same monoclonal antibodies (SunG et al. 1991). It is important to determine the
extent of cell type selectivity, the kinetics of cell killing and the log kill potential of
different immunotoxins to assess clinical potential.

Thus, immunotoxins can be engineered to display extremely potent and specific
toxicity in vitro. However, immunotoxin utility in clinical trials has been less suc-
cessful due to three continuing problems. First, ideal tumor-specific antigens are
found only in certain exceptional types of cancer (i.e., idiotype antigens on B cell
leukemias). For brain tumor therapy a number of candidate tumor-associated re-
ceptors have been identified such as the epidermal growth factor, platelet derived
growth factor, and interleukin (IL)-4 receptors. However, these antigens are present
only on a subset of total patients and only a limited percentage of tumor cells
in vivo may express them. Second, access of large proteins to tumor cells is limited
for systemic tumors and is even more constrained for brain tumors by the blood-
brain barrier. Lastly, immunogenicity of foreign toxin molecules has limited the
delivery of an effective course of immunotoxin therapy.

2 The Transferrin Receptor as a Tumor Antigen

The degree to which tumor cells express entirely novel antigens is unknown. We
have explored the potential of the transferrin receptor for therapy of brain tumors
for a number of reasons. The transferrin receptor was originally identified as a
tumor-associated antigen (TROWBRIDGE et al. 1982). Its level of expression is in-
creased in a number of cancers as well as on rapidly growing tissues,‘apparently due
to the increased iron requirements of dividing cells (GATTER et al. 1983). Within the
CNS, normal astrocytes and neurons have undetectable levels of transferrin re-
ceptor expressed on their surface whereas several types of gliomas express quite
high transferrin receptor levels (JoHNSON et al. 1989; MARTELL et al. 1993; RECHT
et al. 1990; ZovickiaN et al. 1987). However, brain capillary endothelial cells also
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express transferrin receptors. Brain microvessels have three- to fivefold higher
transferrin receptor levels than normal cortex (KALARIA et al. 1992). The transferrin
receptor present on brain capillary endothelial cells appears to primarily face the
lumen of the capillary (JEFFRIES et al. 1984) to mediate transcapillary transport of
iron (SHIN et al. 1995). The sensitivity of normal brain to anti-transferrin receptor
immunotoxins is about 3000 times lower than the sensitivity of numerous glioma
cell lines in vitro suggesting that a therapeutic window may exist in vivo. The
apparent advantages of the transferrin receptor as a tumor target are the wide
variety of tumor types sensitive to anti-transferrin receptor immunotoxins; the
requirement of iren (and thus the transferrin receptor) for tumor cell growth (in-
dicating that tumor cell heterogeneity for antigen expression will be lower in the
case of transferrin receptor than for other receptors not essentially linked to ma-
lignancy) and the extensive understanding of the distribution and physiological role
of the native transferrin receptor, which has permitted thorough toxicity testing of
immunotoxins targeted to animal transferrin (MURrAszkoO et al. 1993).

3 The Blood-Brain Barrier and Its Importance in Brain Tumors

Clinical trials to identify effective chemotherapeutic regimens for primary malig-
nant brain tumors in adults over the past three decades generally have been dis-
appointing. Reduced drug exposure of the tumors because of the presence of the
blood-brain barrier (BBB) underlies at least some of the limitation of clinical effi-
cacy.

The BBB limits the transfer of water-soluble substances from the blood to the
brain, providing protection of the brain from fluctuations in the blood concen-
tration of various circulating hydrophilic molecules. Although in malignant brain
tumors the BBB is often altered (the endothelial cells of tumor vessels lose the
intercellular tight junctions that are characteristic of CNS vessels), it retains some
of its capacity to retard entry of water-soluble substances into the tumor. This
reduced permeability of tumors in the brain is one of the reasons that patients with
brain metastases often have progression of CNS tumors while tumor response to
systemic chemotherapy is occurring at the primary site or at other sites outside the
CNS. Moreover, in the most common types of primary brain tumors malignant
glioma cells extend several centimeters from the contrast-enhancing regions seen on
MRI, and the intact BBB at these distant sites limits exposure of the infiltrating
malignant cells to most forms of systemic chemotherapy (BERGSTROM et al. 1983;
EARNEST et al. 1988).

In efforts to increase drug delivery to cerebral tumors a variety of approaches
have been examined, including the use of lipophilic drugs (FisumMan and CHAN
1990), disruption of the BBB by intraarterial administration of hyperosmolar so-
lutions such as mannitol (RAPOPORT et al. 1972), designing drugs with specific
affinity to transmembrane carrier mechanisms (PARDRIDGE 1990), implantation of
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biodegradable polymers of chemotherapy (BREM et al. 1995), and continuous in-
fusion of the drug into the brain (Boso et al. 1994; MorRisON et al. 1994).

