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Abstract

Sarcomas are one of the most common types of cancer in children and comprise more than 50
heterogeneous histotypes. The standard therapeutic regimen, which includes surgery,
chemotherapy and radiotherapy, does not often prove to be decisive. To improve patient
outcome, alternative therapeutic strategies are being evaluated. Among these, RIP-containing
immunotoxins (ITs) represent an innovative approach because of their high tumor specificity
and cytotoxicity. Recently, in order to evaluate the efficacy of new drugs and develop
personalized therapeutic protocols, three-dimensional models (i.e. spheroids and organoids)
are emerging as valid tools in cancer research. My PhD project aimed to evaluate the
cytotoxic effect of specific ITs, Tf-=SO6, tEGFR1-Ocy and aHer2-Ocy, directed against TfR1,
EGFR1 and Her2, in 2D (adherent cells) and 3D models (spheroids and organoids) of
sarcoma. The results obtained showed that TfR1, EGFR1 and Her2 are highly expressed in
our sarcoma models, and could be a possible target for immunotherapy. All tested ITs showed
high specific cytotoxicity in 2D and 3D models, with ICso values in nM range. Caspase 3/7

are highly activated after IT treatments in all cell models, but with different timing.
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Chapter 1 — Introduction

1.1 Ribosome-inactivating proteins (RIPs)

1.1.1 General properties

The term Ribosome-Inactivating Proteins (RIPs), introduced for the first time by Prof.
Fiorenzo Stirpe, refers to a family of toxins able to irreversibly inactivate eukaryotic
ribosomes [']. Acting as RNA N-glycosylases (EC 3.2.2.22), RIPs can remove one or more
adenines from 28S rRNA, thus irreversibly blocking cell protein synthesis, leading to cell
death [2, 3]. Subsequently, it has been reported that RIPs can act on other polynucleotide
substrates such as DNA, non-ribosomal RNAs, poly(A) and other substrates [*]. Moreover, it
has been showed that RIPs can also remove adenine on poly(ADP-ribosyl)ated substrates,
justifying the denomination of adenine:polynucleotide glycosylases [°]. RIPs are largely
present in different plant families, as well as in some fungal and bacterial species [¢]. Despite
their biological activity has been studied for many years, the physiological role of RIPs in
plants is not completely understood; nevertheless, some hypothesize that they could have a
role in plant defense against biotic and abiotic stressors [’, *]. Among those plant toxins
already characterized, the most known are saporin, ricin, abrin, ebulin, nigrin, trichosanthin
and volkensin. Shiga and Shiga-like toxins are bacterial RIPs produced as virulence particle
by gram-negative pathogenic bacteria, to support their survival, as well as replication in the
host organisms [°, '°]. RIPs are also present in different types of fungal species, such as
Calvatia caelata, Hypsizigus marmoreus, Flammulina velutipes, Lyophyllum shimeiji, and
Pleurotus tuber-regium, from which toxins have been purified ['" '?]. a-sarcin, isolated from
Aspergillus giganteus, represents one of the best characterized mushroom RIPs. Injection,
inhalation or ingestion of some of these toxins can be poisonous for human and animals
leading to irreversible inhibition of cellular protein synthesis with presence of inflammation
and acute necrosis of intoxicated tissues ['*]. For their ability to act on multiple molecular
targets, RIPs have a high antitumor potential. A common feature of many RIPs is their
extraordinarily high level of potency... However, this is a double-edged sword as toxicity is
achieved in both healthy and malignant cells, meaning that these toxins must be efficiently
targeted to cancer cells to convey specific anticancer activity. Although they are characterized
by high cytotoxicity, RIPs lack the selectivity necessary for a therapeutic use because they
can act in both healthy and malignant cells ['*]. Increased specificity and cytotoxic efficacy
can be achieved by conjugation of RIPs to monoclonal antibodies (mAbs) or other carriers to

form the so-called immunotoxins (ITs) [!°, ]. Most RIPs have been studied, in various fields,
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also as antiviral, antifungal, insecticidal and abortifacient agents ['7]. In Chinese medicine,
RIPs have been exploited to induce abortion and to treat hydatidiform moles ['®]. In medicine,
in addition to ITs, plant toxins have been also investigated for their ability to inhibit
proliferation of viruses (HIV, HBV, HSV), with a major focus on HIV. Unfortunately, clinical
trials performed on HIV" patients did not lead to successful results ['?, 2°]. In agriculture,
DNA recombinant biotechnology have been used to manage the levels of plant endogenous
RIPs or introducing a RIP gene derived from another plant, in order to significantly increase

plant resistance to different biotic or abiotic agents [*'].
1.1.2 Classification

According to their physical characteristic and the presence or absence of a lectin-like chain,
RIPs are divided into three groups: type 1, 2 and 3. The first group comprehends toxins
consisting of an enzymatically active single polypeptide chain of about 30 kDa. Type 2 RIPs
include proteins with a molecular weight of 60-65 kDa, composed by two polypeptide chains:
an A-chain with active enzymatic activity linked by hydrophobic interactions and one
disulfide bond to a B-chain, which act as lectin [*?]. Differently from type 1 RIPs, the
presence of the B-chain facilitates the internalization of toxin inside the cell, by interacting
with glycoconjugates on the cell surface [*, 24, %°]. Type 3 RIPs are composed by an
enzymatically active polypeptide chain linked to a peptide domain with unknown functions.
Although its function is not yet well-characterized, this additional chain needs to be removed
to activate RIPs [*%]. Type 3 RIPs includes only two proteins: b-32 from Zea mays (corn) and
JIP60 from Hordeum vulgare (barley) [*’, 2!]. A schematic representation of structural

comparison among described groups of RIPs is reported in Figure 1.
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Figure 1. Classification of RIPs. Overview of the structural composition of type 1, 2 and 3 RIPs.

Type 1 RIPs

Type 1 RIPs are widespread in nature and have been purified and characterized from different
family plants as Caryophyllaceae, Cucurbitaceae, Euphorbiaceae, Phytolaccaceae and
Lauraceae (Table A) [*°]. Notable examples of type 1 RIPs are saporin (from Saponaria
officinalis L.), pokeweed antiviral protein (PAP, from Phytolacca Americana), ocymoidine
(from Saponaria ocymoides), dianthin (from Dianthus caryophyllus), momordin (from
Momordica charantia) and gelonin (from Gelonium multifluorum). RIPs belonging to the first
group are single-chain enzymes with a pI>9.5. Except for those from Poaceae, the majority of
them are synthesized, starting from intron-less genes, as pre-proteins composed by a signal
peptide, the mature toxin and a C-terminal extension [*°]. After the process of synthesis, RIPs
leave the endoplasmic reticulum (ER) and are secreted from cells following the secretory
pathway or addressed and segregated into vacuoles [*']. Localization studies have been
performed only for a few type 1 RIPs; for example, in Saponaria officinalis seeds, the well-
known saporin is located in the intercellular spaces, between the primary cell wall and the

plasmalemma and the vacuole of the periplasmic cells [**]. The protocol of purification of
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type 1 RIPs, exploiting their p/ in the alkaline region, is generally made by cation-exchange

chromatography on carboxymethyl or sulfopropyl-derivatized matrices [*].

Table A. Type 1 RIPs from different family plant. The table has been modified from Schrot et al.,

2015.

