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Abstract: Bougainvillea (Bougainvillea spectabilis Willd.) is a plant widely used in folk medicine and
many extracts from different tissues of this plant have been employed against several pathologies.
The observation that leaf extracts of Bougainvillea possess antiviral properties led to the purification
and characterization of a protein, named bouganin, which exhibits typical characteristics of type
1 ribosome-inactivating proteins (RIPs). Beyond that, bouganin has some peculiarities, such as a
higher activity on DNA with respect to ribosomal RNA, low systemic toxicity, and immunological
properties quite different than other RIPs. The sequencing of bouganin and the knowledge
of its three-dimensional structure allowed to obtain a not immunogenic mutant of bouganin.
These features make bouganin a very attractive tool as a component of immunotoxins (ITs),
chimeric proteins obtained by linking a toxin to a carrier molecule. Bouganin-containing ITs
showed very promising results in the experimental treatment of both hematological and solid tumors,
and one bouganin-containing IT has entered Phase I clinical trial. In this review, we summarize
the milestones of the research on bouganin such as bouganin chemico-physical characteristics,
the structural properties and de-immunization studies. In addition, the in vitro and in vivo results
obtained with bouganin-containing ITs are summarized.

Keywords: antiviral activity; Bougainvillea; bouganin; cancer therapy; immunotherapy; immunotoxins;
ribosome-inactivating proteins; rRNA N-glycosylase activity; VB6-845

Key Contribution: This manuscript highlights the peculiar features of bouganin, a type 1 RIP,
which possesses a high ratio of activity on DNA with respect to rRNA, low systemic toxicity and no
cross-reactivity with sera against other RIPs. The availability of a de-immunized form of bouganin led
to the construction of immunotoxins showing promising antitumor activity in experimental models
and in a Phase I clinical trial.

1. Introduction

Ribosome-inactivating proteins (RIPs) are a family of plant proteins characterized by an enzymatic
activity classically identified as rRNA N-glycosylase (EC 3.2.2.22). These enzymes, which are widely
distributed among plant genera, specifically remove the A4324 adenine residue of the 285 rRNA in rat
ribosome thus interfering with the ribosome/elongation factor 2 interaction, damaging ribosomes in an
irreversible manner and causing the inhibition of protein synthesis [1]. RIPs also show N-glycosylase
activity on different other substrates, such as mRNA, tRNA, DNA and poly(A) [2,3]. As regards the
structure, RIPs can mainly be divided into two groups: type 1, consisting of a single-chain protein
with enzymatic activity, and type 2, consisting of an enzymatic A-chain linked to a B-chain with
lectin properties. The presence of the B-chain allows the fast internalization of the toxin into the cell,
so conferring to most type 2 RIPs a very high toxicity [4]. RIPs can kill the cells by apoptosis [5,6],
even if other cell death mechanisms are involved in the pathogenesis of RIP intoxication [7,8]. It is
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worth noting that RIPs are also able to depurinate viral nucleic acids. In fact, many RIPs can inhibit
animal and plant viruses through mechanisms that have not yet been fully clarified. There is evidence
that the antiviral action of RIPs cannot be solely attributed to the inhibition of ribosomes, but also to
direct interaction of RIPs with viral RNA or DNA [2,9].

Since 1925, it was known that leaf extracts of some plants were able to prevent the infection of other
plant species when mixed with a suspension of tobacco mosaic virus (TMV) [10]. Those observations
allowed the partial isolation of the antiviral principle of Phytolacca americana [11] and Dianthus
caryophyllus [12]. Afterwards, the antiviral activity was attributed to specific proteins (named pokeweed
antiviral protein (PAP) and dianthin, respectively). Moreover, it was shown that also the protein
synthesis inhibition activity, present in the extracts, was due to the same proteins [13-15]. It was
subsequently established that most of the tested RIPs, including type 2 ones, were able to prevent
infection with TMV in Nicotiana benthamiana leaves, albeit at different concentrations. Plant extracts
with antiviral activity did not prevent the infection of autologous plants but were effective only
on heterologous plants. This led to the conclusion that the antiviral principles acted on the plant,
rather than on the viruses. Further studies showed that the in vitro antiviral activity of RIPs could also
be directed against animal viruses, both RNA and DNA viruses [9].

In medicine, RIPs found application as toxic moiety of conjugates, chimeric molecules specifically
targetable to unwanted cells responsible for pathologic conditions. Conjugates containing RIPs linked
to monoclonal antibodies (mAbs) or their fragments are referred to as immunotoxins (ITs). ITs can
be obtained both by the chemical linkage of the toxic moiety to mAbs and by genetic engineering
to obtain recombinant conjugates [16]. RIP-containing ITs have been included in many clinical trials
against various diseases, often achieving promising results, especially in the treatment of hematological
neoplasms [17].

2. Purification and Antiviral Properties of Bouganin

Bougainvillea spectabilis Willd., also known as “paper flower” or “Bougainvillea”, is a woody vine
belonging to Nyctaginaceae family. It is native to South America but spread all over the world for its
ornamental characteristics. This plant, in fact, is frequently blooming and its bracts have an intense
purple or magenta color.

As for many other RIP-containing plants [18], Bougainvillea has long been used as medicinal
plant, mainly in Latin America and Mexico [19]. The extracts from several plant tissues, mainly leaves,
flowers and stem barks, are utilized in traditional medicine in forms of infusions, decoctions and
tinctures. Drunk as a tea, Bougainvillea extracts are employed against cough, sore throat, flu,
fever, diarrhea, diabetes, hepatitis and liver problems, asthma, bronchitis, to reduce stomach acidity,
dissolve blood clots, regulate menstruation and stop leucorrhea, and for anemia associated with
gastrointestinal bleeding and epigastric pain. Infusion of flowers is drunk as a remedy for low blood
pressure [20].