For the approaches that use intravascular delivery of the agent additional
limitations arise, hindrances that are particularly relevant for some of the newer
classes of antitumor agents, such as immunotoxins. These limitations include the
systemic toxicity (hepatic damage, vascular leak syndrome) associated with the
general exposure that occurs with intravenous or intraarterial injection of immu-
notoxins. They also include additional pharmacological barriers to distribution of
immunotoxins to solid tumors. Solid tumors have elevated interstitial pressure
relative to the interstitial pressure of surrounding normal tissues and in relation to
capillary pressure (BoucHeR et al. 1990), poor perfusion of tumor vasculature
(Sevick and Jain 1989), and binding effects (SUNG et al. 1993) all of which limit
penetration of the immunotoxin into the tumor interstitium. Further, studies ex-
amining the spatial distribution of tumor-targeting immunotoxins in experimental
tumors (after systemic administration) show tumor-specific binding occurring in a
heterogeneous, punctate dispersion within the tumor (SUNG et al. 1993).

However, until drug design eliminates the toxicities associated with systemic
exposure and until the development of immunity after exposure to foreign protein
toxins has been reduced, there are also certain advantages of targeting tumors of
the CNS. In most patients with primary brain tumors local and regional tumor
growth cause neurological deficits and death before distant spread of tumor occurs,
suggesting that regional therapy has the potential of being successful. Furthermore,
the pharmacologically privileged status of the CNS may be advantageous if it
retards immune inactivation of the therapeutic agent, permitting the agent to have
its effects on the far side of the blood-brain and blood-tumor barriers, but reducing
systemic toxicity via binding of the agent by neutralizing antibodies when it reaches
the blood. These potential advantages of regional therapy for CNS tumors have
stimulated the examination of approaches for treatment of them by using regional
approaches for delivery and distribution of the immunotoxin.

The delivery approaches cited above have been developed to increase delivery
of macromolecules to the solid contrast-enhancing portion of brain tumors and to
overcome the relative inaccessibility to therapy of the glioma cells infiltrating the
brain. Injection into the CSF also has been investigated for treatment of neoplastic
cells circulating in the CSF or lining the CSF spaces (leptomeningeal cancer). The
development of a successful therapeutic strategy for regional therapy requires un-
derstanding of the advantages and limitations of these approaches. Since the issues
that must be addressed for tumor targeting, drug delivery, and toxicity differ for the
two' general categories of tumor, leptomeningeal cancer and solid tumors, we ad-
dress separately the therapeutic strategies for them.



Immunotoxins for Brain Tumor Therapy 101

4 Leptomeningeal Cancer

Meningeal carcinomatosis occurs in 5%—-20% of all cancer patients, most of whom
have either breast or lung carcinoma. As patients survive longer with improved
systemic therapy the incidence increases. Further, in many patients leptomeningeal
metastases develop when the systemic disease is stable. Spread via the CSF of
certain primary CNS tumors, especially those that tend to occur in children, such as
medulloblastomas and ependymomas, is also a common occurrence. Because of the
perception of easily overcoming the problems associated with delivery of macro-
molecules to tumors in the subarachnoid space, immunotoxin therapy of CNS
tumors began with investigation of treatment of leptomeningeal cancer.

4.1 Preclinical Pharmacokinetics of Immunotoxins
After Intrathecal Delivery

Since the flow of CSF within the neuroaxis is unidirectional — from the ventricular
system through the aqueducts of the brain into the cisterna magna, the spinal CSF,
and over the cerebral convexity to be absorbed by the arachnoidal granulations
into the blood in the saggital sinus — reliable distribution of drugs in the CSF
requires that they are delivered into the ventricular system, rather than into the
lumbar CSF. Investigations of the distribution of immunotoxins after intraven-
tricular injection in nonhuman primates demonstrate reproducible distribution and
predictable concentrations of the immunotoxin through the CSF space. When
monoclonal antibodies specific for the human transferrin receptor (454A12) were
conjugated to recombinant ricin A-chain 454A12-rRA and injected into the ven-
tricular system of rhesus monkeys, the clearance of the conjugate from the CSF was
about twofold greater than the rate of bulk flow of CSF. Since the conjugate was
not degraded in the CSF, losses additional to bulk flow were attributed to diffusion
into brain and transcapillary permeation (MURASZKO et al., 1993).

4.2 Preclinical Toxicity and Efficacy of Intrathecal Immunotoxin
Administration/ Antitumor Activity

Neurotoxicity of immunotoxins can occur through receptor-mediated uptake, when
the receptor is expressed on normal, nonmalignant cells. As transferrin receptor
exists in normal brain the toxicity must be carefully examined. After delivery into
the rat CSF, a monoclonal antibody (OX26) specific for the rat transferrin receptor
linked to ricin A-chain was seven times more toxic than a monoclonal antibody
specific to the human transferrin receptor (454A12) linked to ricin A-chain. Thus,
targeting endogeneous transferrin receptors appears to produce toxicity. Fortu-
nately, human transferrin binds to mouse, rat, monkey, and human transferrin
receptors with similar affinity. Thus, toxicity of Tfn-CRM107 to normal brain, via
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Fig. 1A,B. Purkinje cell loss after intrathecal administration of A immunotoxin 454A12-rRA at a
nominal CSF concemtration of 1.8 x 107°M compared to B saline control

the targeting agent, can be accurately assessed in animals. This is in contrast to
monoclonal antibodies and single chain immunotoxins, in which the mouse anti-
human antigen antibodies often do not cross-react with the comparable antigen in
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rodents. For these reasons the toxicity of most immunotoxins has been difficult to
determine prior to human trials.