Caryophyllaceae
Agrastemma githago Agrostin25e6 seeds
Dianthus barbathus Dianthin 29 leaves
Dianthus carvophyllus Dianthin 30 e 32 leaves
Dianthus sinensis RIP1.2.3 leaves
Lvchnis chalcedonica Lychnin seeds
Saponaria ocymoides Ocymoidine seeds
Saponaria officinalis Saporin S3, S6. S8, 89 seeds
Saporin L1, L2 leaves
Saporin R1. R2, R3 roots
Vaccaria pyramidata Pyramidatine seeds
Cucurbitaceae
Benincasa hispida var. Hyspidin seeds
chieh-qua
Bryonia dioica Bryodin-L leaves
Bryodin 1 e 2 roots
Luffa acutangula Luffaculin seeds
Luffa aegyptiaca LRIP (Luffin c) seeds
Luffa cykubdruca Luffinaeb seeds
Luffa cylindrica Luffin 8 seeds
Luffacilina seeds
Momordica balsamina Momordin 11
Momaordica charantia Momordin 1 seeds
o, p MMC seeds
Charantin seeds
Momordica cochinchinensis Momorcochin S seeds
Momorcochin R roots
Trichosanthes cucumering Trichoanguin seeds
Trichosanthes cucumeroides B trichosanthin roots
Trichosanthes kirilowii S-Trichokirin seeds
Trichosanthin TAP29 _
TCS «, B, ¥ roots
Euphorbiaceae
Croton tiglium CrotinIe II (2, 3) seeds
Gelonium multiflorum Gelonin (GAP)
Jarropha curcas Curcin 2 seeds
Manihot palmat Mapalmin seeds
Manihor utulissima Manutin 1 ¢ 2 seeds
Phytolaccaceae
Phytolacca americana PAPL PAPI leaves
PAP-51e 52 seeds
PAP-R roots
Phytolacca divica PD-51, §2, 53 seeds
PDL1,L2,L3,14 leaves
Phytolacca dodecera Dodecandrin leaves
Phytolacca acinosa PAP
Phyviolacca insularis PIP leaves
PIP 2 cdna
Lauraceae
Cinnamomun camphora Camphorin seeds

10
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Type 2 RIPs

Type 2 RIPs include toxins composed of two (heterodimeric) or four chain (tetrameric), with
a molecular weight of about 60 kDa or 120 kDa, respectively (Table B). The heterodimeric
RIPs are composed by an enzymatic active site, named A-chain, linked through a disulphide
bond and other non-covalent bonds to a galactose-specific lectin domain, known as B-chain
[**]. Abrin, modeccin, ricin, volkensin and stenodactylin belong to this subclass. The
tetrameric toxins are the result of the union of two heterodimers by an additional disulfide
bond between the two B-chains. This structure has been reported for Ricinus agglutinin
(RCA) [**]. Ricin is the most characterized type 2 RIP. Many studies have been conducted to
investigate the ricin mechanisms of biosynthesis and it is plausible that this aspect can be
translated to all type 2 RIPs. In castor bean seeds, ricin is synthetized as a preprotein, known
as preproricin, composed of a signal peptide, the A and the B-chains linked through a 12-
residue linker peptide. The preproricin is translocated to the ER lumen thanks to the signal
peptide which, after this, is removed and the N-glycosylation of four exposed asparagine
residues occurs. Immediately after, the formation of disulfide bridges occurs, to obtaining the
proricin. Using the 12-residue linker peptide between A-chain and B-chain as a signal
peptide, proricin is translocated into the Golgi to finally reach protein storage vacuoles. Here
the proteolytical cleavage of signal peptide occurs to form the mature toxin. Following these
steps, the toxin becomes active only when it arrives to the storage compartments, as cells
would prevent any activation of RIP in the cytoplasm [*°, 37 3]. Type 2 RIPs are generally
more cytotoxic than type 1 [*°]. This is related to the presence of B-chain which facilitate the
translocation of the A chain into the cytosol through the binding to galactose-containing
glycoproteins and/or glycolipids present on the cell surface. Interestingly, several non-toxic
type 2 RIPs have been described. This subclass is not cytotoxic to cultured cells in vitro, but
shows high inhibiting effect on protein synthesis in cell-free systems [*°]. This may be related
to the low affinity of B-chain for membrane galactosyl residues which compromises their
intracellular uptake [*!]. The lectin properties of their B-chains are fundamental for the
purification of type 2 RIPs. Indeed, it is performed by affinity chromatography on Sepharose,
acid-treated Sepharose or other galactose-containing stationary phases. Elution step of bound

protein is performed using galactose or lactose.

11
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Table B. Type 2 RIPs from different plant families. The table has been modified from Schrot ef al.,
2015.

Euphorbiaceae

Ricinus communis Ricin (D, E) Seeds
RCA (Ricinus
communis agglutinin)
Fabaceae
Abrus precatorius Abrina, b, c,d Seeds
Abrus pulchellus Pulchellins Seeds
Iridaceae
Iris holleica IRA-be IRA-r bulbs
Lauraceae
Cinnamomum, camphora cinnamomin seeds
Cinnamomum porrectum porrectin seeds
Liliaceae
Poligonatum multiflorum PMRIPm e PMRIPt leaves
Passifloraceae
Adenia volkensii Volkensin roots
Adenia stenodactyla Stenodactylin caudex
Adenia digitata Modeccin 4B and 6B roots
Ranunculaceae
Eranthis hyemalis EHL, Eranthis bulbs
fiyemalis lectin
Sambucaceae
Sambucus ebulus Ebulin 1 leaves
Ebulinrl e r2 rizhome
Ebulin f fruits
Sambucus nigra Nigrin f, SNA-If fruits
Nigrin b, SNAIL SNAT, barks
Basic Nigrin b, SNLRP1 2
Nigrin 11 e 12, SNAId leaves
Nigrin s, SNAIII seeds
Sumbucus racemosa Basic racemosin barks
Sambucus sieboldiana Sieboldin b and SSA barks
Viscaceae
Phoruadendron californicum PCL. Phoradendron leaves
californicum lectin
Viscum album MLI (viscumin), 11, III leaves
Type 3 RIPs

Type 3 RIPs include only two proteins, b-32 and JIP60, purified from maize and barley,
respectively [**]. As for type 1 and 2, type 3 RIPs need to undergo proteolytic cleavage after

12



Chapter 1 — Introduction

being synthetized as single-chain inactive precursors. The sequence of type 3 RIPs gene does
not contain the signal peptide, indicating that these proteins are synthesized on free-
polysomes in the cytoplasm [*]. To date, the function of the extra domains in the type 3 RIPs

remains unknown [**].

1.1.3 Mechanism of cell entry

Type 1 RIPs, being devoid of a B chain, enter with difficulty into cells and consequently are
less toxic than type 2 RIPs [*°]. Differently from type 1, type 2 RIPs are facilitated in the
binding of cell surface because of the presence of the lectin B-chain that, interacting with cell
surface galactose-containing glycoproteins and glycolipids, promotes toxin entry into the cell
[*]. In addition, type 2 RIPs carbohydrate side chains can also bind the mannose cell
receptors [*’]. These characteristics explain why there are differences in the cytotoxicity
toward in vitro and in vivo systems between type 1 and type 2 RIPs [*]. The studies about
mechanism of entry have been mostly carried out on ricin. Nevertheless, it is very likely that
other type 2 RIPs follow the same process [*’]. After binding to cell surface, toxin reaches the
endosomal compartment through clathrin-dependent or independent mechanisms [*°]. Once
inside the cell, RIP has 3 possible faiths: toxin could be recycled to cell surface, eliminated in
the lysosomes or translocated to the Golgi [*'. Most of the toxins reach the Golgi apparatus
and the endoplasmic reticulum (ER) lumen, where the disulfide bond that links the two
chains of the RIP is reduced [*?]. From here, some of the toxin reaches the cytosol as final
destination while the rest is unfolded and degraded via the ER-associated degradation
pathway (ERAD) [**]. The low number of lysines present on RIPs protects them from the
degradation activity of the ERAD machinery located on the ER [**]. The mechanism of entry
of type 1 RIPs into the cell have been investigated in some studies, reported below, even if the
process has not been completely elucidated. Some researcher reported that endocytosis of
type 1 RIPs could occur by pinocytosis [*°] or, similarly to type 2 RIPs, through the
interaction between either galactosyl residues or the mannose receptor on the cell membrane
[°®, 37]. In a comparison study between the endocytosis mechanism of ricin and saporin, it has
been reported that the type 1 RIP follows a Golgi-independent pathway to the cytosol
allowing the internalization of the toxin without receptor binding and recently, it has been
observed its nuclear localization [, *°]. Instead, PAP presents a mechanism intracellular

routing similar to type 2 RIPs [%].