Several studies have been conducted in order to evaluate the pharmacological activities of
phytochemical constituents isolated from different Bougainvillea tissues. Experimental evidences
showed that such molecules can exert antibacterial, antihyperlipidemic, antidiabetic, antifertility,
antioxidant, anti-inflammatory, and antiulcer activities [21].

The first experimental evidences of antiviral effect of Bougainvillea date back to the 80s when
it was evidenced that the infection of tobacco plants by TMV was prevented by leaf extracts [22,23].
The prevention of the infection was attributed to protein factors.

In 1997, Bolognesi and co-workers identified for the first time the presence of type 1 RIPs in the
leaves of Bougainvillea. At least seven different RIPs were purified by ion-exchange chromatography
of leaf extracts. The authors’ attention focused on the first eluted pick, corresponding to a protein that
was named bouganin. This protein was chosen for further experiments because it had the highest
specific inhibitory activity on cell-free protein synthesis and gave the highest yield after purification.
Bouganin has the properties of type 1 RIP, in that it: (i) is a single-chain protein with a molecular
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mass of about 30 kDa and an isoelectric point in the alkaline region; (ii) inhibits protein synthesis
in a cell-free system (ICsy 10 ng/mL) despite its lower activity on whole cells, compared to other
type 1 RIPs; (iii) has N-glycosylase activity; and (iv) has antiviral activity. Moreover, it appeared
to be homogeneous at 99% by reverse-phase High Performance Liquid Chromatography (HPLC)
analysis, and on Sodium Dodecyl Sulphate-Poly Acrylamide Gel Electrophoresis (SDS-PAGE) gave a
single band with mobility corresponding to Mr 26200. The RIP released a single adenine residue from
rat liver ribosomes but several tens of adenine residues from other substrates as rRNA from E. coli,
viral RNA, poly (A) and several hundreds of adenine residues from herring sperm DNA (hsDNA),
thus possessing a polynucleotide:adenosine glycosidase activity [24]. As reported in Table 1 and
Figure 1, bouganin showed the highest activity ratio compared to other type 1 RIPs and to ricin A
chain. This represents an advantage because the RIP can exert its activity on different substrates,
triggering cell death through multiple pathways.

Table 1. Adenine: Polynucleotide glycosidase activity, protein synthesis inhibitory activity and toxicity
of bouganin compared with different type 1 RIPs and ricin A chain.

Adenine Released Protein Synthesis Toxicity
RIP
hsDNA ! pmol  Rat Ribosomes ! pmol Cell Free 1 103 U/mg *  Raji Cells 2 IC5p (nM)  Mouse 3 LD5j (mg/kg)
Bouganin 377.7 48 75 839 >32 4#

Dianthin 30 239.9 5.7 96 541 14
Momordin I 27.1 39 526 na.$ 7.4
PAP-S 503.2 5.1 125 na.$ 2.6
Ricin A chain 48.5 6.2 300 2005 166

Saporin-S6 376.1 19.1 813 23.6 4

! Data from [26]. * One unit of inhibitory activity (U) is defined as the amount of protein causing 50% inhibition in
1 mL of reaction mixture. 2 Data from [27]. ¥ No mouse died at the higher tested dose (32 mg/kg). 3 Data from
[25]. * Datum from [24]. ® Datum from [28]. ® Datum from [29]. IC5 is the concentration inhibiting 50% of protein
synthesis; LDs is the lethal dose for 50% of treated animals. § not available.
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Figure 1. Activity ratio of bouganin compared to other type 1 RIPs and ricin A chain. The bar values
represent the ratio between the activity on hsDNA and the activity on cell-free protein synthesis,
expressed as 103U/ mg, as reported in Table 1.

Bouganin prevented systemic infection by artichoke mottled crinkle virus of Nicotiana benthamiana
plants, presumably by inhibiting viral replication at the site of infection. Despite the high specific
enzymatic activity, bouganin showed a very low toxicity for animals (mice); no mouse was killed by a
dosage of 32 mg/kg of bouganin; this dose was very toxic for many other type 1 RIPs. Certainly, bouganin
appears to be one of the least toxic RIPs, in comparison with other well-known RIPs (Table 1) [25].
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3. Recombinant Bouganin and Structure/Function Studies

In 2002, den Hartog and co-workers cloned, expressed, purified, and characterized the recombinant
bouganin. The cDNA, synthetized from total RNA isolated from Bougainvillea leaves, encoded for
a precursor protein of 305 amino-acid residues. On the basis of the bouganin primary sequence,
it was found that 26 residues at the amino-terminal and 29 residues at the carboxy-terminal are
post-translationally removed to produce the mature form, which consists of 250 amino acids.
The 26-residue leader portion is a secretory signal sequence rich in hydrophobic amino acids,
which probably direct the transport of the nascent polypeptide chain across the endoplasmic reticulum
membrane into the endoplasmic reticulum lumen. Bouganin and the other type 1 RIPs have little or
no homology in the C-terminal cleaved amino-acid sequence. This demonstrates that these sequence
motives, of unknown function, are not conserved in nature [30]. The recombinant molecule had
similar enzymatic activity in a cell-free protein synthesis assay and had comparable toxicity on cells as
compared to native bouganin [30].

Subsequently, the three-dimensional structure of bouganin was solved, demonstrating that its
overall structure is like other RIPs, maintaining the typical RIP fold [26]. The N-terminal domain (in red
in Figure 2a) is made up of a mixed 3-sheet of seven strands (31-39). The five central strands run
antiparallel and the other extern four are parallel to the neighbors. The a2 and the «3 helixes are
connected to short structural motifs of 3 strands that are respectively the first two and the last two of
the sheets. In bouganin, the C-terminal domain (in green in Figure 2a) is mainly composed of eight
a-helices. This region shows a loop, flanking helix 9, composed of two antiparallel 3-strands connected
by a short helix. By site-directed mutagenesis experiments in RIPs, it has been possible to identify five
highly conserved residues, which are involved in N-glycosylase activity and correspond to Tyr70, Tyr114,
Glul65, Argl68 and Trp198 in bouganin [31]. (Figure 2b). Moreover, Phel69, another highly conserved
amino acid near the active site, could play a role in stabilizing the conformation of Argl68 side chain [32].