Neurotoxicity of immunotoxins can also occur through nonspecific, nonre-
ceptor-mediated uptake by cells. The key to the targeted toxin approach is that the
receptor-specific pathway is much more efficient than the nonspecific uptake.
However, in efforts to overcome the problem of access to brain tumor cells, doses of
immunotoxins are often increased to the point where nonspecific toxicity occurs.
Dose-limiting toxicity after injection of 454A12-rRA into the CSF is neurological.
In experimental animals (rats and monkeys) it is a result of selective elimination of
Purkinje cells (Fig. 1) and is associated with ataxia and lack of coordination. These
histological and behavioral changes are dose-related and in monkeys occur at
concentrations of 3.9 x 107"M or greater, concentrations that are several log higher
(1000-10,000) than required for in vitro antitumor acitivity against many human
cancers (JoHNsON et al. 1989). Immunotoxins made with CRM107 and saporin,
targeted to a number of different receptors, also selectively kill Purkinje cells (Book
et al. 1995; Muraszko et al. 1993; RIeDEL et al. 1990; WAITE et al. 1995). In these
cases, immunotoxin uptake appears to be through a fluid phase system and perhaps
the large surface area and proximity of Purkinje cell dendrites to the CSF con-
tributes to the high sensitivity of these cells.

To explore efficacy of immunotoxins for leptomeningeal carcinomatosis, a
syngeneic animal model of leptomeningeal leukemia was developed in guinea pigs
(ZovickiaN and YouLE 1988). As few as 100 L2C leukemia cells injected into the
cisterna magna resulted in 100% animal death by 23 days and, the more cells that
are injected, the more rapid is the onset of symptoms. Immunotoxins injected into
the cisterna magna were effective in selectively killing 99%-99.9% of tumor cells
in vivo and were curative at the level of a 5 log kill in some animals. These
promising preclinical studies of immunotoxins for leptomeningeal cancer prompted
clinical investigation.

4.3 Clinical Investigation

To begin to examine the pharmacokinetics and toxicity of intraventricular injection
of immunotoxins in general, and 454A12-rRA in particular, and to detect whether
454A12-rRA had antitumor activity, we studied eight patients with leptomeningeal
cancer (LASKE et al. 1997a).

When 454A12-rRA was coinjected with 99mTc-DTPA (an extracellular
marker with low capillary permeability that is cleared only by bulk flow of CSF)
into the ventricular system of humans with leptomeningeal cancer, the volumes of
distribution (Vg) of 454A12-rRA and 99mTc-DTPA were 5-58ml, significantly
lower than the CSF volume (about 125ml in humans), indicating at least partial
occlusion of the CSF flow by subarachnoid tumor. The antitransferrin receptor
antibody linked to ricin A-chain was stable in CSF. Clearance of it from the CSF
varied greatly among the patients, but the average clearance was about twofold
faster than 99mTc-DTPA (Fig. 2), an observation consistent with the preclinical
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Patient 8 (1200 pg)
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Fig. 3. Lumbar CSF tumor cell counts in four patients with leptomeningeal cancer before and after
treatment with intrathecal 454A12-rRA. Counts represent the mean of three high power fields (hpf)
counted for tumor cells after 4ml of lumbar CSF was filtered through a 5um Millipore filter and are
expressed as a percent of the baseline value before treatment

results in rhesus monkeys and, again, suggesting clearance by loss to brain tissue or
across capillaries.

Toxicity was associated with, and seemed to be caused by, a CSF inflammatory
response, which occurred at doses > 120ug and became evident by the onset of
headaches, vomiting, and altered mental status (LASKE et al. 1997). The syndrome
was responsive to treatment with steroids and/or CSF drainage. No systemic tox-
icity was detected and no anti-conjugate antibodies were detected in the serum or
CSF of any patient during 16 weeks of treatment.

In four of the eight patients a 50% drop in the tumor cell count in the lumbar
CSF occurred within 5-7 days of the intraventricular injection of the immunotoxin
(Fig. 3). However, clinical improvement occurred in only one patient, in none of
the patients was the CSF cleared of tumor cells, and seven of the eight patients had
MRI evidence of tumor progression within weeks of treatment. Since in several of
the patients individual tumor nodules in the subarachnoid space around the spinal
cord or in the paraventricular region were several millimeters in diameter, it is

&
%

Fig. 2A-D. CSF pharmacokinetics after intraventricular injection of a mixture of a conjugate of an
antibody to the human transferrin receptor (454A12) and recombinant ricin A-chain (rRA) and 99mTe-
DTPA, a marker that is only cleared from the CSF by bulk flow. CSF clearance after intraventricular
administration of 38pg (patient 3, A, B) and 120pg (patient 5, C, D) of 454A12-rRA coinjected with
346uCi and 200uCi of *™Tc-DTPA, respectively. CSF samples were obtained from the Ommaya res-
ervoir (A, C) and the lumbar drain (B, D), and assayed for radioactivity (closed squares), immunotoxin
concentration by ELISA (closed circles), and bioactivity on K562 erythroleukemia Cells (open triangles).
Exponential decay curves were fit to the ventricular data. The bioassays were conducted with patient CSF
serially diluted tenfold. (From LASKE et al., in press)
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unlikely that immunotoxin penetrated them to reach all tumor cells. It might be
possible to overcome some of this difficulty with repeated treatment, permitting
delivery of the immunotoxin deeper into the tumor by progressive reduction in the
size of individual tumor nodules.

