Chapter 9

Ribosome Inactivating Proteins

from Plants: Biological Properties

and their Use in Experimental Therapy

Lucia Citores, Rosario Iglesias and José Miguel Ferreras

Abstract Ribosome-inactivating proteins (RIPs) are 28 S rRNA N-glycosidases
isolated mainly from plants that irreversibly inactivate ribosomes, thereby impairing
protein synthesis. In recent years, polynucleotide:adenosine N-glycosidase activity
and induction of apoptosis have been reported and may have a particular significance.
There are two classes of RIPs: type 1 RIPs, consisting of single-chain proteins, and
type 2 RIPs, consisting of an A chain with RIP properties covalently linked to a B
chain with lectin properties. Type 2 RIPs may be very toxic or non toxic, whereas
type 1 RIPs are always non-toxic. Due to the diverse activities of RIPs, research has
been conducted to investigate their use as antiviral and antitumor agents or as the
toxic part of conjugates. Conjugates consist of a targeting portion such as an anti-
body, a lectin or a growth factor linked to a toxic portion. RIPs have been used as
the toxic portion in conjugates that have been tested in several experimental therapies
against various malignancies. Although some important disadvantages still need to be
improved, recent clinical trials encourage the use of these conjugates as efficacious
agents in the treatment of cancer and other diseases.

9.1 Introduction

Ribosome-inactivating proteins (RIPs) have been initially studied as proteins
widely distributed in plants that inhibit protein synthesis in mammalian cell-free
systems [1, 2]. However, work done in recent years revealed that RIPs can also be
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found in algae, fungi and bacteria [3, 4]. It has been reported that RIPs can also
inhibit protein synthesis in other animal and fungi cell-free systems, and some
of them can inhibit protein synthesis in plants and bacteria [3]. They also display
other important biological activities. Among them, the polynucleotide:adenosine
glycosidase activity [5] and the ability to induce apoptosis in several types of ani-
mal cells [6] could play a significant role, perhaps more important than that of pro-
tein synthesis inhibition. Despite all the work done in the field of RIPs, evidence is
not yet available for a convincing role played by RIPs in plants. They seem to play
different roles in different species, so antiviral, antifungal, storage, programmed
senescence, antifeedant, stress protection and development regulation roles have
been proposed for these proteins [3]. Stirpe and Barbieri [1] have proposed to clas-
sify these proteins into two types: type 1 RIPs, consisting of single-chain proteins,
and type 2 RIPs, consisting of an A (active) chain with RIP properties covalently
linked to a B (binding) chain with lectin properties. The latter RIPs can enter cells
more easily because the B chain allows the binding to sugar-containing cell surface
receptors, and for this reason they could be potent toxins. However as discussed
later, recently a surprising variety of RIP and related lectin structures have been
found. For example, the type 2 RIPs from Sambucus are less toxic to animals than
the type 1 RIPs from Saponaria [7]. Alternatively, four-chain type 2 RIPs [7, 8]
and type 1 RIPs with an inner removable peptide [9] also have been reported.

Because of their diverse activities, RIPs either alone or as part of conjugates
are good candidates for developing selective antiviral and anticancer agents.
Conjugates consist of a targeting portion such as an antibody, a lectin or a growth
factor linked to a toxic portion. RIPs have been used as the toxic portion in several
conjugates that have been tested in experimental therapies against various malig-
nancies. In agriculture, RIPs have been shown to increase resistance against virus
and other parasites in transgenic plants [3].

9.2 Distribution

RIPs have been found mainly in flowering plants (angiosperms) and, to a lesser
extent, in fungi, algae and bacteria (reviewed in [3]). To date, type 1 RIPs have been
isolated from at least 70 species of plants of both monocotyledons and dicotyle-
dons. They are distributed among all flowering plant families without a pattern per-
mitting their location in a particular taxon. However, the highest number of RIPs
is present in a small number of families, namely Caryophyllaceae, Cucurbitaceae,
Euphorbiaceae, Phytolacaceae and Poaceae. RIPs have been found in all types of
plant tissues. Some species contain type 1 RIPs in only one tissue of the plant and
others contain RIPs in several parts of the plant. However, the fact that no RIPs
have been found in a particular species, family or tissue does not mean that they do
not contain them since the amount of RIP could be too low to be isolated or even
detected. The detection method usually consists in assaying the inhibition of protein
synthesis in a cell-free system such as a rabbit reticulocytes lysate. The presence
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of inhibitors has been detected in greater than 70 plants but it has not been pos-
sible to determine if the protein synthesis inhibition is due to a RIP or to another
inhibitor such as an RNase or a protease. Finally, the presence of RIPs depends on
different factors like senescence, virus infection, development and stress [3]. Type
2 RIPs are less widespread but they have been isolated from at least 20 species of
plants belonging to 10 different families. At least five species (Sambucus ebulus,
Sambucus nigra, Cinnamomum camphora, Momordica charantia and Iris hol-
landica) contain both type 1 and type 2 RIPs.