Figure 2. (a) Ribbon model of the crystal structure of bouganin (accession number Protein Data
Bank 3CTK). The N-terminal and the C-terminal domains are colored in red and green respectively;
(b) Catalytic site of bouganin. The conserved important residues are showed in ball-and-sticks;
(¢) Structural comparison between different type 1 RIPs and ricin A chain. Superimposition of the Co
atoms of bouganin (magenta), dianthin 30 (green), PAP-R (red) and ricin A chain (gold). The figures were
produced by MOLSCRIPT [33] and rendered by RASTER3D [34]; (d) Electrostatic surface potential of
bouganin surface at pH 7. The positive regions are represented in blue and the negative ones are colored
in red. The active pocket is highlighted by a green circle. The figure was produced by GRASP [35].
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Similarly to other RIPs, the active site is in a cleft at the center of the molecule. The authors
suggested an explanation for the lower bouganin activity based on one amino acid substitution.
In fact, the Asn78 in ricin or the corresponding Asn70 in PAP-R that is proposed to be involved
in the interactions with the substrate, probably with the phosphodiester group between the target
adenosine and the subsequent guanosine, was conserved in most considered RIPs except in bouganin,
which has an aspartate in the corresponding position [26]. The backbone super-imposition of bouganin
demonstrates that the central area of the molecule is well super-imposable, while big differences are
reported in the peripherical portions (Figure 2¢c). Analyzing bouganin electrostatic surface potential,
it is evidenced that the active site is a wide negative cavity, except for a small positive zone determined
by the catalytic residue Arg168 (Figure 2d).

4. Antigenic Properties of Bouganin

Despite the encouraging results obtained with RIP-containing ITs in the treatment of hematological
tumors (see Introduction), about 40% of patients respond producing anti-RIP antibodies [36].
This obstacle can be bypassed through multiple treatments with ITs containing different RIPs that do
not cross-react each other [37]. Nevertheless, it is crucial to identify the most critical epitopes on RIPs
to reduce their immunogenicity and thus improve their therapeutic utility. In this sense, Cizeau and
co-workers undertook pioneering work synthetizing 89 peptides of 15 amino acids, each with an
overlap of 12 residues, covering the mature bouganin protein. Selecting the peptides that induce
T-cell proliferation, through in silico analysis, the residues presented as antigenic determinants for
major histocompatibility complex (MHC) class II recognition were identified. The authors expressed a
bouganin mutant, called de-bouganin, carrying four mutations (Val123Ala, Asp127Ala, Tyr133Asn,
Ile152Ala) that did not affect the catalytic activity of the enzyme but significantly reduced the immune
response of the host versus the toxin [38].

Analysis of the primary structure of wild-type bouganin compared to those of some type 1
RIPs (namely, saporin-SO6, tricosanthin and alpha-momorcharin) shows that a Tyr-Tyr-Phe (YYF)
or Tyr-Phe-Phe (YFF) sequence is present in all the toxins except bouganin. It has been claimed
that YYF/YFF sequences are recognized by different MHC class II alleles, thus justifying the higher
antigenicity of saporin-56, tricosanthin and alpha-momorcharin than bouganin [39]. The Lys-Arg (KR)
motif, already identified in trichosanthin as responsible of its immunogenicity, is not significantly
represented in conserved positions. Moreover, the bouganin residues inducing immunological
responses (Val, Asp, Tyr and Ile) are not conserved amongst this group of type I RIPs [39].
These characteristics make bouganin a RIP with completely different antigenic properties from
other type 1 RIPs. In effect, if tested with sera against six other type 1 RIPs, namely saporin-S6,
and dianthin 32 (Caryophyllaceae), PAP-R (Phytolaccaceae), momordin I, momorcochin-S and
trichokirin (Cucurbitaceae), bouganin gave no cross-reaction with any tested antiserum [24].

5. Bouganin-Containing Immunotoxins, Preclinical Evaluations

Bouganin represents a good candidate as toxic moiety to obtain ITs because of its high activity
ratio, very low aspecific toxicity reported in animal models and high stability to derivatization and
conjugation procedures [24].

The first bouganin-containing ITs were constructed conjugating bouganin to the M24 mAb
(anti-CD80) and to the 1G10 mAb (anti-CD86) and comparing them to ITs built with the same mAbs
and two different type 1 RIPs, gelonin, and saporin [27]. Bouganin incremented its toxicity on target
cells by 3—4 log upon conjugation, as measured by inhibition of protein synthesis with ICss ranging
from 4.61 to 192 pM as RIPs, comparable with ICsy values obtained with gelonin-containing ITs
and 1-2 logs higher than saporin-containing ITs built both with the same mAbs and with another
anti-CD80 IT [27,40]. All the anti-CD80 ITs resulted in higher cytotoxic effect than anti-CD86 ones,
probably reflecting a higher antigen affinity and/or better internalization. This difference was more
evident for bouganin-containing I'Ts. Moreover, bouganin-containing ITs induced apoptosis in target
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cells and they did not significantly affect the recovery of committed progenitors at concentrations up
to 100 nM [27].