13
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1.1.4 Biological activity

RIPs can irreversibly inactivate ribosomes through a RNA N-glycosylase enzymatic activity,
causing the inhibition of protein synthesis [*']. Although it has long been considered the only
mechanism of cell death, several other strategies through which RIPs can induce cell death
have been reported; indeed, the majority of them are a consequence of rRNA damage, while

others are independent from it [*?].

Glycosylase activity

RIPs are officially classified as rRNA N-glycosylases (EC 3.2.2.22) [%*]. RIPs exert their
activity via a two-step mechanism: RIPs recognize a specific and conserved region present on
28S rRNA, then they cleave a specific N-glycosidic bond between one adenine and the ribose
on the rRNA. Endo and co-workers first described this activity on rat liver ribosomes treated
with ricin, showing that the A4324 was specifically removed from a highly conserved sequence
of 14 nucleotides, called GAGA loop, present at the top of a stem region of the 28S rRNA in
a universally conserved loop (sarcin/ricin loop, SRL) [**]. This region is important for the
interaction between ribosome and elongation factors. Indeed, the adenine removal exposes the
apurinic site, preventing the GTPase-dependent binding of elongation factor-1 (EF-1) and 2
(EF-2) to the 60S subunit of the ribosome, thus blocking the translation and inhibiting protein
synthesis [*°]. RIP mechanism of action is schematized in Figure 2. Although all RIPs possess
this enzymatic activity, there are differences in the substrate affinity. Indeed, while ricin
exterts its activity on mammalian and yeast ribosomes, but not on bacterial or plant ones, PAP
can deadenylate ribosomes from bacteria, plant and yeast. This may be due to a different
interaction of the toxin with ribosome, limiting accessibility to the GAGA sequence [*°, 7].
Interestingly, some RIPs, as saporin and PAP, can remove more than one adenine at the time,

inducing multiple depurination [®%].

14
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Figure 2. Schematic representation of RIP enzymatic activity (from Girbés et al., 2004).

Polynucleotide:adenosine glycosylase activity (PNAG)

In 1997, Barbieri and colleagues demonstrated that RIPs can also act on other polynucleotide
substrates such as herring sperm DNA, polyA and RNAs from different sources. Due to this,
they proposed the term polynucleotide:adenosine glycosidases (PNAG) [*°]. RIPs show
significant PNAG activity, even if is not the same among them; the reduction of the disulfide
bridge of type 2 RIPs does not induce and increment PNAG activity, which is generally lower
compared to type 1 RIPs ["°]. In addition, it was reported that RIPs also depurinate poly(ADP-
ribosyl)ated poly(ADP-ribose) polymerase, which is part of the DNA repair machinery. [7'].
Last, some RIPs possess also a guanosine glycosidase activity, meaning that they are able to

remove guanosine either from prokaryotic or eukaryotic rRNA [2, *].

RIPs and cell death mechanisms

Protein synthesis inhibition that causes necrosis on RIP-treated cells was initially considered
the only mechanisms through which RIPs could lead to cell death ["*]. However, it was later
demonstrated that, in addition to necrosis, RIPs can also induce apoptosis. The ability of RIPs
to induce apoptosis was first observed in 1987, when it was shown that ricin and abrin were

able to induce apoptosis in rat tissues, as intestine and lymphnodes [7°]. Years later, it was
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reported that several other RIPs, such as saporin, pokeweed anti-viral protein from seeds
(PAP-S) and momordin were able to kill cells through apoptosis [7®]. RIP-treated cells
undergo apoptosis through different mechanisms, such as the loss of mitochondrial
transmembrane electrical potential gradient (A ym), caspase activation and modulation of
regulatory apoptotic proteins [, 7%]. Despite the progress made, the mechanism of RIP-
induced apoptosis, as well as the correlation between RIP enzymatic activity and apoptosis,
remains an open question. Indeed, some researchers showed that protein synthesis inhibition
1S necessary to trigger apoptosis, while others indicate that programmed cell death occurs
independently from protein synthesis inhibition [7°, #°]. To date, it is clear that the N-
glycosylase activity is not the only mechanism through which apoptosis can be triggered.
Indeed, alternative pathways involved in the induction of apoptosis were proposed: the
ribotoxic stress response, the ER-stress with the activation of unfolded protein response
(UPR) genes, the interactions with anti-oxidant proteins and the production of reactive
oxygen species [*!, 82]. Depending on cell type, all these pathways could interact in RIP-
induced apoptosis in different ways and moments. Depurinating rRNA, RIPs are able to
activate the ribotoxic stress response through activation of mitogen-activated protein kinases
(MAPKSs), thus inducing apoptosis. lordanov and colleagues first reported that ricin and « -
sarcin had the ability to induce the activation of SAPK/ JNK and p38 MAPK in response to
specific damage to 28S rRNA independently from protein synthesis inhibition. Induction of
the ribotoxic stress response required actively translating ribosomes at the time of ribosome
damage, activation of p38 and extracellular signal-regulated kinases (ERKs) together with
JNKs [*]. Moreover, an increased expression of pro-inflammatory proteins, such as IL-8,
GRO-a, IL-1B and TNF-a, as well as pro-apoptotic genes, was observed after activation
ribotoxic stress response [**]. It is still unclear how cells detect the damage on rRNA and
induce signaling activation. A study showed that inhibition of JNK pathway in ricin-treated
epithelial cell line reduced caspase activation and poly(ADP-ribose) polymerase cleavage,
showing how INK is crucial for apoptosis induction [*°]. Another study indicated that in ricin
or modeccin-treated RAW 264.7 cells, inhibition of p38 MAPK strongly prevented the release
of TNF-o, thus reducing RIP-induced apoptosis [*®]. All together these results indicate that
ribotoxic stress response may induce multiple signal transduction pathways through the
activation of p38 MAP kinase, which leads to TNF-a release and apoptosis. ER stress and the
consequent unfolded protein response (UPR) is another alternative pathway proposed to

explain RIP-induced apoptosis. The folding and maturation of newly synthesized secretory

16



Chapter 1 — Introduction

and transmembrane proteins occur in the ER. When the normal activity of ER is perturbed, a
process, known as “ER stress” induces UPR, which further determines transitory protein
translation arrest and transcription of selected genes in order to preserve ER function. If ER
perturbation is acute or prolonged, UPR triggers apoptotic signaling [*’]. The presence of a
large quantity of misfolded proteins induces the activation of ER transmembrane proteins
PERK, IREl and ATF6, through the dissociation of Grp78 [*]. The activated PERK

phosphorylates the elF2 o (eukaryotic translation initiation factor 2 ), inhibiting protein

synthesis leading to growth arrest and promoting the transcription of activating transcription
factor 4 (ATF4), which further activate UPR genes in the nucleus [*]. Cleaved, activated
ATF6 translocates in the nucleus where it activates UPR and ERAD genes, including the
transcription factor XBP-1 (X-box binding protein 1), whose mRNA is alternatively spliced
by IRE-1 and the resulted product upregulates UPR “stress genes” in the nucleus [*°]. MDA-
MB-231 and HCT116 cell lines treated with type 2 RIPs showed dose depended enhanced
activation of UPR genes as well as apoptosis, suggesting that RIP is involved in ER stress
with subsequent induction of apoptotic pathway [°']. RIPs are able to also induce apoptosis by
increasing the reactive oxygen species (ROS) and by interacting with anti-oxidant proteins.
Trichosanthin-treated choriocarcinoma cells (JAR cells) shows massive ROS production
possibly linked to calcium signaling, as ROS and calcium levels increase in a concomitant
way [*?]. In U937 cells, mistletoe lectin II (MLII) toxin induced high levels of hydrogen
peroxide, which activated the intracellular stress signaling and JNK/SAPK pathways, with
apoptosis. ROS scavenger treatment resulted in a great reduce of apoptosis [**]. U937 also
showed an increase of ROS with the presence of DNA damage after low dose abrin exposure
[*4]. In addition, it was reported that abrin inhibits the mitochondrial antioxidant protein-1
(AOP-1), leading to increase of intracellular ROS and the release of cytochrome c from the

mitochondria to the cytosol, thus activating caspase-9 and -3 [*°].