RIPs are also present in bacteria [4], fungi [10] and algae [11] but to date the
presence of these proteins seems to be limited to a few species. All these findings
favour the hypothesis that RIPs are broadly distributed and therefore could play an
important biological role in the RIP-producer organism.

9.3 Enzymatic and Biological Activities

9.3.1 rRNA N-glycosidase

Initially RIPs were studied as the most potent inhibitors of protein synthesis in
mammalian cell-free systems [1, 2]. They have been shown to inactivate the 60S
subunit of mammalian ribosomes in a catalytic and irreversible manner. The inacti-
vated ribosomes are not able to carry out the elongation cycle in protein synthesis.
Later it was also reported that RIPs inactivate ribosomes from other animal species
and that some of them could also inactivate ribosomes from plants and bacteria
[3]. The mechanism of protein synthesis inhibition was elucidated by Endo and
Tsurugi [12]. They found that RIPs are 28S rRNA N-glycosidases (EC 3.2.2.22)
that cleave the N-glycosidic bond between the adenine No. 4324 from the 28S
rRNA and its ribose in the 60S subunit of rat ribosomes (or the equivalent ade-
nine in sensitive ribosomes from other organisms) [3]. This adenine is located in
the a-sarcin-ricin loop (SRL) that is crucial for anchoring the elongation factor G
or the elongation factor 2 on the ribosome during mRNA—tRNA translocation in
prokaryotes and eukaryotes respectively [13].

Most type 1 and type 2 RIPs depurinate ribosomes at one site (the adenine
4324), whereas other RIPs such as saporins, PAP-R and trichokirin depurinate the
ribosomal RNA at multiple sites [14]. However, the depurinating activity seems to
be greater on the adenine 4324 than at other sites [14].

9.3.2 Polynucleotide: Adenosine Glycosidase

Recently other substrates for RIPs have been reported [5]. Some RIPs release ade-
nines from viral genomic RNAs of MS 2, TMV and AMCV [5]. Many RIPs can
also depurinate polyadenylic acid. Most RIPs release adenines from rRNA and all
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of them extensively depurinate herring sperm DNA [5]. Thus, Barbieri has pro-
posed the name of polynucleotide: adenosine glycosidases for these proteins [5].
Some RIPs remove adenine from the poly(ADP-ribosyl)ated poly(ADP-ribose)
polymerase (PARP), which is involved in DNA repair and apoptosis [15]. This
damage to activated PARP may have a role in the inhibition of DNA repair by
RIPs, which seems to be independent of the inhibition of protein synthesis [16].

9.3.3 Apoptosis

In addition to their N-glycosidase activity on nucleic acids, both type 1 and type
2 RIPs are also capable of inducing cell death by apoptosis [17]. RIP-treated cells
exhibit the morphological and biochemical events associated with apoptosis.
Emerging evidence suggests that induction of apoptosis does not directly correlate
with the protein synthesis inhibition [18]. RIPs trigger apoptosis in different cell
types via different mechanisms. Despite a large number of studies on RIP-induced
apoptosis, the exact mechanism by which these toxins induce apoptosis is not very
clear. Generally, the apoptosis induced by RIPs involves the caspase dependent
mitochondrial pathway leading to loss of mitochondrial membrane potential, rapid
release of cytochrome c, activation of caspase-9 and an increase in the production
of reactive oxygen species (ROS) in cells [17]. However, the death receptor-medi-
ated apoptosis pathway also seems to be involved in the killing of cells by some
RIPs [6, 17].

9.3.4 Other Activities

Other activities associated with some RIPs are chitinase activity, topological activ-
ity on DNA, HIV integrase inhibitory activity, superoxide dismutase activity,
DNase activity, and lipase activity (reviewed in [3]). Some of them may have a
significant role as has been proposed for the lipase activity in ricin toxicity or the
HIV integrase inhibitory activity in the antiviral properties of some type 1 RIPs.