Recombinant ITs have the advantage to be stably formulable and less immunogenic than
chemically linked ITs, so they are generally more suitable for clinical use. In 2009, Cizeau and
co-workers genetically linked de-bouganin to an anti EpCAM Fab moiety via a peptidic linker to
create the fusion construct VB6-845. This conjugate bound and selectively killed EpCAM-positive cell
lines with a greater potency than many commonly used chemotherapeutic agents. In vivo efficacy
was demonstrated using an EpCAM-positive human tumor xenograft model in severe combined
immunodeficiency (SCID) mice; the majority of treated mice being tumor free at the end of the
study [38]. The same research group described the intracellular trafficking in EpCAM-positive cells
of VB6-845. De-bouganin recombinant IT was shown to co-localize along with the EEA1 endosomal
and LAMP-2 lysosomal markers after 15 and 45 min whereas it did not traffic via a Golgi/ER
pathway in contrast to ricin [41]. The preclinical evaluation of safety and suitability of VB6-845
as a systemically administered drug for the treatment of solid tumors was performed in animal
models [42,43]. Efficacy studies in mice bearing human tumors demonstrated that VB6-845 specifically
and potently targeted EpCAM-positive tumors. SCID mice bearing subcutaneous ovarian tumor
(NIH:OVCAR-3 cells) were treated with 10 and 20 mg/kg VB6-845 IT. All mice were alive at the end
of the study and no animal reached the endpoint tumor volume (750 mm?). In HRLN nu/nu mice
bearing subcutaneous MCF-7 VB6-845 at 20 mg/kg gave a 70% survival rate over the study period,
with 3 mice achieving a complete tumor regression with no measurable tumor mass. The aspecific
toxicity was evaluated in animal models, in dose-ranging studies. In rats, single doses until 100 mg/kg
of the IT were well tolerated resulting in no-observable adverse effects, but doses of 200 mg/kg caused
mild clinical signs that included excessive licking of forepaws, reddened skin on fore and hind paws,
edema of the forepaws, and a slight decrease in activity level. In Cynomolgus monkeys, two treatments
(+1 and +8 day) for total doses of the IT until 180 mg/kg were well-tolerated when given as a 3-h
infusion mimicking the intended route of administration in the clinic; only mild and transitory clinical
side effects were reported. In addition, VB6-845 proved to be minimally immunogenic in monkeys.
No immune response was observed against either the humanized Fab or the toxin moiety on day 7;
however, antibody responses were detected by day 14, being the reactivity to de-bouganin 3-fold lower
than to the Fab fragment.

Several type 1 RIP-containing ITs were designed to target growth factor receptors on human
tumors, indicating the validity of the idea [44-47]. In 2016, Dillon and co-workers conjugated
de-bouganin to the anti-HER2 mAb trastuzumab. This IT demonstrated greater in vitro potency
on HER2-positive cell lines and higher toxicity against tumor cells with cancer stem cell properties
than the conjugate containing the tubulin inhibitor mertansine conjugated to trastuzumab. In addition,
the authors demonstrated that, unlike for mertansine-trastuzumab IT, T-DM1, the cytotoxic effect
of de-bouganin-trastuzumab was not influenced by MK571, an inhibitor of efflux pumps, which is
responsible for multidrug resistance [48]. Similarly, ABT-737, a Bcl-2 family inhibitor, modulated
T-DM]1, but not de-bouganin-trastuzumab cytotoxicity [48]. In the same year, Chooniedass and
co-workers described the engineering and biological activity of de-bouganin genetically linked
to an anti-HER2 C6.5 diabody (deB-C6.5-diab). On breast cancer cell lines, the DeB-C6.5-diab
and de-bouganin-trastuzumab conjugates showed greater cytotoxic activity than auristatin E- and
emtansine-trastuzumab conjugates, demonstrating that de-bouganin is effective against tumor cell
resistance mechanisms selected in response to immunoconjugates composed by anti-microtubule
agents [49]. Main results obtained in preclinical experiments are summarized in Table 2.
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Table 2. Characteristics and efficacy of bouganin-containing ITs in pre-clinical experiments.

B T In Vitro Studies In Vivo Studies
ouganin i arget 3
& Carrier & Cell Line ICsp (pM) * Animals Survival Rate Ref
native M24 CD8O Raji (Burkitt's 461 na na.* [27]
lymphomal.)
native 1G10 CD86 Raji (Burkitt’s 129 na.* na. ¥ [27]
lymphomalL)
de-bouganin 4D5MOCB EpCAM leg(\?;i‘ilﬁ)[{ -3 700 SCID mice/NIH:OVCAR-3  100% [38]

MCF-7 (Breast),

de-bouganin 4D5MOCB EpCAM NIH:OVCAR-3 (Ovarian) 400 HRLN nu/nu/MCE-7 70% [42]
de-bouganin Trastuzumab HER2 HCC1954 (Breast) 45 CB.17 SCID mice/BT-474 83% [48]
de-bouganin C6.5 diabody HER2 HCC202 (Breast) 22 na.* na.* [49]

* The ICs¢ values refer to the cell line resulted the most sensible to the IT in the referenced manuscript. # not available.

6. Bouganin-Containing Immunotoxins, Clinical Evaluations

In 2007, VB6-845 entered a Phase I clinical trial (NCT00481936) sponsored by VIVENTIA Biotech
Inc. (Winnipeg, MB, Canada). The purpose was to determine the maximum tolerated dose of VB6-845
and to evaluate its safety and tolerability when administered as intravenous infusion once weekly for
4 weeks to patients with advanced solid tumor of epithelial origin [43]. Fifteen neoplastic patients
with cancers affecting kidney, ovary, breast, stomach, pancreas, lung, and colon, were enrolled into
the study. The tested dosages were 1.0, 2.0 and 3.34 mg/kg. The maximum treatment duration was
16 weeks. Only one case of dose-limiting toxicity was reported. It was a grade 4 acute infusion reaction,
which occurred in a patient with metastatic renal cell carcinoma treated with IT at 2.0 mg/kg that
showed hypotension and weakness during the third infusion. These reactions were resolved without
consequences after just one day of therapy. Five subjects reported serious adverse events: two of them
were reported as related to study treatment, they were infusion reactions consisting of a symptom
complex characterized by hypotension, fever, and nausea, weakness, drowsiness, chills, and face and
neck hyperemia. The study terminated for corporate reasons unrelated to safety and efficacy of the
IT. The adverse events reported in the literature are those available in the clinical database at the
moment of the early closure of the trial. Exploratory efficacy data revealed encouraging preliminary
results. Seven subjects who completed one full cycle (4 weeks) of treatment showed stable disease
using standard imaging techniques. For five of them was reported a stable disease 1 week after the
completion of the fourth dose. Amongst the three subjects who continued to receive study treatment
after the first cycle, one subject had stable disease at the completion of second (8 weeks) and third
(12 weeks) cycles. In addition, one patient with renal cell carcinoma and one patient with breast
carcinoma had a reduction of the tumor mass [43].