Antiviral activity

Type 1 and some type 2 RIPS have anti-viral activity towards plant, fungal and animal DNA
and RNA viruses, but the exact mechanism through which it happens is still unclear [*°].
Some of the first studies reported that RIPs were active against viruses as poliovirus,
influenza and herpes simplex virus [*’]. Initially it was believed that RIPs could act directly
on rRNA of infected cells, with consequent cell death and arrest of viral proliferation [*%]. It
was later discovered that RIP-induced ribosome inactivation is not linked to their antiviral

activity [*?]. Indeed, two non-toxic recombinant mutants of PAP are able to depurinate HIV-1
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RNA in a much better way compared to cellular rRNA [!%°]. The antiviral activity of RIPs
towards cytomegalovirus (CMV)-infected cells was demonstrated using two immunotoxins
formed by gelonin or deglycosylated ricin A chain (dgA) linked to immunoglobulins specific
for CMV. After conjugation, RIPs showed a selective cytotoxic effect on CMV-infected cells
[101, 192] RIP antiviral efficacy was also tested in phase I/II clinical trials using RIPs and RIP-

based immunotoxins, especially to treat HIV patients, without success [!*].
1.2 RIP use in experimental and clinical medicine

Due to their ability to induce antitumor activity, RIPs have been investigated for experimental
or clinical use in medicine ['*, 19]. RIPs have a high antitumor potential for their ability to
act on multiple molecular targets ['%]. Although they are highly cytotoxic, RIPs lack the
selectivity necessary for a therapeutic use which renders the use of these toxin unsafe in
clinical practice. The importance of RIPs in medicine is related to the possibility of directing
them against a specific population of unwanted cells, as malignant cells, with the aim to
selectively eliminate them ['°7]. Increased specificity and cytotoxic efficacy can be achieved
by conjugation of RIP to monoclonal antibodies (mAb) forming the so-called immunotoxins
(ITs). ITs have been investigated in disease such as cancer or autoimmune disorders [!%, 1%].
Other carriers can be used for conjugation as hormones, growth factors, cytokines,

interleukins, antigens and vitamin-binding proteins; however, the best results were obtained

using monoclonal and polyclonal antibodies [''°].
1.2.1 RIP-containing immunotoxins for anti-cancer therapy

The term “immunotoxin” is generally used for a toxin linked to an antibody, while toxins
linked to other carriers are commonly known as ‘“chimeric toxins” or ‘“conjugates”. IT-
efficacy is influenced by cell type, antigen availability, binding affinity and intracellular
routing. ITs can be obtained by chemical coupling of native toxins to antibody moieties by the
formation of disulphide bonds between the toxin and the carrier [''!']. After binding of the
antibody to the target cell surface, IT is internalized through receptor-mediated endocytosis.
In the endosome, the bond between antibody and toxin is reduced, allowing the free toxin
moiety to reach the cytosol and exert its enzymatic activity ['!?]. Chemically linked ITs are
stable but heterogeneous and poorly suitable for clinical practice and commercialization. New
generation ITs are synthesized through recombinant DNA techniques, using modified toxins
and antibody fragments (as single-chain variable fragments, scFvs) [''*]. IT-based therapy

was used in the experimental treatment of cancer and autoimmune disorders, with several
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preclinical studies and clinical trials showed a great efficacy of IT, but the best results were
obtained towards hematological malignancies [''4, !5, '], Among type 1 and type 2 RIPs,
saporin, abrin and ricin are the most used to produce ITs. Type 1 RIPs have the advantage of
being less dangerous, more stable and easier to conjugate than type 2 RIPs ['!'7]. Different
type 1 RIPs have been employed in the construction of ITs, sometimes resulting more
efficient than those containing type 2 RIPs ['!® '], Saporin-S6 is the most utilized type 1
RIP for the construction of ITs ['?°]. The efficacy of immunotoxins consisting of monoclonal
anti-idiotype conjugated to saporin has been evaluated in the treatment of guinea pig L2C B
lymphocytic leukemia ['2'].Type 2 RIPs are extremely cytotoxic, but the non-specific cell
binding of the B-chain represents a problem for clinical use of IT. To face this, different
strategies have been suggested, as the use of isolated and/or deglycosylated A chain, modified
or blocked B-chain and non-toxic type 2 RIPs as toxic part of IT ['??]. Indeed, A-chain ricin
(RTA) or blocked RTA were used in patients with T-cell leukemia and lymphomas whereas
ITs containing saporin conjugated to an anti-CD30 or anti-CD22 mAbs were investigated for
the treatment of patients with Hodgkin’s and non-Hodgkin’s lymphoma, respectively ['23, 1%4].
Vascular leak syndrome (VLS), hepatotoxicity, immunogenicity as well as the poor
penetration of the conjugates into solid tumors represent the major problem observed in
patients treated with ITs ['2°]. VLS is driven by an endothelial damage, which cause an
increase of vascular permeability ['?°]. VLS symptoms are weight gain, edema,
hypoalbuminemia, hypotension and sometimes dyspnea ['?7]. It has been reported that the
presence in toxins of short amino acid mofits, which interacting with endothelial-specific
integrin, induces the internalization of toxin itself with consequent endothelial cell death ['?*].
Indeed, when these amino acid motifs are deleted or mutated, toxin-related VLS is reduced
[12°, 139]. Hepatotoxicity is caused by a multitude of factors and events depending on the type
of toxin chosen and uptake process ['*!]. Another problem of IT patient treatment is related to
the onset of an immune response and the impossibility to administrate the conjugate
repeatedly, except for patients with an immunodeficient disease. In particular, a patient could
either develop antibodies against the mAb portion or the toxic part ['*?]. The IT-induced
immunogenicity can be overcome in different ways; it is possible using ITs with partially or
fully humanized antibodies to reduce immune response against mAb portion ['*];
immunosuppressive therapies can be infused to reduce IT-associated immune response ['*4];
in addition, the use of ITs directed against the same antigen but linked to different toxins
could reduce immune response against toxin ['**]. In some types of solid tumor, the

136].

penetration of IT inside tumor mass resulted more difficult [ This problem can be
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overcome using smaller conjugates where the carrier is an antibody fragments (scFv) or using
ITs directed against the endothelial cells of tumor blood vessels, leading to thrombosis and
ischemia of the tumor ['37]. The use of tenside-like compounds, such as saponins, in
combination with ITs, as well as photochemical internalization (PCI) technology are among
the other strategies proposed to enhance IT toxicity ['*%, 1*]. Several clinical trials have been
conduced to investigate the efficacy of RIP-containing ITs. Anti-CD19 and anti-CD22
conjugated to deglycosylated ricin A-chain (dgA) were evaluated in patients with refractory
or relapsed B-cell acute lymphoblastic leukemia (phase I, NCT00450944; NCT01408160)
['%9]. The anti-CD22 IgG-RFB4-SMPT-dgA immunotoxin was used to treat refractory CD22
positive B-cell lymphoma (phase I, NCT00001271) ['*']. An anti-CD33 IT, composed by
humanized monoclonal antibody M 195 conjugated to recombinant type 1 RIP gelonin (HUM-
195/rGEL) completed a phase I clinical trial for the treatment of patients with advanced
myeloid malignancies (NCT00038051). Anti-CD25 RFT5-dgA was evaluated in patients with
lymphoma/leukemia and metastatic melanoma (phase I, NCT00586547; phase II,
NCTO00667017; phase 1II, NCT00314093) ['*]. Anti-CD25 RFT5-SMPT-dgA
(NCT00025662) was tested to reduce GvHD in patients with myelodysplastic syndromes,