9.4 Structure

Figure 9.1 summarizes the different structures of RIPs and related lectins. Type
2 RIPs may be dimeric (such as ricin) or tetrameric. In the latter case the two
A-B dimers may be linked by their A chains (Ricinus communis or Viscum album
agglutinins) or by their B-chains (Sambucus tetrameric type 2 RIPs). In this case
the B-chain 1 alpha site does not bind sugar-containing compounds [8]. Type 2
RIP related lectins are proteins which do not show enzymic activity and show only
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Fig. 9.1 Graphical Type 1 RIP
representation of RIPs and -
related lectins. Type 1 RIPs

consist of single-chain

catalytic proteins whereas Type 2 RIPs

type 2 RIPs consist of
catalytic(s) or A chain(s)
(coloured in red) linked

to binding or B chain(s)
(coloured in cyan) by
disulphide bond(s) (coloured
in orange). The sugar binding
subdomains 1 alpha and 2

gamma are coloured in blue.
Pure lectins may have one Lecti
or two B chains linked by a ctins

disulphide bond. The arrow -
indicates the C-terminal end

lectin activity. The structure of these lectins has a striking homology with that of
the B chain of type 2 RIPs. In fact they are encoded by a truncated type 2 RIP
gene which has lost almost all the sequence coding for the A chain. They can
be monomeric (one single B-chain) or dimeric (two B-chains held together by a
disulphide bridge). In this case a new cysteine appeared which is responsible for
the dimerization of the two polypeptide chains through a disulphide bond. The dif-
ferent B chains vary with respect to sugar specificity. Type 2 RIPs from Ricinus,
Abrus or Adenia are specific for galactose containing sugars and are very toxic.
Type 2 RIPs and related lectins from Sambucus are much less toxic and may be
specific for galactose, sialic acid or unable to bind sugars [8].

The structure of ebulin 1 (a heterodimeric type 2 RIP presents in S. ebulus
leaves) is shown in Fig. 9.2. In the A chain, ebulin 1 has roughly the same posi-
tioning of key active site residues as type 1 RIPs and other type 2 RIPs such as
ricin, abrin or volkensin [19]. Tyr 77 and 116, Arg 127, Glu 163, Arg 166 and Trp
197 are highly conserved in both type 1 and type 2 RIPs. Additionally all type
2 RIPs conserve the Cys 249 of ebulin 1 A chain that links it to the B chain by a
disulphide bond. This Cys is absent in type 1 RIPs such as saporin or PAP. Some
tetrameric type 2 RIPs (i.e., R. communis agglutinin) present a seven amino acid
loop with an additional Cys (located in a position corresponding to Gly148 and
149 in ebulin 1) that allows the formation of a disulphide bridge with another A
chain [8]. The overall fold of the ebulin B chain is also very similar to that of type
2 RIP B-chains and lectins and is composed of two beta trefoil domains (I and II)
with sugar-binding ability [19]. The domain I presents the 1 alpha sugar binding
site (Trp 39, Asp 24, Gln 37, Asn 46 and Gln 47) and the domain II the 2 gamma
sugar binding site (Asp 235, Phe 249, Asn 256 and GIn 257). These aminoac-
ids are also well conserved in the B chain of other type 2 RIPs and lectins but
the sugar-binding ability of the different B chains varies considerably. Tyr29 and
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B chain

Domain | Domain I

Tyr29 (Cys in some
tetrameric type 2 RIPs)

Argd5 (Cysin
dimeric lectins)

Connecting arm

(absent in lectins)
Disulphide
bridge

Cys249 (absent
in type 1 RIPs)

Ach
Gly148-Gly149 (additional loop with a e

Cys in some tetrameric type 2 RIPs)

Fig. 9.2 Three-dimensional model of the type 2 RIP ebulin I (PDB ID: IHWP). The A (red) and
B (cyan) chains and the disulphide bridge linking both chains are indicated. The active site and
sugar-binding sites are represented in CPK (balls). The residues in ebulin 1 that change in type 1
RIPs, tetrameric RIPs and dimeric lectins are represented in balls and sticks

Arg 45 are substituted by Cys in some tetrameric type 2 RIPs and dimeric lec-
tins, respectively, thus allowing the formation of an additional disulphide bridge
between B chains [8].