5 Parenchymal Tumor

Since most techniques of regional drug delivery (direct intratumoral injection, in-
jection into a cerebral cavity after resection of a tumor, implantation of drug-
containing polymers) depend on diffusion to distribute the drug in tumor and
infiltrated brain, they achieve limited drug distribution, produce steep concentra-
tion gradients between the point of delivery and surrounding brain, and are sen-
sitive to the molecular weight of the drug, factors which limit their application in
research and in the clinic.

5.1 Pharmacokinetics of Convection-Enhanced Drug Delivery

In contrast to diffusion, bulk flow results from a pressure gradient; its flux is largely
independent of molecular weight and with bulk flow the solutions distribute in
relatively homogeneous concentrations (FENSTERMACHER and KAve 1988; MARr-
MAROU et al. 1984; ROSENBERG et al. 1980) We and our colleagues at the NIH
explored the use of high-flow microinfusion to establish convective flow in the
interstitial space of the brain for delivery and distribution of therapeutic agents of
high and low molecular weight (Boso et al. 1994; LAsKE et al. 1997¢; LIEBERMAN
et al. 1995; MorrisoN et al. 1994). Initially, Bopo et al. (1994) showed that con-
vection-enhanced delivery enhances the distribution of sucrose (molecular weight
359 Daltons) and transferrin (molecular weight 80,000 Daltons) in the white matter
of the cat brain by several orders of magnitude and achieves homogeneous distri-
bution in the perfused region. In theory (MoRrRrisoN et al. 1994) and in practice
(L1eBERMAN et al. 1995), even more uniform distributions occur in gray matter. The
size and homogeneity of the distribution of '*C-albumin in gray matter after
convection-enhanced delivery in the cerebrum of rats were much greater than oc-
curs even with small molecular weight drugs distributed by diffusion (LIEBERMAN
et al. 1995). In primates B-dextran (10KDa) was distributed over more than 4cm of
brain in a macaque after only 5h of infusion (LIEBERMAN et al. 1995), and the
spread of labeled apotransferrin (MW 81KDa) was up to 3cm during an 87h
infusion into the white matter of rhesus monkey brain (LASKE et al. 1997a), indi-
cating the potential of convection-enhanced infusion to distribute macromolecules
on a scale appropriate for the human brain.

Figure 4 compares theoretical penetration volumes achievable with delivery
dominated by bulk flow to those achievable with delivery controlled by diffusion
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Time (h)

Fig. 4. Relative penetration volumes in gray matter after infusion utilizing bulk flow (convection) and
diffusion.” Volumes for convection are representative of the total tissue occupied by rat and monkey
infusion volumes in homogeneous tissue; diffusion volumes are calculated for the same infusion time, the
same infusion mass, and steady state diffusion. Note different Y-axis scales for rat (/eft) and monkey
(right). For further details, see text. (From LIEBERMAN et al. 1995)

and shows that microinfusion that is dominated by convective transport allows the
achievement of much greater penetration volumes than is obtained under condi-
tions in which transport is dominated by diffusion (LieBERMAN et al. 1995). Hy-
pothetical volumes of distribution (V) for convection-dominated delivery were
calculated that confine the infusate volume (20ul for the rat, 250ul for the monkey)
to the gray matter. In Fig. 4, the open columns give the tissue volumes expected for
convection-enhanced delivery using 0.1pl/min (rat) and 0.8pl/min (monkey) infu-
sion rates. The shaded columns give volumes bounded by the locations where the
interstitial concentration has declined to 10% of the infusate level. The first shaded
column in each panel displays the diffusional volume predicted for the same time as
used for bulk flow. These volumes are, respectively, 34-fold and 115-fold less than
their 20pl and 250ul bulk flow counterparts. Furthermore, while the concentrations
associated with diffusional delivery are computed to have declined tenfold over
these distances, the interstitial concentrations associated with bulk flow remain
nearly constant. In addition, the second and third shaded columns in each panel
show that, while modest increases in penetration volume can be attained by greatly
extending the infusion period of diffusion delivery, the maximum volume achiev-
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able by this approach is limited by the diffusional profile which develops at steady
state and is less than the volumes achieved by bulk flow delivery in just 310min. In
contrast, bulk flow penetration is limited only by the maximum allowable pumping
pressure to the distance where spherical spread of the infusate has reduced the bulk
flow velocity to that characteristic of diffusion. The tenfold greater bulk flow
penetration volume predicted for the monkey relative to the rat in Fig. 4 largely
reflects the ability to use a 12-fold greater infusion volume (250ul vs 20ul) in the
primate without overflowing a gray-white boundary.

5.2 Preclinical Toxicity/Antitumor Activity

As discussed above, unlike many monoclonal antibodies, transferrin cross-reacts
among species. Thus, the potential human toxicity of TT-CRM107 can be evaluated
in animal models. The toxicity of Tf-CRM107 injected intracerebrally was studied
by stereotactically infusing 50pl of Tf~=CRM107 solutions of increasing concen-
tration (1.4 x 10™°M to 1.4 x 107°M) into the white matter of the frontal lobe of
rats (Laske et al., unpublished data). After repeated clinical assessment of the
animals for 30 days, they were killed and the histology of the brain and systemic
organs (liver, kidney and spleen) were examined to assess toxicity. The maximum
tolerated dose (MTD), the highest dose that resulted in no animal deaths, was
1.67pg/kg Tf-CRM107 (infusate concentration, 7.0 x 107M). An infusate con-
centration of 7.0 x 107®M also was the lowest infusate concentration at which
histologic changes were noted in the brain. In one of the animals receiving this
concentration, right frontal lobe encephalomalacia occurred. Histologic evidence of
systemic organ damage did not occur until a dose of 33.4pg/kg was reached.