leukemia and lymphoma ['+].
1.2.2 Immunotoxins in autoimmune disorders

ITs have been also investigated for the treatment of autoimmune disorders ['4*]. The anti-
CDS5/RTA was the first IT evaluated in clinical trials for the treatment of rheumatoid arthritis,
systemic lupus erythematosus and insulin-dependent diabetes mellitus ['43, 46, 147]. Many
studies have been conducted by conjugating RIP with antigens that cause autoimmune disease
in order to directly interact with the immunocompetent cells ['*®]. Ricin A-chain was
conjugated to the autoantigen thyroglobulin and tested for the treatment of patients with
Hashimoto thyroiditis, showing a suppression of thyroglobulin autoantibody response of
lymphocytes ['*°]. Two PAP-containing ITs were tested for the treatment of HIV infection:
the first one recognizes viral markers expressed on the surface of infected cells while the
second is directed against antigens present on CD4+ lymphocytes, where the virus replicates
itself ['*°]. Gelonin-containing IT directed against the nicotinic acetylcholine receptor 1 was
used in the experimental treatment of myasthenia gravis [!°!]. RIPs-based ITs, such as ATG-
saporin-S6 and CTLA-4-saporin-S6, have been also evaluated for the prevention and
treatment of graft-versus host disease (GVHD), showing interesting results in pre-clinical

models [!2, 133].
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1.3 Immunoconjugates for sarcoma therapy: preclinical and clinical studies

General characteristics of sarcoma and immunoconjugate (IC)-based therapy for sarcoma
treatment, including antibody-drug conjugates (ADCs), immunotoxins (ITs) and
radioimmunoconjugates (RICs), have been deeply discussed in the review entitled “Antibody
conjugates for sarcoma therapy: how far along are we?”, of which I am co-first author [!>4].
The review aimed to provide a comprehensive overview of the latest advances in IC-based
sarcoma immunotherapy and their impact on clinical oncology, showing their anti-tumor
efficacy and clinical potential. To date, seven antibody-drug conjugates and two

radioimmunoconjugates are under phase 1-2 clinical trials for sarcoma therapy and many

other ICs have been evaluated in preclinical studies.
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Abstract: Sarcomas are one of the most difficult type of cancer to manage and treat because of their
extremely heterogeneous molecular and morphological features. Despite the progress made over the
years in the establishment of standard protocols for high and low grading/staging sarcoma patients,
mostly with chemotherapy and/or radiotherapy, 50% of treated patients experience relapse episodes.
Because of this, in the last 20 years, new therapeutic approaches for sarcoma treatment have been
evaluated in preclinical and clinical studies. Among them, antibody-based therapies have been the
most studied. Immunoconjugates consist of a carrier portion, frequently represented by an antibody,
linked to a toxic moiety, i.e., a drug, toxin, or radionuclide. While the efficacy of immunoconjugates
is well demonstrated in the therapy of hematological tumors and more recently also of epithelial
ones, their potential as therapeutic agents against sarcomas is still not completely explored. In
this paper, we summarize the results obtained with immunoconjugates targeting sarcoma surface
antigens, considering both preclinical and clinical studies. To date, the encouraging results obtained
in preclinical studies allowed nine immunoconjugates to enter clinical trials, demonstrating the
validity of immunotherapy as a promising pharmacological tool also for sarcoma therapy.

Keywords: sarcoma; cancer therapy; immunoconjugates; immunotherapy; antibody; drug delivery;

ribosome-inactivating proteins; bacterial toxins; radionuclides

1. Introduction

Sarcomas are a heterogeneous-low-incidence group of malignancies that arise from
mesenchymal tissue. They comprehend more than 50 histotypes with different molecular
biology, epigenetic landscape, and variable response to treatments. Although sarcomas
can develop anywhere in the body, they are found mostly in the arms, legs, chest, and
abdomen. According to their tissue-origin, sarcomas are classified in two major groups:
soft tissue sarcoma (STS) and bone sarcoma (BS).

In 2021, American Cancer Society’s estimates show that about 3610 new cases of BS
and 13,460 of STS will be diagnosed, with 2060 and 5350 deaths expected, respectively [1].
Epidemiology data indicate that sarcomas have not the same incidence in all age groups,
but it is possible to identify two peaks in people <20 years and 65-74 years. For younger
people, the percentage of incidence, compared to total sarcoma cases, is 25.1% (BS) and
7.5% (STS). For elder people, this percentage decreases to 13.2% for BS while increases up
to 20.3% for STS [2].

The main therapy for sarcoma treatment is surgery accompanied by neoadjuvant or
adjuvant chemotherapy/radiotherapy. Standard sarcoma drugs mostly include doxoru-
bicin and ifosfamide, but according to the histological type, cancer staging and grading
several other drugs can be used [3].
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Over the years, many progresses have been made on STS patients with localized dis-
ease at diagnosis, achieving a 5-year relative survival rate of 81.3%. Unfortunately, this rate
dramatically drops to 16% in patients with metastasized STS at diagnosis. The 5-year rela-
tive survival of patients diagnosed with bone and joint cancer is 66.8% [2]. Approximately
50% of patients with high-grade STS experienced relapse, progression and metastasis after
the first-line standard treatment [4]. These data and the heterogeneous nature of sarcomas
support the idea that using a personalized therapy instead of a standardized protocol could
be a valid strategy to improve the patient’s outcome.

Immunotherapy is one of the most promising individualized therapeutic approaches
for the treatment of cancer that uses immune system components to fight the disease. Over
the years, many clinical trials have reported the effects of antibody-based therapies on a
variety of tumors, including sarcoma, in terms of improved overall survival compared to
conventional chemotherapy drugs.

2. Immunoconjugates for Targeted Cancer Therapy

Many studies have been conducted to assess the efficacy of monoclonal antibodies
(mAbs) in targeted cancer therapy. The specificity of immunotherapy depends on the
surface antigen expression of target cells and its cytotoxicity is independent from the
parameters that determine the toxicity of chemotherapy and radiotherapy. The selected
antigens should have precise characteristics: easy accessibility, high expression on targeted
malignant cells, and low or no expression on non-target healthy cells. The main cytotoxic
pathways that can be activated after mAbs-antigen binding are: complement-dependent
cytotoxicity (CDC) and antibody-dependent cellular cytotoxicity (ADCC), mediated by
the Fcy receptors on effector cells, such as granulocytes, macrophages, and natural killers.
Moreover, some antibodies can directly kill the target cell by triggering the apoptotic
pathway. However, the antibody cytotoxicity is often limited because of phenomena of
CDC and ADCC resistance or selection of apoptosis resistant tumor clones. Two main
strategies can be adopted to overcome these obstacles, thus enhancing mAbs efficacy. First,
mAbs can be used in combination with standard chemotherapy or administered to patients
with highly responding cancer subtypes [5,6]. Second, antibodies can be linked to pharma-
cologically active molecules, combining the antibody specificity to the therapeutic effects
of such molecules. This concept paved the way for the development of immunoconjugates
(ICs), which contain anticancer drugs, toxins (from plants or bacteria), or radionuclides.
ICs have been evaluated in numerous preclinical studies and in various clinical trials, either
administered individually or in combination with conventional chemotherapy [7-9]. ICs
are composed of three elements: a carrier molecule (i.e., an antibody or its fragment), a
toxic payload, and a linker. After binding to the targeted antigen, the IC is internalized and
the toxic payload can exert its pharmacological effect [10]. Choosing an antigen and an
antibody should satisfy certain rules. The targeted antigen must be extracellularly exposed
and expressed higher on cancer cells rather than healthy ones. The antibody should have
high affinity and avidity toward antigen and efficient internalization after binding [11,12].