9.5 Toxicity and Intracellular Pathway of Type 1
and 2 RIPs

As previously indicated, type 1 RIPs are single-chain toxins (A-chain)
with N-glycosidase activity while type 2 RIPs consist of an A-chain with
N-glycosidase activity and a galactoside binding lectin (B chain) linked together
by a disulphide bond. Type 1 RIPs have a high cell-free translation inhibitory
potency but a low cytotoxicity (Table 9.1). Because of the absence of a B chain,
type 1 RIPs, such as saporin, poorly enter into cells, consequently causing low
toxicity to cells and animals. However, the presence of the B chain is not suf-
ficient to confer a high level of cytotoxicity on all type 2 RIPs. Based on their
toxicity to mammals, type 2 RIPs has been divided into two groups: the toxic
and nontoxic type 2 RIPs. The former group include ricin, abrin, viscumin and
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Table 9.1 Toxicity of type 1 and type 2 RIPs

Rabbit lysate HeLa cells Mouse
ICs0 (nM)* ICs0 (nM) LDso (mg/kg)
Type 1 RIPs
Saporin 0.037 2,300 4
PAP 0.037 33,000 2.6
Gelonin 0.4 34,000 40
Type 2 RIPs
Ebulin | 0.15 64.3 2
Nigrin b 0.03 27.6 12
Ricinus communis agglutinin 0.046 n.d >0.033
Sieboldin b 0.015 11.8 >1.6
Abrin 0.5 0.0037 0.00056
Ricin 0.1 0.00067 0.003
Viscumin 35 0.008 0.0024
Volkensin 0.37 0.0003 0.00138

The table shows the effects of type 1 and type 2 (either toxic or non-toxic) RIPs on protein syn-
thesis by a cell-free system derived from rabbit reticulocytes lysates and their toxicity to intact
HelLa cells and mice. The data were obtained from Refs. [1, 2, 8]

#Reduced toxin (only in type 2 RIPs): the toxin was pre-incubated with a reducing agent (such as
2-mercaptoethanol or dithiothreitol) before testing activity

volkesin, which are among the most potent plant toxins. In contrast, nigrin b, ebu-
lin 1, sieboldin b and R. communis agglutinin belonging to the latter group show
little or no toxicity in intact cells and higher animals (Table 9.1). Their lack of
toxicity has been attributed in part to a defective B chain with reduced affinity for
the galactosides present at the surface of plasma membrane proteins and to a dif-
ferent intracellular routing and processing of the toxin [8].

The cell surface receptors differ from one RIP to another. However they share
the need to enter the cytosol to exert their toxicity. The molecular mechanisms
involved in intracellular traffic of RIPs have been studied extensively for toxic
type 2 RIPs, especially for ricin, which has been taken as a model of highly toxic
RIPs. Ricin enters target mammalian cells by receptor-mediated endocytosis and
is transported to endosomes. From here part is recycled back to the cell surface,
another part is transported to the lysosomes and degraded and only a small fraction
is eventually translocated to the cytosol (Fig. 9.3). Only 5 % of the endocytosed
toxin is transported to the trans-Golgi network [20] and then backward through the
Golgi apparatus to the endoplasmic reticulum (ER). In ER the catalytic A chain is
reductively separated from the cell-binding B chain. The A chain is then retrotrans-
located to the cytosol by utilizing the ER-associated degradation pathway (ERAD)
usually followed by misfolded proteins, which in the cytosol are polyubiquitinated
and degraded by the proteasome. Once in the cytosol ricin A-chain escapes, in
part, proteasomal degradation probably due to its low content in lysine residues.
Once in the cytosol the enzymatic A chain inactivates the ribosomes [21].

Ricin toxicity is sensitive to brefeldin A and to low temperature. In contrast
to ricin, the non toxic type 2 RIPs nigrin b and ebulin 1 follow a pathway that is
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insensitive to brefeldin A and to temperatures below 37 °C indicating that trans-
port from endosomes to the Golgi complex is not required for nigrin b and ebulin
1 A-chain translocation [8]. In fact, nigrin b was found to enter cells like ricin, but
was more rapidly and extensively degraded, and when excreted by HeLa cells the
nigrin b-derived material was completely inactive [22]. Thus, cell protein synthe-
sis inhibition by nigrin b seems to be a consequence of the spontaneous transloca-
tion of nigrin b from the endosome when the extracellular concentration of RIP is
high (Fig. 9.3).
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Protein synthesis ?';' N
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High extracellular =———_ —— Golgi
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RETROTRANSLOCATION ° 7
& BY ERAD
= Endoplasmi
No protein synthesis _:- reticulum
Cell death _—Nuceis