The validity of the bouganin de-immunization approach was assessed on plasma samples from
patients treated with VB6-845 IT, testing their immune responsiveness against both humanized Fab
and de-bouganin. After 2 weeks from the treatment, no patient plasma samples showed a detectable
immune response. After 3 weeks, only 1 patient showed a moderate anti de-bouganin titer, whereas six
of seven patients showed anti-Fab titers. By week 4, anti-Fab titers were detectable in all patients,
whilst only two patients had barely measurable anti-de-bouganin titers [43].

7. Conclusions

The plant toxin bouganin can represent an attractive weapon to construct ITs for the experimental
therapy of human neoplasia. In fact, it shows interesting features with respect to other RIPs, such as
a high ratio of activity on DNA to that on ribosomal RNA and low systemic toxicity. Moreover,
the absence of cross-reactivity with sera against RIPs from other taxonomically related or unrelated
plants can represent a useful property for circumventing the immune response after repeated
administration of ITs. The sequencing of bouganin and the knowledge of its three-dimensional
structure allowed to obtain a not immunogenic mutant of bouganin for clinical use. An IT containing
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modified bouganin showed encouraging results in Phase I clinical trials on patients with advanced
carcinoma. The lack of immune responsiveness towards bouganin in patients illustrates the validity
of the T cell epitope-depletion approach to dampen the immune response and strongly supports the
utility of bouganin as a cytotoxic payload for systemic delivery.

Author Contributions: All the authors collected the literature, wrote, and revised the paper.

Funding: This work was supported by funds for selected research topics from the Alma Mater Studiorum—
University of Bologna and by the Pallotti Legacies for Cancer Research.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Bolognesi, A.; Bortolotti, M.; Maiello, S.; Battelli, M.G.; Polito, L. Ribosome-Inactivating Proteins from Plants:
A Historical Overview. Molecules 2016, 21, 1627. [CrossRef] [PubMed]

2. Barbieri, L.; Valbonesi, P.; Bonora, E.; Gorini, P; Bolognesi, A.; Stirpe, F. Polynucleotide: Adenosine
glycosidase activity of ribosome-inactivating proteins: Effect on DNA, RNA and poly(A). Nucleic Acids Res.
1997, 25, 518-522. [CrossRef] [PubMed]

3.  Battelli, M.G.; Barbieri, L.; Bolognesi, A.; Buonamici, L.; Valbonesi, P.; Polito, L.; Van Damme, E.J.;
Peumans, W.J.; Stirpe, F. Ribosome-inactivating lectins with polynucleotide: Adenosine glycosidase activity.
FEBS Lett. 1997, 408, 355-359. [CrossRef]

4. Stirpe, F.; Bolognesi, A.; Bortolotti, M.; Farini, V.; Lubelli, C.; Pelosi, E.; Polito, L.; Dozza, B.; Strocchi, P.;
Chambery, A,; et al. Characterization of highly toxic type 2 ribosome-inactivating proteins from Adenia
lanceolata and Adenia stenodactyla (Passifloraceae). Toxicon 2007, 50, 94-105. [CrossRef] [PubMed]

5. Zeng, M.; Zheng, M.; Lu, D.; Wang, |.; Jiang, W.; Sha, O. Anti-tumor activities and apoptotic mechanism of
ribosome-inactivating proteins. Chin. J. Cancer 2015, 34, 325-334. [CrossRef] [PubMed]

6.  Polito, L.; Bortolotti, M.; Farini, V.; Battelli, M.G.; Barbieri, L.; Bolognesi, A. Saporin induces multiple death
pathways in lymphoma cells with different intensity and timing as compared to ricin. Int. J. Biochem. Cell Biol.
2009, 41, 1055-1061. [CrossRef] [PubMed]

7. Wei, B.; Huang, Q.; Huang, S.; Mai, W.; Zhong, X. Trichosanthin-induced autophagy in gastric cancer cell
MKN-45 is dependent on reactive oxygen species (ROS) and NF-kB/p53 pathway. J. Pharmacol. Sci. 2016,
131, 77-83. [CrossRef] [PubMed]

8. Polito, L.; Bortolotti, M.; Pedrazzi, M.; Mercatelli, D.; Battelli, M.G.; Bolognesi, A. Apoptosis and necroptosis
induced by stenodactylin in neuroblastoma cells can be completely prevented through caspase inhibition
plus catalase or necrostatin-1. Phytomedicine 2016, 23, 32-41. [CrossRef] [PubMed]

9. Parikh, B.A.; Tumer, N.E. Antiviral activity of ribosome inactivating proteins in medicine. Mini Rev.
Med. Chem. 2004, 4, 523-543. [CrossRef] [PubMed]

10. Duggar, B.M.; Armstrong, ].K. The effect of treating the Virus of Tobacco Mosaic with the juices of various
plants. Ann. Missouri Bot. Gard. 1925, 12, 359-366. [CrossRef]