Various anticancer molecules have been considered for antibody—drug conjugate
(ADC) production. The most used agents are distinguished into: (i) DNA-targeting drugs,
which lead to DNA alkylation or double-strand break (i.e., duocarmycins, calicheamicins,
pyrrolobenzodiazepines, anthracycline, and camptothecin derivatives) and (ii) tubulin-
targeting drugs, which block tubulin depolymerization, thus determining cell-cycle ar-
rest into G2/M phase (i.e., monomethyl auristatin E and F, MMAE and MMAF, respec-
tively) [13,14]. Four requirements are essential in addressing the drug choice: potency,
stability, water solubility, and easy conjugation. It is crucial to find a balance between
drug toxicity, generally with effective concentrations in the nM range, and in vivo systemic
tolerability. Moreover, the stability in blood circulation and water solubility of the molecule
are necessary to guarantee a proper distribution in body fluids. Lastly, the molecular
and chemical structure of the drug should allow the conjugation with the linker, thereby
facilitating drug-linker binding to the antibody [15].
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In addition to common anticancer drugs, plant or bacteria toxins can be used in IC
construction. Ribosome-inactivating proteins (RIPs) are plant toxins able to deadenylate
rRNA, thus irreversibly blocking protein synthesis and inducing cell death. Beside ribo-
somes, RIPs can act on other substrates such as DNA, mRNA, tRNA, and poly(A), whose
damage causes the activation of multiple cell death pathways (i.e., apoptosis, necroptosis)
and oxidative stress [16,17]. Bacterial toxins are other powerful tools that can be used as
payload in IC construction. The most used ones are Pseudomonas aeruginosa exotoxin A
(PE) and diphtheria toxin, and their truncated forms, which arrest protein synthesis by
inactivating the elongation factor 2 through ADP-ribosylation. RIPs or bacterial toxins can
be conjugated to an antibody (or its fragment), constituting the so-called immunotoxins
(ITs). Over the years, many ITs have been constructed and tested in preclinical and clinical
studies in different cancer models, showing promising results both in hematological and
solid tumors [18,19]. The use of toxins rather than anticancer drugs in the construction of an
IC has some advantages. Being enzymes, toxins act in a catalytic and not in a stoichiometric
way as drugs do. Moreover, toxins do not induce drug resistance, a phenomenon that
is often observed in patients treated with chemotherapeutics [20]. Lastly, toxins can act
on both dividing and non-dividing cells, while most chemotherapeutic drugs only act on
proliferating cells [21].

Radionuclides represent another type of payload type used in targeted therapy. In
this case, the antibody is (radio)labeled with a radioisotope that emits ionizing particles to
obtain a radioimmunoconjugate (RIC). Each particle («x and (3~ particles and Auger elec-
trons) is characterized by a specific linear energy transfer, physical half-life, and penetration
depth in tumor tissue, thus offering different possibilities of use according to the physical
characteristic of the tumor (large tumors, micro-metastasis, single cancer cells) [22,23].
Radioimmunotherapy (RIT) advantages in cancer therapy are represented by the stability
and low dimension of (radio)labeled conjugates. RICs can easily reach cancer sites and
kill target cells without the typical chemotherapy side effects [24,25]. RICs can act not
only on target cells but also on the surrounding ones. This characteristic represents an
advantage because also tumor stromal cells and cancer cells with low antigen expression, or
expressing mutated antigens, will be eliminated. At the same time, this RIC property is also
potentially dangerous because of its aspecific toxicity to normal tissues. Other difficulties
are related to RIC manipulation and stability as well as radionuclide half-life. For this
reason, it is essential in clinical practice to manage properly radiation intensity, time of
exposure, and administration protocol, in order to maximize efficacy and reduce possible
damages on radio-sensitive organs such as bone marrow.

The main mechanisms by which drugs, toxins, and radionuclides can damage cancer
cells are schematized in Figure 1.

To date, many clinical trials have been conducted to investigate the efficacy and safety
of ICs in patients with hematological and solid cancers, administered alone or in combi-
nation with other therapeutic agents. In the last 20 years, Food and Drug Administration
approved 10 ADCs, 1 IT and 2 RICs for targeted cancer therapy [26-29].
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Figure 1. Main cell damage mechanisms induced by immunoconjugates for sarcoma treatment. Antibody-drug conjugates
(ADC) can contain drugs acting with different mechanisms. Monomethyl auristatin E (MMAE), cytolysin and mertansin
block tubulin polymerization, thus hampering cell cycle. Duocarmycins and anthracycline target DNA, inducing alkylation
and topoisomerase inhibition, respectively. Immunotoxins (IT) can be constructed with Pseudomonas exotoxin (PE) or
ribosome-inactivating proteins (RIPs). PE inhibits elongation factor-2 (EF2) through its ADP-ribosylation, thus inducing
ribotoxic stress and protein synthesis blocking. RIPs can inhibit protein synthesis through rRNA-N-glycosylase activity
removing a specific adenine in a stem-loop region of the main ribosomal RNA. In addition, RIPs can act on different
substrates such as endoplasmic reticulum, through unfolded protein response, and DNA, by directly damage. Radioim-
munoconjugates (RIC) contain radioisotopes, which can damage DNA and cause lipid peroxidation in cell membranes. This
effect can occur directly or indirectly through free radicals produced by water radiolysis.

3. Immunoconjugates for Sarcoma Therapy

Although ICs have showed relevant effects mainly on hematological malignancies,
numerous studies have paved the way to their application for solid tumors, including
sarcomas. Unlike hematological tumors, sarcomas as well as all solid cancers have some
molecular and morphological characteristics that make them more difficult to treat with
IC-based therapy [30]. In particular, the difficulty of penetration inside tumor mass is
related to the abundant extracellular matrix, disorganized vasculature and absence of
functional lymphatic vessels that causes increased interstitial fluid pressure [31]. However,
protocol optimization, progressive reduction of IC size and implementation of penetration
efficacy are expected to significantly improve targeted therapy of solid tumors [32,33].

3.1. Antibody—Drug Conjugates for Sarcoma

Many studies have reported the efficacy of ADCs towards specific antigens expressed
in different types of sarcoma.

The endosialin/CD248/TEM1 receptor is a transmembrane glycoprotein expressed
on pericytes and fibroblasts during embryogenesis. In adults, its presence dramatically
drops in normal tissues while it is expressed in mesenchymal tumors, such as sarcoma,
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neuroblastoma, as well as in perivascular and tumor-associated stroma [34]. Moreover, it is
associated with tumor angiogenesis and inflammation [35,36]. In sarcomas, this antigen is
highly expressed on the surface of malignant, perivascular, and stromal cells, even on high
grade and advanced sarcoma [37,38]. Two anti-endosialin ADCs were tested in preclinical
models of sarcoma. The antitumor efficacy of the anti-endosialin-MC-VC-PABC-MMAE
was tested on two endosialin-positive human cell lines and one sarcoma xenograft model.
Inhibiting concentration 50 (ICsg) values were 0.5 ug/mL for the Ewing sarcoma (ES) cell
line A-673 and 1.5 ug/mL for the osteosarcoma (OS) cells SJSA-1, without any correlation
between the extent of cell growth inhibition and endosialin expression levels. The antitumor
activity of this ADC was also tested in nude mice bearing A-673 cells xenografts. The
dose of 15 mg/kg of anti-endosialin-MC-VC-PABC-MMAE determined a marked and
durable inhibition of tumor growth leading to mice survival of 80% after day 150, thus
demonstrating the antitumor efficacy of this ADC [39]. The anti-endosialin ENDOS/ADC
was tested in sarcoma preclinical models. This IC is composed of a humanized anti-
endosialin mAb hMP-E-8.3 linked to a duocarmycin derivative alkylating agent. In this
case, SJSA-1 cells resulted more sensitive to ENDOS/ADC than A-673 cells, displaying
ICsp values of 0.8 nM and 8.6 nM, respectively. Moreover, in a SJSA-1 derived xenograft
model, mice treated with ENDOS/ADC showed a strong reduction of tumor volume [40].