Fig. 9.3 Intracellular trafficking of ricin, nigrin b and saporin. Ricin binds to glycoproteins of
the plasma membrane and internalizes into the cell. Only a small number of protein molecules are
transported first to the Golgi network and then to the endoplasmic reticulum (ER). In the endo-
plasmic reticulum, the disulphide bridge is reduced and the A chain translocates to the cytosol
by the endoplasmic reticulum-associated degradation (ERAD) pathway. In the cytosol, the A
chain inactivates the ribosomes, inhibiting protein synthesis and causing cell death. This path-
way is sensitive to low temperature and brefeldin A. Nigrin b can bind to different glycoproteins
on the plasma membrane and internalizes into the cell. From endosomes, protein molecules are
mostly transported to lysosomes for degradation. However, at much higher extracellular concen-
tration, the saturation of the endosome with nigrin b can lead to a spontaneous release of nigrin b
into the cytosol, causing ribosome inactivation. This pathway is not sensitive to low temperature
and brefeldin A. Saporin binds in part to low-density lipoprotein receptor-related proteins and is
internalized into the cell. Saporin cytotoxicity cannot be blocked by brefeldin A, indicating that
the protein reaches the cytosol following a yet unknown intracellular route that does not involve
transport to the Golgi. The orange circles represent the A chain of the three RIPs. Ricin B-chain is
represented by green circles and nigrin b B-chain by blue circles
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Less is known about the pathway followed by type 1 RIPs, which could vary,
because of their different interaction with cells due to the lack of the lectin chain
that facilitates binding to intact cells. However, studies done with saporin have
shown a clear role for cell surface receptors belonging to the low density lipopro-
tein related receptor family in mediating saporin internalization in different cell
lines [23]. Also, saporin cytotoxicity cannot be blocked by brefeldin A indicating
that the protein reaches the cytosol following an intracellular route that does not
include transport to the Golgi [23] (Fig. 9.3).

9.6 Use of RIPs in Experimental Therapy

Due to the diverse activities of RIPs, extensive research has been conducted to
investigate their use as antiviral and antitumor agents. The most promising appli-
cations of RIPs in experimental medicine, especially in anticancer therapy, are
related to their use as components of immunotoxins, conjugates or recombinant
chimeras in which the enzymatic RIPs are linked to tumor targeting ligands or
antibodies that mediate their binding and internalization by malignant cells.

On the down side, because of their cytotoxic nature, type 2 RIPs present a sig-
nificant public health concern due to their potential use as bioterrorism agents.
Ricin, for example, is a potent cytotoxin, easy to purify in large amounts, easy to
handle and stable. For this reason extensive efforts have been made to develop a
safe antidote or vaccine against this toxin [24].

9.6.1 Use of Unconjugated RIPs in Experimental Therapy

Interest in type 2 RIPs as anticancer agents began as early as 1970, when it was
shown that ricin and abrin were more toxic to tumor cells than to normal cells
[25]. Mistletoe extracts, based on their presumed immunostimulatory and antineo-
plastic effects, have been used in the complementary treatment of cancer patients,
for more than 80 years. The active compound of these extracts is the type 2 RIP
viscumin (MLs) which possess apoptosis-inducing effects on many types of can-
cers [26, 27]. Recently a recombinantly engineered rViscumin has been developed
for application in cancer treatment and is being tested in phase I/II clinical studies
[28]. Another type 2 RIP from Ximenia americana, termed riproximin, which is
the active component of the plant material used in African traditional medicine to
treat some forms of cancer, has shown potent antitumor activity in a rat metastasis
model [29]. Therefore, it seems that type 2 RIPs such as viscumin, abrin or ricin
bear apoptosis-inducing activities toward cancer cells by targeting different stages
of apoptotic pathways [26].