Since in vitro cytotoxicity of targeted protein toxins does not always correlate
with in vivo efficacy or clinical applicability, we investigated the activity of Tf-
CRM107 and 454A12MAB-rRA administered intratumorally against solid human
gliomas (U251) in nude mice with established flank tumors (0.5-1.0cm diameter)
(LASKE et al. 1994). The tumors were treated intratumorally with 10pg doses of Tf-
CRM107, CRM107, 454A12MAB-rRA, 454A12, or buffered saline every 2 days
for four doses. Tumor volume and animal weight were assessed every 2—4 days for
30 days after initiating therapy. With Tf~CRM107 tumor regression of > 95%
occurred by day 14 in three of five mice, whereas treatment with CRM107 (the
nontargeted toxin) alone produced nonspecific toxicity with death of all animals by
day 10. At least a 50% decrease of tumor volume also occurred with 454A12MAB-
rRA. In contrast, no regression occurred with 454A12 or control animals. At
identical doses, Tf-CRM 107 was more effective than 45412MAB-rRA in inducing
tumor regression. In further testing the antitumor activity of TF-CRM107 was
shown to be dose-dependent (LASKE et al. 1994).

These results demonstrated the in vivo efficacy of the targeted toxins Tf-
CRM107 and 45412MAB-rRA against a human glioblastoma and suggested that
Tf-CRM107 was the more potent agent. With regional administration, the effect of
TF-CRM107 was tumor-specific and, in some animals, curative.
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Fig. 5A,B. Gadolinium-enhanced T1-weighted axial magnetic resonance imaging (MRI) scans of patient
2, a 28 year old man with a right frontal anaplastic astrocytoma that progressed despite radiation therapy
(6000cGy) and surgical debulking. Residual tumor posterior to the surgical resection cavity along the
midline was rapidly enlarging immediately before treatment (A). Following three treatments of 0.1ng/mi
Tf-CRM107 at doses (0.5, 2.0, and 2.0pg) well below toxic levels, tumor regression occurred within
3 months after beginning therapy (B). At 3 months, the patient was off steroids and had no neurological
deficits. The time to tumor progression (MRI) was 10 months from the initiation of Tf-CRM107 therapy.
(From LASKE et al. 1997b)

5.3 Clinical Trial

To evaluate the toxicity of Tf~-CRM107 in brain when delivered by interstitial
infusion in a dose-escalation schedule, examine the safety and utility of high-flow
microinfusion in patients with intracerebral tumors, and determine if antitumor
activity occurs at doses sparing brain injury, we performed a prospective trial of
regional therapy with T--CRM107 delivered by high-flow microinfusion in 18 pa-
tients with malignant brain tumors refractory to conventional therapy (LASKE et al.
1997b). Ten patients had glioblastoma multiforme. To distribute Tf-CRM107 in
tumor and areas of brain infiltrated with tumor, we used high-flow microinfusion to
establish interstitial convection and enhance distribution of the macromolecule.
Following a positive biopsy, one to three infusion catheters were placed with the tip
at selected sites in the tumor using stereotactic guidance. The proximal end of the
catheter was passed through the scalp and connected to a syringe pump and Tf-
CRM107 was continuously infused into the tumor at 4-10ul/min. The initial Tf-
CRM107 concentration (0.1pg/ml; 0.7nM) was 50-fold lower than the lowest
concentration that caused histologic damage in the brain of rats after intracerebral
infusion. It was escalated by 1/2 log increments every three to four patients at a
given infusion volume.
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Fifteen patients were evaluable for radiographic evidence of tumor regression.
Following Tf~-CRM107 infusion, at least a 50% decrease in tumor volume occurred
in nine of the 15 evaluable patients (Figs. 5, 6). Reduction in tumor volume oc-
curred no earlier than 1 month after completion of the first TFCRM107 infusion
and the response did not peak in four patients until 6-14 months after the first
treatment. Two patients had complete responses of the treated tumors. One had no
evidence of tumor for 23 months after a single infusion of Tf~-CRMI107 into a
progressing recurrent glioblastoma (Fig. 6). Biopsies of the region of treatment at 2
and 10 months after Tf-CRM107 infusion revealed inflammation and reactive
changes, but no tumor cells. The second complete responder, who had a right
frontal anaplastic astrocytoma, recurred in the infused region 5 months after
treatment.

Tumor response appeared to be concentration- and dose-dependent. Only two
of eight patients had partial responses in the first two treatments. In contrast, four
of four patients treated with > 1.0pg/ml had partial (2) or complete (2) responses.
At intermediate concentrations, the responses correlated more with total dose than
the concentration of drug; none of three tumors treated at 0.66pg/ml (total dose
26.4-52.8ug during the first two treatments) regressed, whereas partial responses
were achieved in three of three patients treated at 0.5pg/ml, but with higher total
volume and dose (total dose 60pg during the first two treatments). The mean
pretreatment tumor volume in responders was less than that of nonresponders. The
median survival after treatment in the group of nine responders who had malignant
gliomas was 74 weeks (three of the responders were still alive 102-142 weeks after
the first treatment) compared to 36 weeks for the nonresponders.