Glycoprotein non-metastatic b (GPNMB) is a transmembrane protein involved in
bone differentiation and remodeling [41,42]. Different cancer cell types are characterized
by high levels of this glycoprotein, among them OS cells [43,44]. In addition, GPNMB
is involved in cancer migration, invasion, progression, and metastasis, as well as poor
patient prognosis [45,46]. The fully human IgG2 mAb CRO011, which recognizes GPNMB
extracellular domain, was linked to MMAE in the Glembatumumab vedotin ADC. This
IC was tested in preclinical models of OS: 10 short-term cell cultures from patient-derived
OS, 5 standard OS cell lines and 4 xenograft cell lines. Glembatumumab vedotin had
a significant cytotoxic activity, displaying ICsy values lower than 55 pg/mL in most of
the treated cells. Moreover, ADC effect correlates with GPNMB expression levels [47].
Glembatumumab vedotin entered phase 2 clinical trial involving 22 patients (ranging
12-50 years) with recurrent or refractory OS. This ADC was administered intravenously
at 1.9 mg/kg/dose over 90 min on day 1; the treatment was repeated every 21 days for
up to 18 courses. The results showed a limited efficacy. In fact, only one patient had a
partial response and two maintained a stable tumor disease. No correlation was observed
between GPNMB expression and clinical response (NCT02487979).

Leucine-rich repeat containing 15 (LRRC15), a member of the Leucine-Rich Repeat
superfamily, is another target evaluated for ADC-based sarcoma therapy. LRRC15 is
overexpressed in cancer-associated fibroblasts and cancer cells from many epithelial and
mesenchymal solid tumors. In particular, it was reported that OS tissue samples had high
LRRC15 expression both on cancer and stroma cells [48]. ABBV-085 ADC is composed
of the anti-LRRC15 humanized IgG1 kappa antibody Ab1 conjugated to the antimitotic
drug MMAE. The antitumor efficacy of ABBV-085 was evaluated in a cancer+/stromal+
patient-derived xenograft (PDX) of OS. Results showed that ABBV-085 was extremely
effective in terms of tumor growth inhibition, in comparison to other standard OS therapies
(doxorubicin, ifosfamide, gemcitabine, cisplatin) [49,50]. A multicenter phase 1 dose-
escalation clinical trial of ABBV-085 is currently under investigation in patients with
advanced solid tumors, including undifferentiated pleomorphic sarcoma (NCT02565758).

CD56, also called Neural Cell Adhesion Molecule (NCAM), is a homophilic binding
glycoprotein present on the surface of neurons and glia where it has a prominent role
in neuronal adhesion and migration ability, neurite outgrowth, synapse formation and
synaptic plasticity [51,52]. CD56 can also be found in hematopoietic cells, above all in
natural killer cells, where it acts as an adhesion molecule [53]. CD56 is over-expressed
in different cancer types, like neuroblastoma, rhabdomyosarcoma (RMS) and most of the
STS, Wilms tumor, acute myeloid leukemia, glioma, and astrocytoma, as well as in several
carcinomas [54-56]. Lorvotuzumab mertansine (IMGN901) is an ADC composed of an anti-
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CD56 humanized N901 mAb conjugated to the maytansinoid DM1, via a stable disulfide
linker. IMGN901 was tested in vitro on two RMS and two ES cell lines showing a great
sensitivity, which is not always correlated to CD56 expression intensity. In vivo studies
were conducted in tumor xenograft models; stable complete responses were observed
in two out of seven RMS xenografts; even in this case there was not a strong correlation
between CD56 expression levels and treatment response. The response variability might
be due to factors other than CD56 expression, such as mitotic rate, chemoresistance to
tubulin targeting agents and/or intracellular processing of IMGN901 [57]. This conjugate
in a phase 1 trial on myeloma patients had demonstrated ample evidence of safety and
signals of clinical activity [58]. These results paved the way for a phase 2 clinical trial
where IMGN901 was evaluated in patients with relapsed or refractory Wilms tumor, RMS,
neuroblastoma, pleuropulmonary blastoma, malignant peripheral nerve sheath tumor,
or synovial sarcoma (SS). Patients received lorvotuzumab mertansine intravenously at
110 mg/m? over 1-1.5 h on days 1 and 8; the treatment was repeated every 21 days for up to
17 courses in the absence of disease progression or unacceptable toxicity. Despite the high
level of CD56 found in all treated pediatric tumors, only few patients had a relevant clinical
response. This might be due to many factors: limited penetration of the conjugate/payload
into solid tumor cancer cells, presence of unrecognized CD56 isoforms that could interfere
with the binding/internalization process and tumor resistance to DM1 (NCT02452554).

Endoglin (ENG or CD105) is a homodimeric glycoprotein, expressed in endothelial
cells, bone marrow cells, and macrophages, and involved in embryogenesis, angiogenesis,
and vascular establishment as well as homeostasis [59,60]. In tumors its presence is
associated with neo-angiogenesis, which represents a key feature of malignant cancer. ENG
can be both a transmembrane protein acting as a co-receptor for transforming growth
factor-f3, and a soluble extracellular matrix protein after cleavage by metalloproteinase
14 occurs. In sarcomas ENG is associated with poor outcome in ES patients, being a
key point in tumor cell plasticity, tumor progression and invasiveness [61]. OMTX703 is
an ADC composed of the anti-ENG mAb OMTX003, which recognize ENG extracellular
domain, linked to cytolysin. The antitumor efficacy of this ADC was evaluated in cell
lines, cell line-derived xenografts, and PDX of ES. After OMTX703 treatment, a potent
anti-proliferative effect was reported in the ES8 cell line with an ICsg value of 260.6 nM.
In the same cell line, it was observed a correlation between ENG expression level, which
was extremely high, and ADC internalization ability and cytotoxic effect. OMTX703
efficacy was assessed in a ES8 xenograft model (immunocompromised NOD-SCID-IL-
2Rg"l/null mice), where tumor growth was strikingly reduced with a 60 mg/kg dose
of ADC. Interestingly, immunohistochemistry studies confirmed that ENG expression
levels in xenograft tumors were quite similar to those found in parental cell lines in vitro.
Lastly, OMTX703 antineoplastic effect was evaluated in PDX models, which display the
highest ENG expression and better represent the typical heterogeneity of these tumors. It
was observed that OMTX703 (30 and 60 mg/kg) was able to produce a dose-dependent
antitumor response. A complete response rate of 60% was achieved at the end of the
treatment with the highest dose (60 mg/kg) [62].

The urokinase plasminogen activator receptor-associated protein uPARAP/Endo180
plays a crucial role in the process of collagen turnover. The receptor acts through the
endocytosis of extracellular matrix collagen, which is further addressed to lysosomal
degradation [63,64]. In normal tissues, this receptor is expressed in a limited range of
cell types involved in tissue development, such as fibroblasts and osteogenesis-associated
mesenchymal cells [65,66]. In cancer cells its expression was found to be high, especially
in OS and STS. In a preclinical study the antitumor efficacy of 2h9-vc-MMAE, an ADC
composed of an anti-uPARAP mAb linked to MMAE was evaluated in fibrosarcoma (FS)
and RMS cell lines (HT1080 and RD, respectively), expressing high levels of uPARAP. The
ADC cytotoxic mechanism is related to the binding and internalization properties as well
as to ADC lysosomal cleavage. The ADC was able to significantly reduce cell viability on
sarcoma cell lines even if to a lesser extent than on hematological cell lines. In addition,
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ADC efficacy was evaluated in mice xenografted with human leukemic cells. Complete
rescue of all treated animals was observed with no sign of adverse effects [67].

Receptor tyrosine kinase-like orphan receptors (ROR) are a family of transmembrane
tyrosine kinases. ROR1 is a Wntba receptor expressed during embryonic development
and in several hematologic and solid malignancies [68]. NBE-002 is an ADC consisting
of a humanized anti-ROR1 mAb conjugated to a derivative of the potent anthracycline
PNU-159682 [69]. NBE-002 is currently under evaluation in a phase 1/2 clinical trial in
patients (age > 18 years) with advanced solid tumors, including sarcoma; NBE-002 has
been given intravenously on day 1 of repeated 21-day courses (NCT04441099).