Plants from Cucurbitaceae family, mainly belonging to the genus Trichosanthes
and Momordica, have a long history of being used in old traditional Chinese
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medicine. Trichosanthin is a type 1 RIP purified from 7. kirilowii that has been
known for around 30 years. Trichosanthin is known to possess a broad spectrum of
biological and pharmacological activities, including abortifacient which terminates
early pregnancy, anti-tumor, immunomodulatory, nuclease, and anti-human immu-
nodeficiency virus activities. Recently, trichosanthin has been found to induce
apoptosis, enhance the action of chemokines and inhibit HIV-1 integrase [30].
Also of interest as a medicinal candidate, alpha-momorcharin, a type 1 RIP, puri-
fied from M. charantia has demonstrated strong anti-tumor growth activity and
anti-HIV function besides abortifacient activity [31] (see Chap. 2 in this book). In
addition, recombinant luffin, a type 1 RIP from Luffa cylindrica, displays in vitro
cytotoxicity against various tumor cell lines [32].

9.6.2 Use of RIPs for the Construction of Immunotoxins

Another application of RIPs is the linking of them to monoclonal antibodies or
their fragments to obtain immunotoxins that are specifically toxic to target cells
[33-36]. The antibody (or antibody fragment) [37] binds specifically to an antigen
on the surface of the cell to be killed and the immunotoxin internalizes through
endocytosis following the antigen intracellular pathway. Finally the toxin translo-
cates to the cytosol and kills the cell by inhibiting protein synthesis or inducing
apoptosis.

These kinds of therapeutic agents were first postulated by the German immu-
nologist Paul Ehrlich in 1897 who envisaged them as “magic bullets” [38].
However, they did not become a reality until the development of the monoclonal
antibody, protein purification and protein cross-linking technologies. In fact the
first immunotoxin containing a RIP was reported by Youle and Neville in 1980
[39]. It consisted of a monoclonal antibody directed against the murine T cells Thy
1.2 antigen, covalently linked to ricin using the crosslinking agent m-maleimido-
benzoyl-N-hydroxysuecinimide ester (MBS). The immunotoxin showed cell type
specificity when the unwanted binding via the B chain was blocked with lactose.
Unfortunately, the necessary use of lactose limited its use to ex vivo therapy [40].

Immunotoxins have been constructed with selected potent microbial and plant
proteins. Among microbial proteins, Pseudomonas exotoxin or diphtheria toxin
have been used, and among plant proteins, both type 1 and type 2 RIPs have been
used.

Since the construction of the first immunotoxin, which was prepared by chemi-
cally linking the whole molecule of an antibody to the toxin, several kinds of
these chimeras have been designed in order to improve several important aspects
such as specificity, efficacy, in vivo stability, immunogenicity and unwanted side
effects. From a strategic point of view, several types of immunotoxins have been
designed [1]: direct immunotoxins, indirect immunotoxins (directed to a primary
antibody) and bispecific antibodies (directed to the toxin and the target simulta-
neously). In order to prevent unwanted side effects immunotoxins have been
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constructed with antibody fragments such as Fab’ (obtained by pepsin digestion
and mild reduction), Fab (obtained by papain digestion), Fv (containing only
the two antibody variable domains, VH and VL, linked by a disulphide bridge)
and scFv (single-chain variable fragment, containing the two antibody variable
domains connected with a short linker peptide).

The choice of the crosslinker agent is also very important. Efforts have been
made in order to optimize the efficient release of the toxic moiety when the
target is reached. This question has been excellently reviewed recently by Dosio
et al. [36]. The most used RIP for the construction of immunotoxins is ricin, but as
discussed, it is extremely toxic. For this reason attempts have been made to reduce
the non-specificity caused by the B-chain. Approaches are based on the blockage
of the B-chain lectin binding ability [36] or the use of the deglycosylated ricin
A-chain (the glycosylated ricin A-chain is toxic to macrophages and Kupffer cells)
[36]. Another approach is to use type 1 RIPs instead of ricin. The most commonly
used are saporin, PAP and gelonin [34]. Recombinant immunotoxins have also
been designed consisting of single-chain variable fragments (scFv) genetically
fused to a RIP such as gelonin [41].

Immunotoxins cause several undesirable side effects and toxicities. Some of
these adverse effects are mild or moderate like fever, nausea, vomiting, diarrhoea,
myalgia, edema and hypoalbuminemia. Other effects are severe and could pose a
limitation to the therapeutic use of protein immunotoxins. An increased toxicity
may result from immunogenicity as a result of the formation of human antimouse
antibodies (HAMA) or anti-toxin-antibodies (HATA). These antibodies may pre-
vent repeated cycles of therapy. The development of immunotoxins containing
humanized antibodies or choosing smaller antibody formats containing only the
variable domains may in part resolve these problems. Many efforts are being made
also to decrease immunogenicity of the toxin moiety.