Intratumoral infusions of 5-180ml were well tolerated. There were no treat-
ment-related deaths or life-threatening toxicity. There also was no irreversible
toxicity associated with the interstitial infusion delivery technique. Although
transient worsening of a neurologic deficit during infusion occurred three times in
the 44 treatments, it was considered to be a result of increased cerebral edema, as it
occurred only in patients with significant pretreatment edema and mass effect and
the deficits resolved with steroid and hyperosmolar therapy or with completion of
the infusion. Four patients with prior seizures had a seizure during infusion.

»
»

Fig. 6A—E. Gadolinium-enhanced T1-weighted coronal magnetic resonance imaging (MRI) scans of
patient 10, a 48 year old woman with a right frontoparietal glioblastoma that recurred following surgical
resection, radiation therapy (6000cGy) and chemotherapy (six cycles of BCNU, one cycle of pro-
carbazine). This recurrent tumor was enlarging immediately before treatment (A). Following a 1 week
continuous intratumoral infusion of 1.0pg/ml TE~=CRM107 (27.3pg dose), there was an-initial increase in
the enhancing region 4 days after completing the infusion (B), which was resolving by 7 months after
treatment (C). By 14 months a complete response occurred (D) and she was on no steroid medication.
Her tumor showed no evidence (MRI) of recurrence for 23 months following the single Tf-CRM107
infusion. On the nonenhanced T1-weighted axial MRI images at 2 months (E), treatment-related changes
adjacent to the treated tumor are evident as subcortical strips of high signal (arrows). Preexisting
weakness of the left hand increased after completing the Tf-CRM 107 infusion, but for 23 months she was
otherwise neurologically intact. (From LASKE et al. 1997b)
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No peritumoral toxicity was detected in the eight patients who received 40ml of
Tf-CRM107 < 0.66ug/ml, although local toxicity occurred at the higher doses of
Tf-CRM107. Peritumoral focal brain injury, which became apparent 2—4 weeks
after treatment, occurred in all patients who received a concentration of Tf-
CRMI107 = 1.0pg/ml. At 1.0pg/ml, all three patients had increased weakness
(partial recovery occurred in two) associated with stereotypic MRI changes (ser-
pentine strips of increased signal in peritumoral cortex evident on unenhanced
T1-weighted MRI) that took up to 4 weeks after treatment to develop (Fig. 6).
Stereotactic biopsy in these patients indicated that the MRI abnormalities were due
to thrombosed cortical venules and/or capillaries.

No symptomatic systemic toxicity occurred. Transient elevation of serum
transaminases (ALT, AST) occurred in 14 patients. Autopsy revealed no evidence
of damage due to TF-=CRM107 in the five patients in whom the tissues outside the
CNS, including the liver, were examined. Examination of the brain at autopsy in six
patients revealed reactive changes in the white matter ipsilateral to tumor, con-
sistent with chronic vasogenic edema and prior irradiation, but could not be related
to TF-CRM107 treatment.

All patients had anti-diphtheria antibodies before treatment. In 14, serial se-
rum samples were obtained for > 4 weeks after the first treatment. In six of these
14, anti-diphtheria antibody titers increased at least twofold after treatment. This
response did not correlate with T-=CRM 107 dose, steroid dose, or tumor response,
and increases in titer after the first treatment did not appear to influence the like-
lihood of a tumor response with retreatment.

The results of the clinical trial demonstrated that regional therapy with ge-
netically engineered protein toxins can elicit antitumor activity while limiting sys-
temic drug exposure and toxicity. Even at the lowest doses tested in the clinical
study partial tumor responses occurred without clinical or MRI evidence of toxicity
to peritumoral brain, suggesting drug specificity for tumor. The dose-limiting
toxicity, local brain injury, appeared to be mediated by brain capillary endothelial
cell damage. Endothelial cells are the only cells in the brain to express significant
levels of TfR. The extent of T~-CRM107 distribution was not imaged in this study,
but was inferred from the extent of the biologic effects. At the highest infused
concentrations of TI-CRM107 (= 1.0pg/ml), evidence of peritumoral injury was
evident on MRI up to 4cm from the infusion point and tumor responses occurred in
tumors 2-3cm in diameter, indicating that a therapeutic level of this large protein
was distributed across several centimeters of tissue, and suggesting that this drug
delivery technique has the potential of overcoming some of the problems imposed
by the limited diffusion distance of drugs in solid tissues after direct injection.

To determine the response rate of interstitial infusion of Tf~CRM107 a larger
phase II study that investigates more uniform dosing schemes and more stringent
selection criteria, especially for tumor size, is underway.
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1 Introduction

The targeted toxin research reviewed in this volume includes recent advances in
clinical applications of these compounds. The observation of clinical efficacy of
both transferrin conjugated to mutant diphtheria toxin in high-grade gliomas and
truncated diphtheria toxin fused to interleukin-2 in cutaneous T cell lymphomas
and psoriasis are achievements for which all the members of the targeted toxin
research community can be proud. The participation of so many colleagues in this
field in this book has been a reflection both of the kindness and friendliness of the
individuals as well as their commitment to working together to develop a new class
of human therapeutics.