11.  Tomlinson, ].A.; Walker, V.M.; Flewett, T.H.; Barclay, G.R. The inhibition of infection by cucumber mosaic
virus and influenza virus by extracts from Phytolacca americana. J. Gen. Virol. 1974, 22, 225-232. [CrossRef]
[PubMed]

12.  Ragetli, HW.J.; Weintraub, M. Purification and characteristics of a virus inhibitor from Dianthus caryophyllus
L.: I. Purification and activity. Virology 1962, 18, 232-240. [CrossRef]

13. Obrig, T.G; Irvin, ].D.; Hardesty, B. The effect of an antiviral peptide on the ribosomal reactions of the
peptide elongation enzymes, EF-1 and EF-II. Arch. Biochem. Biophys. 1973, 155, 278-289. [CrossRef]

14. Foa-Tomasi, L.; Campadelli-Fiume, G.; Barbieri, L.; Stirpe, F. Effect of ribosome-inactivating proteins on
virus-infected cells. Inhibition of virus multiplication and of protein synthesis. Arch. Virol. 1982, 71, 323-332.
[CrossRef] [PubMed]

15. Stirpe, E; Williams, D.G.; Onyon, L.]J.; Legg, R.E; Stevens, W.A. Dianthins, ribosome-damaging proteins with
anti-viral properties from Dianthus caryophyllus L. (carnation). Biochem. ]. 1981, 195, 399—405. [CrossRef]
[PubMed]

16. FitzGerald, D.J.; Wayne, A.S.; Kreitman, R.J.; Pastan, I. Treatment of hematologic malignancies with
immunotoxins and antibody-drug conjugates. Cancer Res. 2011, 71, 6300-6309. [CrossRef] [PubMed]


http://dx.doi.org/10.3390/molecules21121627
http://www.ncbi.nlm.nih.gov/pubmed/27898041
http://dx.doi.org/10.1093/nar/25.3.518
http://www.ncbi.nlm.nih.gov/pubmed/9016590
http://dx.doi.org/10.1016/S0014-5793(97)00463-8
http://dx.doi.org/10.1016/j.toxicon.2007.02.020
http://www.ncbi.nlm.nih.gov/pubmed/17434551
http://dx.doi.org/10.1186/s40880-015-0030-x
http://www.ncbi.nlm.nih.gov/pubmed/26184404
http://dx.doi.org/10.1016/j.biocel.2008.09.021
http://www.ncbi.nlm.nih.gov/pubmed/18935973
http://dx.doi.org/10.1016/j.jphs.2016.03.001
http://www.ncbi.nlm.nih.gov/pubmed/27032906
http://dx.doi.org/10.1016/j.phymed.2015.11.006
http://www.ncbi.nlm.nih.gov/pubmed/26902405
http://dx.doi.org/10.2174/1389557043403800
http://www.ncbi.nlm.nih.gov/pubmed/15180509
http://dx.doi.org/10.2307/2394061
http://dx.doi.org/10.1099/0022-1317-22-2-225
http://www.ncbi.nlm.nih.gov/pubmed/4206833
http://dx.doi.org/10.1016/0042-6822(62)90009-0
http://dx.doi.org/10.1016/0003-9861(73)90116-1
http://dx.doi.org/10.1007/BF01315062
http://www.ncbi.nlm.nih.gov/pubmed/6284092
http://dx.doi.org/10.1042/bj1950399
http://www.ncbi.nlm.nih.gov/pubmed/7316958
http://dx.doi.org/10.1158/0008-5472.CAN-11-1374
http://www.ncbi.nlm.nih.gov/pubmed/21998010

Toxins 2018, 10, 323 90f 10

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

Kawakami, K.; Nakajima, O.; Morishita, R.; Nagai, R. Targeted anticancer immunotoxins and cytotoxic
agents with direct killing moieties. Sci. World ]. 2006, 6, 781-790. [CrossRef] [PubMed]

Polito, L.; Bortolotti, M.; Maiello, S.; Battelli, M.G.; Bolognesi, A. Plants Producing Ribosome-Inactivating
Proteins in Traditional Medicine. Molecules 2016, 21, 1560. [CrossRef] [PubMed]

Guzman Gutiérrez, S.L.; Reyes-Chilpa, R.; Jaime, H.B. Medicinal plants for the treatment of “nervios”,
anxiety, and depression in Mexican Traditional Medicine. Rev. Bras. Farmacogn. 2014, 24, 591-608. [CrossRef]
Argueta, A. Atlas de las Plantas de la Medicina Tradicional Mexicana; Instituto Nacional Indigenista: Ciudad de
Meéxico, México, 1994; p. 1786.

Ghogar, A.; Jiraungkoorskul, K.; Jiraungkoorskul, W. Paper Flower, Bougainvillea spectabilis: Update
properties of traditional medicinal plant. J. Nat. Remed. 2016, 16, 82-87. [CrossRef]

Murthy, N.S.; Nagarajan, K.; Sastry, A.B. Effect of prophylactic sprays of leaf extracts on the infection of
tobacco by tobacco mosaic virus. Indian J. Agric. Sci. 1981, 51, 792-795.