The most common toxicity in patients treated with immunotoxins, in par-
ticular ricin A chain-based ones, is vascular leak syndrome (VLS) character-
ized by an increase in vascular permeability caused by the weak binding of the
immunotoxin to normal endothelial cells. Another typical toxicity related to
immunotoxin administration is hepatotoxicity that is attributed to the binding
of basic residues on the targeting Fv to negatively charged hepatic cells. Renal
toxicity is also observed following treatment with immunotoxins. Moreover,
successful treatment of solid tumors faces several obstacles including poor pen-
etration into tumor masses and the immune response to the conjugate. Tumor
progression is characterized by the formation of a neovasculature, which sup-
plies tumor cells with oxygen and nutrients. The formation of new blood vessels
(angiogenesis) is necessary for the growth and metastatic spread of solid tumor.
Immunoconjugates containing RIPs targeting the tumor neovasculature have
been designed and some of them have considerable potential for use in cancer
therapy [7].

Immunotoxins have been included in experimental therapies against various
malignancies, often achieving promising results but also often causing severe side
effects in patients. Among RIPs, ricin, saporin and gelonin have been widely used
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to construct anti-cancer immunotoxins. The subject has been dealt with in a num-
ber of recent reviews [33-37] and for this reason only some selected examples are
shown in Table 9.2.

Briefly, clinical trials with RIP-containing immunotoxins have been con-
ducted against hematologic malignancies and solid tumors. Clinical studies have
been carried out using both blocked ricin and its A-chain (glycosylated or degly-
cosylated) linked to several monoclonal antibodies for the treatment of acute
lymphoblastic leukemia, B cell non-Hodgkin’s lymphomas, Hodgkin’s disease,
cutaneous T cell lymphomas, graft-versus-host disease, haploidentical stem cell
transplantation and T cell non-Hodgkin’s lymphoma. Regarding solid tumors
clinical applications of ricin-based immunotoxins include melanoma, colorec-
tal cancer, small cell lung cancer, leptomeningeal neoplasia and breast cancer.
Additionally, type 1 RIPs such as PAP, saporin or gelonin have been used in
immunotoxins tested in clinical trials in patients with acute lymphoblastic leukae-
mia, Hodgkin’s disease and myeloid malignancies.

9.6.3 Use of Other RIP Conjugates

Targeting can also be performed using tumor-specific ligands. Cancer cells over-
express cell-surface receptors including growth factor, transferrin and interleukin
receptors. Several conjugates consisting of a tumor-specific ligand (cytokine, growth
factor, transferrin or peptide hormone) coupled to a toxin by genetic fusion or by
chemical ligation have been produced. The targeting protein or ligand binds to cell

Table 9.2 Selected examples of clinically evaluated/under evaluation immunotoxins

Immunotoxin Target RIP Target diseases Phases
Combotox CD19/CD22 dgA NHL, ALL 1
IMTOX-25 CD25 dgA HD, CTCL, GVHD, LII
HSCT, melanoma
Anti-B4-bR CDI19 Blocked ricin NHL ILIIT
F(ab’),BsAb CD22 Saporin NHL I
BER-H»-Saporin ~ CD30 Saporin HD I/
Hum-195/rGel CD33 Gelonin AML, CML 1
B43-PAP CD19 PAP ALL 1
XomaZyme-Mel = Melanoma Ricin A-chain Melanoma LILI/IT
N901-bR CD56 Blocked ricin SCLC LI
Anti-CEA-bR CEA Blocked ricin Colorectal cancer v

The data were obtained from the references cited in the text

Abbreviations ALL (acute lymphoblastic leukemia); AML (acute myelogenous leukemia); CEA
(carcinoembryonic antigen); CML (chronic myelogenous leucemia); CTCL (cutaneous T cell
lymphoma); dgA (deglycosylated ricin A-chain); GVHD (graft-versus-host disease); HD (Hodg-
kin’s disease); NHL (non-Hodgkin’s lymphoma); HSCT (haploidentical stem cell transplanta-
tion); SCLC (small cell lung cancer)
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surface receptors and are subsequently internalized by endocytosis, resulting in cell
death. The toxin moiety requires internalization and translocation to the cytosol to
achieve the cytotoxic effect by inactivating cytosolic protein synthesis and inducing
apoptosis [35, 42].