Rather than summarize the work of each chapter, several themes in clinical
targeted toxin research are selected for discussion and postulation of possible av-
enues of further effort. These are not inclusive, but serve to show examples of how
clinical observations may trigger new drug design and pharmacology.

2 Dose-Limiting Toxicities of Targeted Toxins

A number of targeted toxin trials have yielded unexpected normal tissue toxicities
due to cross-reactivity of the tumor-selective ligand with normal tissue receptors
(Table 1). In each case, cross-reactive antigen was also observed on normal tissues
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Table 1. Normal tissue dose-limiting toxicities observed in targeted toxin trials

Protein Normal tissue reactivity Toxicity Reference

260F9-rA Schwann cells Peripheral neuropathy GouLp et al. 1989
OVB3-PE Pontine neurons Encephalopathy Paret al. 1991
Anti-TfR-rA Brain capillaries Encephalopathy Bookmanet al. 1990

of nonhuman primates, but administration of targeted toxin to these animals rarely
predicted the observed human toxicity. Thus, the selection of appropriate ligands
for targeted toxins appears to be dependent alone on specificity of frozen section
immunostaining of human normal tissues. Broad normal tissue testing panels
should include samples of central nervous system tissue as well as peripheral nerves.
Using such an approach, tumor-selective ligands can still be found. Lymphoid
differentiation antigens, idiotypic determinants on B and T cell receptors, myeloid
growth factor receptors, and unique oncogene products produced by glioblastoma
multiforme (EGFRIII) and breast carcinomas (Her2-neu) are examples of possible
targets for these toxic proteins. In cases in which compartmental delivery is pos-
sible, such as infusional therapy of central nervous system tumors, the EGFR may
be an excellent candidate even though the antigen is widely dispersed on systemic
organs. Another lesson from these clinical studies is the need for slow dose esca-
lation. Some of the neurological toxicities appeared only in a few of the patients at
a given dose-level (PA1 et al. 1991; BookMaN et al. 1990). Other neurological events
appeared many weeks after infusion (GouLb et al. 1989).

All the targeted toxins tested to date have shown vascular leak syndrome or
vascular endothelial damage as an important dose-limiting toxicity. Various toxins
employed in these immunotoxins include ricin toxin A-chain, blocked ricin,
pokeweed antiviral protein, saporin, Pseudomonas exotoxin, and Diphtheria toxin
(SENDEROWICZ et al. 1997; GrOSSBARD et al. 1992; Uckun 1993; FaLini et al. 1992;
Par et al. 1996; STrRom et al. 1994). In each case, vascular injury developed over
several days and was associated with hypoalbuminemia, transient hypotension,
edema, nausea, vomiting, fevers, myalgias, pulmonary edema, or aphasia. No
specific treatment has been reported to alleviate the syndrome, but many patients
receive diuretics and/or albumin at some point in their course. Steroids have not
been shown reproducibly to prevent or ameliorate the toxicity. No specific cytokine
has been identified in the circulation of these patients. Vitetta’s group has suggested
direct endothelial injury as the mechanism mediated by the protein synthesis in-
activating enzyme function of the toxins (SOLER-ROBRIGUEZ et al. 1993). Several
approaches has been proposed to reduce this serious side effect. Smaller fusion
toxins with molecular weights much less than antibody-toxin conjugates have been
used in hopes of reducing the time of vascular exposure (PAsTaN 1997). Other
possible approaches include modulation of the apoptotic threshold of the normal
vascular endothelium by administration of amifostine or similar cytoprotectants
(Capizz1 1996). Alternatively, one can screen novel toxins prior to conjugation to
ligands to select for those with the least inherent toxicity to endothelium.
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3 Efficacy of Targeted Toxins

Applied to broad groups of patients with various malignancies in phase I and II
clinical trials, targeted toxins yield response rates of 25%—35% with response du-
rations averaging months (FRANKEL et al. 1995). Within these reports, examples are
presented of durable complete remissions lasting years. An important effort in
targeted toxin clinical development is the identification of clinical settings in which
these reagents are uniquely efficacious and for which there are no other treatment
options. Several possible disease categories are beginning to be defined (Table 2).
SENDEROWICZ et al. (1997) reported a durable complete remission in a patient with
a post-kidney transplant chemotherapy refractory B cell lymphoma. The optimal
treatment for post-transplant lymphomas unresponsive to reduced immunosup-
pression and antiviral treatment is undefined. Aggressive cytotoxic chemotherapy is
associated with poor response durations and a high rate of morbidity and mortality
from immunocompromised host infections. The anti-CD22-dgRTA was not
myelosuppressive and corroborated the striking anti-tumor activity of monoclonal
antibodies alone in this condition (FiscHER et al. 1991). T cell large granular
lymphocyte (LGL) leukemia is a chronic debilitating disorder in which the malig-
nant T cell clone suppresses myelopoiesis. Most cytotoxic agents fail to reduce the
tumor burden and uniformly aggravate the neutropenia (LOUGHRAN 1993). Anti-
CD7-dgRTA was able to selectively deplete the marrow leukemic population and
was associated with improvements in neutrophil count and red blood cell counts in
two patients (FRANKEL et al. 1997). Four patients with advanced stage cutaneous T
cell lymphoma (CTCL) unresponsive to topical and systemic chemotherapies had
durable partial or complete remissions to DAB3golL2 (Duvic et al. 1997). Patients
with advanced tumor stage CTCL generally fare poorly, with minimal responses to
topical nitrogen mustard, psoralen and UVA light (PUVA), electron beam radio-
therapy or systemic chemotherapy (HoLLoway 1992). Thus, this group of patients
may be ideally suited for a nonmyelosuppressive, systemic drug. Even partial res-
olution of disfiguring cutaneous lesions can dramatically improve their quality of
life. Small (2-3cm) high-grade refractory gliomas responded well to intratumoral
infusions of Tf-CRM107 (Chap. 7, this volume). Survival in excess of 70 weeks was
observed, which appears to be an improvement over historical controls. Further,
the targeted toxin treatment obviated the need for surgical removal of necrotic