Verma, H.N.; Dwivedi, S.D. Properties of a virus inhibiting agent, isolated from plants which have been
treated with leaf extracts from Bougainvillea spectabilis. Physiol. Plant Pathol. 1984, 25, 93-101. [CrossRef]
Bolognesi, A.; Polito, L.; Olivieri, F.; Valbonesi, P.; Barbieri, L.; Battelli, M.G.; Carusi, M.V.; Benvenuto, E.;
Del Vecchio Blanco, E; Di Maro, A.; et al. New ribosome-inactivating proteins with polynucleotide:
Adenosine glycosidase and antiviral activities from Basella rubra L. and Bougainvillea spectabilis Willd. Planta
1997, 203, 422-429. [CrossRef] [PubMed]

Barbieri, L.; Battelli, M.G.; Stirpe, F. Ribosome-inactivating proteins from plants. Biochim. Biophys. Acta 1993,
1154, 237-282. [CrossRef]

Fermani, S.; Tosi, G.; Farini, V.; Polito, L.; Falini, G.; Ripamonti, A.; Barbieri, L.; Chambery, A.; Bolognesi, A.
Structure/function studies on two type 1 ribosome inactivating proteins: Bouganin and lychnin. J. Struct. Biol.
2009, 168, 278-287. [CrossRef] [PubMed]

Bolognesi, A.; Polito, L.; Tazzari, P.L.; Lemoli, RM.; Lubelli, C.; Fogli, M.; Boon, L.; de Boer, M.;
Stirpe, F. In vitro anti-tumour activity of anti-CD80 and anti-CD86 immunotoxins containing type 1
ribosome-inactivating proteins. Br. J. Haematol. 2000, 110, 351-361. [CrossRef] [PubMed]

Jaffrézou, ].P.; Levade, T.; Kuhlein, E.; Thurneyssen, O.; Chiron, M.; Grandjean, H.; Carriére, D.; Laurent, G.
Enhancement of ricin A chain immunotoxin activity by perhexiline on established and fresh leukemic cells.
Cancer Res. 1990, 50, 5558-5566. [PubMed]

Griffin, TW.; Morgan, A.C.; Blythman, H.E. Immunotoxins therapy: Assessment by animal models.
In Immunotoxins; Frankel, A.E., Ed.; Kluwer Academic Publishers: Boston, MA, USA, 1988; pp. 433—455.
ISBN 0-89838-984-4.

Den Hartog, M.T.; Lubelli, C.; Boon, L.; Heerkens, S.; Ortiz Buijsse, A.P.; de Boer, M.; Stirpe, F. Cloning and
expression of cDNA coding for bouganin. Eur. |. Biochem. 2002, 269, 1772-1779. [CrossRef] [PubMed]
Fabbrini, M.S.; Katayama, M.; Nakase, I.; Vago, R. Plant Ribosome-Inactivating Proteins: Progesses,
Challenges and Biotechnological Applications (and a Few Digressions). Toxins 2017, 9, 314. [CrossRef]
[PubMed]

Di Maro, A; Citores, L.; Russo, R.; Iglesias, R.; Ferreras, ].M. Sequence comparison and phylogenetic analysis
by the Maximum Likelihood method of ribosome-inactivating proteins from angiosperms. Plant Mol. Biol.
2014, 85, 575-588. [CrossRef] [PubMed]

Kraulis, PJ. MOLSCRIPT: A program to produce both detailed and schematic plots of protein structures.
J. Appl. Crystallogr. 1991, 24, 946-950. [CrossRef]

Merritt, E.A.; Bacon, D.J. Raster3D: Photorealistic molecular graphics. Methods Enzymol. 1997, 277, 505-524.
[PubMed]

Nicholls, A.; Sharp, K.A.; Honig, B. Protein folding and association: Insights from the interfacial and
thermodynamic properties of hydrocarbons. Profeins 1991, 11, 281-296. [CrossRef] [PubMed]

Pastan, I.; Hassan, R.; FitzGerald, D.].; Kreitman, R.J. Immunotoxin treatment of cancer. Annu. Rev. Med.
2007, 58, 221-237. [CrossRef] [PubMed]

Kreitman, R.J. Immunotoxins for targeted cancer therapy. AAPS J. 2006, 8, 532-551. [CrossRef] [PubMed]
Cizeau, J.; Grenkow, D.M.; Brown, ].G.; Entwistle, J.; MacDonald, G.C. Engineering and biological
characterization of VB6-845, an anti-EpCAM immunotoxin containing a T-cell epitope-depleted variant of
the plant toxin bouganin. J. Immunother. 2009, 32, 574-584. [CrossRef] [PubMed]


http://dx.doi.org/10.1100/tsw.2006.162
http://www.ncbi.nlm.nih.gov/pubmed/16830050
http://dx.doi.org/10.3390/molecules21111560
http://www.ncbi.nlm.nih.gov/pubmed/27869738
http://dx.doi.org/10.1016/j.bjp.2014.10.007
http://dx.doi.org/10.18311/jnr/2016/5703
http://dx.doi.org/10.1016/0048-4059(84)90020-1
http://dx.doi.org/10.1007/s004250050209
http://www.ncbi.nlm.nih.gov/pubmed/9421927
http://dx.doi.org/10.1016/0304-4157(93)90002-6
http://dx.doi.org/10.1016/j.jsb.2009.07.010
http://www.ncbi.nlm.nih.gov/pubmed/19616098
http://dx.doi.org/10.1046/j.1365-2141.2000.02193.x
http://www.ncbi.nlm.nih.gov/pubmed/10971392
http://www.ncbi.nlm.nih.gov/pubmed/2386962
http://dx.doi.org/10.1046/j.1432-1327.2002.02823.x
http://www.ncbi.nlm.nih.gov/pubmed/11895448
http://dx.doi.org/10.3390/toxins9100314
http://www.ncbi.nlm.nih.gov/pubmed/29023422
http://dx.doi.org/10.1007/s11103-014-0204-y
http://www.ncbi.nlm.nih.gov/pubmed/24880476
http://dx.doi.org/10.1107/S0021889891004399
http://www.ncbi.nlm.nih.gov/pubmed/18488322
http://dx.doi.org/10.1002/prot.340110407
http://www.ncbi.nlm.nih.gov/pubmed/1758883
http://dx.doi.org/10.1146/annurev.med.58.070605.115320
http://www.ncbi.nlm.nih.gov/pubmed/17059365
http://dx.doi.org/10.1208/aapsj080363
http://www.ncbi.nlm.nih.gov/pubmed/17025272
http://dx.doi.org/10.1097/CJI.0b013e3181a6981c
http://www.ncbi.nlm.nih.gov/pubmed/19483652