The transferrin receptor, a cell membrane-associated glycoprotein involved in iron
homeostasis and cell growth, has been explored as a target to deliver therapeutics
into cancer cells due to its increased expression on malignant cells. Conjugates have
been made using the plasma protein transferrin as a carrier fused to several RIPs such
as ricin A-chain [43], saporin [43], nigrin b [7] and ebulin 1 [7]. These conjugates
have demonstrated anti-tumor activity in several in vitro and in vivo models [43].

Epidermal growth factor receptor (EGFR) is overexpressed in many different types
of solid tumors and is associated with metastasis and poor prognosis. Several anti-
cancer conjugates targeting the EFGR have been developed. Recombinant saporin
has been linked to EGF both directly and via an adapter. Both conjugates were very
effective in inhibiting an oral squamous cell carcinoma cell line. More importantly,
the authors observe a significant reduction in the number of colonies formed [44].

Fibroblast growth factor receptors (FGFRs) are a family of at least 12 different
proteins. Many solid tumors express receptors binding FGF2. FGF2-saporin was the
first recombinant fusion chimera based on saporin expressed in E. coli shown to be
highly selective and cytotoxic towards FGF2 receptor-expressing cells [45]. The con-
jugate also showed significant anti-proliferation activity when tested in animal mod-
els of human ovarian teratocarcinoma or melanomas in a combination therapy [46].

Another antitumor therapy approach involves the vascular endothelial growth
factor (VEGF). VEGF-gelonin fusions contain a highly selective carrier, target-
ing tumor endothelial cells. This fusion protein is able to inhibit tumor growth and
metastasis dissemination [47].

The therapeutic efficacy of natural ligand-toxin conjugates can be limited by
the intracellular trafficking pathway followed by endogenous ligands. To improve
the therapeutic efficacy of ligand-drug conjugates, research groups are developing
new approaches for engineering the ligands to be more effective drug carriers [42].

Finally, the use of pure lectins for targeting has also been proposed [7].
Conjugates containing nigrin b as the toxic portion and the mucin-binding lectins
SELId or SELfd as the targeting molecule, proved to be effective in killing COLO
320 and HeLa cells. In contrast, the free lectins had a very small or no effect on
cell viability. SELId and SELfd are type 2 RIPs-related dimeric lectins isolated
from the leaves and fruits of Sambucus ebulus respectively. These results open the
possibility of using pure lectins as targeting molecules for cancer therapy.

9.7 Conclusions and Perspectives

Since their discovery, RIPs have been the subject of extensive investigation due to
their strong enzymatic activity and toxicity. These enzymes share common prop-
erties such as conserved active site residues and reaction mechanisms. RIPs are
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N-glycosidases capable of inhibiting protein synthesis by depurinating rRNA.
However, the diversity among RIPs and their activities toward different targets
make it difficult to extrapolate results in attempting to characterize the biological
role of RIPs in plants. Discovery of multiple enzymatic activities in some RIPs,
which can depurinate not only ribosomal substrates but may also damage DNA
or RNA of pathogens and host cells, makes the picture more complicated. RIPs
are broadly distributed in plants; however there are no systematic screening stud-
ies to generalize their occurrence. Results from such studies might provide new
information about the phylogenetic distribution, structure and functions of RIPs.
Also solving the three-dimensional structure of more RIPs will facilitate the elu-
cidation of RIP structure—function relationships and will add valuable information
regarding the structural homology of the RIPs. Plants produce RIPs that are able
to kill mammalian cells once delivered to the cytosol. In mammalian cells, both
type 1 and type 2 RIPs have been related to apoptosis. The mechanisms by which
apoptosis is activated by a particular RIP may differ and may be independent of
protein synthesis inhibition. Therefore, the process of RIP uptake and transport
in cells needs more investigation in order to understand the mechanism by which
RIPs lead to cell death. Knowing how they target cells will make it possible to use
them to our advantage in medicine. RIPs have a potential as therapeutic agents if
the toxicity can be specifically directed. RIP-containing conjugates have been used
in many experimental strategies against cancer cells, often showing excellent clini-
cal activity, for example immunotoxins targeting hematological malignancies. A
major limitation of immunotoxins is the development of neutralizing antibodies to
both the toxic and the carrier portions of the conjugate together with the develop-
ment of VLS and hepatotoxicity. However, there have been significant advance-
ments in the design of new immunotoxins that reduce side effects on normal cells.
From the progress over the past twenty years it is apparent that immunotoxins are
having an increasing impact in experimental therapy.
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