Table 2. Diseases states with favorable targeted toxin therapeutic index

Disease Targeted toxin Reference
Post-transplant lymphoma Anti-CD22-dgRTA SENDEROWICZ et al. 1997
T cell LGL leukemia Anti-CD7-dgRTA FRANKEL et al. 1997
Small unifocal refractory GBM Tf-CRM107 Chap. 7, this volume
CTCL stage IIB DAB;goIL2 Duvic et al. 1997 and

Chap. 6, this volume

LGL, large granular lymphocyte; GBM, glioblastoma multiforme; CTCL, cutaneous T cell lymphoma.
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tissue which is often the sequelae of radiosurgery. The relative sparing of white
matter fiber tracts by the toxin conjugate compared with high linear energy transfer
(LET) radiation may account for the reduction in morbidity. We anticipate the
identification of further specific uses for individual targeted toxins as more exten-
sive phase II clinical trials are performed with these drugs.

An alternative approach both to reduce toxicities and improve efficacy for
targeted toxins may be combination therapy with cytotoxic drugs or radiation.
Supra-additive cell killing with combinations of immunotoxins and cytotoxic drugs
have been observed in a number of studies both in vitro and in vivo in several
malignancies (UckuN et al. 1987; O’ConnNoR et al. 1995; GHETIE et al. 1994; LiboRr
et al. 1993; WEIL-HILLMAN et al. 1987; PEARSON et al. 1989a,b; JANSEN et al. 1993;
Liu et al. 1996). Anti-CD35-ricin plus anti-CD7-ricin combined with 4-hydroperoxy-
cyclophosphamide on T-ALL cells (UckuN et al. 1987), anti-CD19-blocked ricin
and doxorubicin or etoposide on B-non-Hodgkin’s lymphoma cells (O’CoNNOR
et al. 1995), anti-CD19-ricin A-chain plus anti-CD22-ricin A-chain combined with
doxorubicin, cyclophosphamide or camptothecin on Burkitt’s lymphoma cells
(GHETIE et al. 1994), and anti-p43 epithelial antigen-recombinant ricin A-chain
conjugate with thiotepa or cisplatin on ovarian carcinoma cells (LIDOR et al. 1993)
showed synergistic in vitro cell cytotoxicity. In vivo anti-tumor benefit from
combining immunotoxins with cytotoxic drugs was observed using anti-CD5-ricin
with mafosfamid in lymphoma (WErL-HILLMAN et al. 1987), anti-epithelial antigen-
Pseudomonas exotoxin conjugate with cyclophosphamide in colon cancer (PEARSON
et al. 1989a,b), anti-CD19-ricin A-chain plus anti-CD22-ricin A-chain with
methotrexate, doxorubicin, cyclophosphamide or camptothecin in lymphoma
(GHETIE et al. 1994), anti-CD19-pokeweed antiviral protein with cyclophosphamide
for B cell ALL (JANSEN et al. 1993), and anti-CD19-blocked ricin combined with
cyclophosphamide, cisplatin, etoposide or cyclophosphamide, vincristine, doxoru-
bicin and etoposide for B cell lymphomas (Liu et al. 1996). Rigorous isobolo-
graphic analysis and molecular mechanism studies were only done with the ovarian
cancer immunotoxin/alkylator combination (LIDOR et al. 1993). Only the study of
Vitetta and colleagues evaluated schedule dependency, showing in their system that
toxin treatment had to precede cytotoxic drug exposure or administration for
synergy (GHETIE et al. 1994). Such a cell-specific modulator of drug resistance as
suggested by these studies would be clinically useful in patients with refractory
neoplasms. The toxicities associated with nonspecific inhibition of membrane
transporters or anti-apoptotic proteins can be avoided. Since the modulator is
targeted to tumor cells, the only normal tissue side effects anticipated will be due to
vascular endothelial injury. Since conventional cytotoxic chemotherapy rarely
causes vascular leak syndrome, the combination of lower doses of fusion toxin with
cytotoxic drugs should avoid this complication and improve tumor selective killing.
The lower doses in the setting of drug modulation should reduce this toxicity.
Further, the degree of resistance modulation by toxins may be potentially greater
than with small molecule transport inhibitors. Since the prognosis for patients with
refractory malignancies is so poor, any significant improvement in radiochemo-
therapy response would be useful.
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