Toxins 2018, 10, 323 10 of 10

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Giansanti, F; Flavell, D.J.; Angelucci, F; Fabbrini, M.S.; Ippoliti, R. Strategies to Improve the Clinical Utility
of Saporin-Based Targeted Toxins. Toxins 2018, 10, 82. [CrossRef] [PubMed]

Vooijs, W.C.; Otten, H.G.; van Vliet, M.; van Dijk, A.].G.; de Weger, R.A.; de Boer, M.; Bohlen, H.; Bolognesi, A.;
Polito, L.; de Gast, G.C. B7-1 (CD80) as target for immunotoxin therapy for Hodgkin’s disease. Br. ]. Cancer
1997, 76, 1163-1169. [CrossRef] [PubMed]

Chaboureau, A.; Ragon, I; Stibbard, S.; Cizeau, J.; Glover, N.; MacDonald, G.C. Intracellular trafficking
of VB6-845, an immunocytotoxin containing a de-immunized variant of bouganin. In Proceedings of the
American Association of Cancer Research Annual Meeting, San Diego, CA, USA, 12-16 April 2008.
Entwistle, J.; Brown, J.G.; Chooniedass, S.; Cizeau, J.; MacDonald, G.C. Preclinical evaluation of VB6-845:
An anti-EpCAM immunotoxin with reduced immunogenic potential. Cancer Biother. Radiopharm. 2012, 27,
582-592. [CrossRef] [PubMed]

Entwistle, J.; Kowalski, M.; Brown, J.; Cizeau, J.; MacDonald, G.C. The Preclinical and Clinical Evaluation
of VB6-845: An Immunotoxin with a De-Immunized Payload for the Systemic Treatment of Solid Tumors.
In Antibody-Drug Conjugates and Immunotoxins. Cancer Drug Discovery and Development; Phillips, G., Ed.;
Springer: New York, NY, USA, 2013; pp. 349-367. ISBN 978-1-4614-5455-7.

Di Massimo, A.M.; Di Loreto, M.; Pacilli, A.; Raucci, G.; D’Alatri, L.; Mele, A.; Bolognesi, A.; Polito, L.;
Stirpe, F.; De Santis, R. Immunoconjugates made of an anti-EGF receptor monoclonal antibody and type
1 ribosome-inactivating proteins from Saponaria ocymoides or Vaccaria pyramidata. Br. |. Cancer 1997, 75,
822-828. [CrossRef] [PubMed]

Ricci, C.; Polito, L.; Nanni, P.; Landuzzi, L.; Astolfi, A.; Nicoletti, G.; Rossi, I.; De Giovanni, C.; Bolognesi, A.;
Lollini, PL. HER/erbB receptors as therapeutic targets of immunotoxins in human rhabdomyosarcoma cells.
J. Immunother. 2002, 25, 314-323. [CrossRef] [PubMed]

Zhou, X.; Qiu, J.; Wang, Z.; Huang, N.; Li, X,; Li, Q.; Zhang, Y.; Zhao, C.; Luo, C.; Zhang, N.; et al. In vitro and
in vivo anti-tumor activities of anti-EGFR single-chain variable fragment fused with recombinant gelonin
toxin. J. Cancer Res. Clin. Oncol. 2012, 138, 1081-1090. [CrossRef] [PubMed]

Yip, W.L.; Weyergang, A.; Berg, K.; Tonnesen, H.H.; Selbo, PK. Targeted delivery and enhanced cytotoxicity
of cetuximab-saporin by photochemical internalization in EGFR-positive cancer cells. Mol. Pharm. 2007, 4,
241-251. [CrossRef] [PubMed]

Dillon, R.L.; Chooniedass, S.; Premsukh, A.; Adams, G.P; Entwistle, ]J.; MacDonald, G.C.; Cizeau, J.
Trastuzumab-deBouganin Conjugate Overcomes Multiple Mechanisms of T-DM1 Drug Resistance.
J. Immunother. 2016, 39, 117-126. [CrossRef] [PubMed]

Chooniedass, S.; Dillon, R.L.; Premsukh, A.; Hudson, PJ.; Adams, G.P,;, MacDonald, G.C.; Cizeau, ]J.
DeBouganin Diabody Fusion Protein Overcomes Drug Resistance to ADCs Comprised of Anti-Microtubule
Agents. Molecules 2016, 21, 1741. [CrossRef] [PubMed]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3390/toxins10020082
http://www.ncbi.nlm.nih.gov/pubmed/29438358
http://dx.doi.org/10.1038/bjc.1997.528
http://www.ncbi.nlm.nih.gov/pubmed/9365164
http://dx.doi.org/10.1089/cbr.2012.1200.271
http://www.ncbi.nlm.nih.gov/pubmed/22856424
http://dx.doi.org/10.1038/bjc.1997.147
http://www.ncbi.nlm.nih.gov/pubmed/9062402
http://dx.doi.org/10.1097/00002371-200207000-00003
http://www.ncbi.nlm.nih.gov/pubmed/12142554
http://dx.doi.org/10.1007/s00432-012-1181-7
http://www.ncbi.nlm.nih.gov/pubmed/22392077
http://dx.doi.org/10.1021/mp060105u
http://www.ncbi.nlm.nih.gov/pubmed/17263556
http://dx.doi.org/10.1097/CJI.0000000000000115
http://www.ncbi.nlm.nih.gov/pubmed/26938945
http://dx.doi.org/10.3390/molecules21121741
http://www.ncbi.nlm.nih.gov/pubmed/27999336
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Purification and Antiviral Properties of Bouganin 
	Recombinant Bouganin and Structure/Function Studies 
	Antigenic Properties of Bouganin 
	Bouganin-Containing Immunotoxins, Preclinical Evaluations 
	Bouganin-Containing Immunotoxins, Clinical Evaluations 
	Conclusions 
	References