ROR?2 is one of the non-canonical Wnt receptors, which plays significant roles during
early embryonic development in several tissue types [70]. The protein may be involved in
the early formation of chondrocytes and in osteoblastogenesis [71]. ROR2 is overexpressed
during embryonic development and in several important cancer types, including sarcoma,
where its levels are strongly correlated with worst prognosis of patient [70]. CAB-ROR2-
ADC or BA3021 is a ROR2-targeting ADC composed of a conditionally active biologic (CAB)
anti-ROR2 antibody conjugated to an undisclosed payload [72]. This ADC is currently being
evaluated in a phase 1/2 clinical trial in patients (age > 18 years) with locally advanced
unresectable or metastatic solid tumors, including STS (NCT03504488—recruiting status).

AXL is a member of receptor tyrosine kinases TAM family. AXL is widely expressed
in healthy cells and tissues, where it is involved in cell survival, phagocytic clearance
of dying cells, natural killer cell differentiation, and cell aggregation [73]. AXL is also
highly expressed on a variety of cancer types, OS included, where it plays a central role
in tumor proliferation, survival, stem cell phenotype, metastasis, and resistance to cancer
therapy [74,75]. CAB-AXL-ADC or BA3011 is composed of a CAB anti-AXL antibody
conjugated to an undisclosed payload [76]. This ADC is currently under investigation in a
phase 1/2 clinical trial in patients (age > 18 years in phase 1; age > 12 years in phase 2)
with advanced solid tumors including different types of sarcoma. In phase 1 trial all
patients will receive BA3011, while in phase 2 trial all patients will receive either BA3011
alone or in combination with nivolumab (NCT03425279—recruiting status). Enapotamab
Vedotin or HuMax-AXL-ADC is another anti-AXL ADC, firstly tested in vitro and in vivo
in preclinical models of non-small cell lung cancer [77]. It consists of a human AXL-
specific IgG1 conjugated to the cytotoxic agent MMAE. Enapotamab Vedotin is now being
evaluated in a phase 1/2 clinical trial in patients (age > 18 years) with selected, relapsed
and advanced or metastatic solid tumors, sarcoma included, which no longer respond to
standard therapy (NCT02988817).

CD70 is a transmembrane antigen belonging to the tumor necrosis factor (TNF) lig-
and super family. Its interaction with CD27 receptor enhances cellular proliferation and
induces anti-apoptotic proteins playing a major role in T-cell costimulation. CD70 is often
upregulated in T- and B- cell lymphomas and in various solid tumors even if its exact role
during the disease onset and progression remains unknown [78]. CD70 was identified as a
specific and highly expressed surface protein in uterine leiomyosarcoma cell lines and in
clinical samples of this rare and aggressive gynecologic malignancy. The antihuman-CD70
mADb vorsetuzumab was conjugated to MMAF towards uterine leiomyosarcoma cell line
and its antitumor effects were evaluated in vitro and in vivo. This anti-CD70 ADC showed
a significant cytotoxicity on SK-LMS-1 cells, displaying ICsg equal to 0.120 nM and it
strongly inhibited tumor growth in SK-LMS-1 xenograft mouse models and in uterine
leiomyosarcoma PDX mouse models with a relative tumor reduction of 54.5% and 84.7%,
respectively [79].

ADCs tested in preclinical studies and in clinical trials are reported in Table 1.
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Table 1. Antibody—drug conjugates tested for sarcoma therapy.
ADC Target Antibody Drug Tumor In Vitro In Vivo Clinical Trial Ref.
anti-endosialin- Fully
MC-VC-PABC- Endosialin human MMAE ES, OS Vv vV - [39]
MMAE mAb
ENDOS/ADC  Endosialin ~ hMP-E83 DUormycn  pg g v i - [40]
derivative
Glemtumumab NCT02487979
vedotin GPNMB CRO11 MMAE (O5) v v Phase 2 [47]
LRRC15 NCT02565758
ABBV-085 LRRC15 Abl MMAE OS 4 Vv Phase 1 [49,50]
IMGN901 NCAM N901 DM1 RMS, ES Vv Vv NCT02452554 [57]
Phase 2
OMTX703 Endoglin ~ OMTX003  Cytolysin ES v v - [62]
2h9-ve-MMAE uPARAP 2h9 MMAE FS, RMS Vv - - [67]
humanized PNU- NCT04441099
NBE-002 RORI mAb 159682 S - v Phase 1/2 [69]
. NCT03504488
BA3021 ROR2 CAB undisclosed STS Vv Vv Phase 1/2 [72]
. NCT03425279
BA3011 AXL CAB undisclosed S v Vv Phase 1/2 [76]
Enapotamab human NCT02988817
vedotin AXL IgG1-« MMAE s 4 4 Phase 1/2 (771
CD70-ADC CD70 vorsetuzumab MMAF ulLMS Vv Vv - [79]

The symbols / and - mean tested and not tested, respectively, in vitro, in vivo or in a clinical trial. Abbreviations: ES, Ewing sarcoma;
FS, fibrosarcoma; GPNMB, glycoprotein non-metastatic b; LRRC15, leucine-rich repeat containing 15; MMAE, monomethyl auristatin E;
MMAEF, monomethyl auristatin F; NCAM, neural cell adhesion molecule; OS, osteosarcoma; RMS, rhabdomyosarcoma; ROR, receptor
tyrosine kinase-like orphan receptor; S, sarcoma (unspecified type); STS, soft tissue sarcoma; uLMS, uterine leiomyosarcoma; uPARAP,
urokinase plasminogen activator receptor-associated protein.

3.2. Immunotoxins for Sarcoma

Various ITs have been tested for sarcoma therapy, evaluating their binding, internal-
ization ability, and anti-tumor effect.

Chondproitin sulfate proteoglycan 4 (CSPG4) is a tumor-associated surface antigen,
firstly found on human melanoma cells [80]. It is used as a marker of proliferation and
metastasis in poor prognosis tumor types such as breast cancer and STS, whilst its expres-
sion is very low in healthy tissues [81]. The CSPG4-specific PE-based IT, xMCSP-ETA’, was
tested for RMS adjuvant therapy. Multiple parameters were evaluated in vitro on three
embryonal RMS cell lines (RD, FL-OH1 and TE-671) and one alveolar RMS cell line (Rh30).
IT binding was specific on CSPG4" cells and IT internalization was rapid; «MCSP-ETA’
inhibited RMS cell proliferation with ICsy values ranging from 0.02 to 50 nM and induced
apoptosis. The binding was also evaluated ex vivo on three patient-derived paraffin-
embedded RMS tumor sections, exhibiting good specificity. Although preliminary, these
results highlighted the therapeutic potential of this IT (alone or combined with standard
drugs) for RMS treatments [82].

The well-known epidermal growth factor receptor (EGFR) is a member of the ErbB
tyrosine kinase receptor family. It is involved in routine cellular processes such as pro-
liferation, differentiation, and cellular development [83]. EGFR is highly expressed in
several solid cancers [84]. EGFR is overexpressed in up to 76% of embryonal RMS cases,
so it is considered a suitable target for RMS immunotherapy [85]. The EGFR-specific
recombinant IT 425(scFv)-ETA’ was tested in vitro on three different embryonal RMS cell
lines RD, FL-OH1 and TE-671. Experiments demonstrated binding specificity and valuable
internalization. Moreover, 425(scFv)-ETA’ was able to reduce cell viability (ICsy values
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in picomolar range) and to strongly activate apoptotic pathway. The EGFR" cell binding
activity of the IT 425(scFv)-ETA’ was also demonstrated ex vivo on two patient-derived
formalin-fixed paraffin-embedded RMS specimens [86]. EGFR was also used as target of
an indirect IT, consisting of a primary EGFR specific mAb followed by a secondary F(ab’),
anti-mouse Ig linked to saporin-S6. The indirect IT caused a significant inhibition of cell
growth and protein synthesis (ICsy 0.95 nM) and a strong increase in apoptosis in RD/18
RMS cell line. The toxic activity of the anti-EGFR IT was also observed on RMS cell lines
expressing low levels of EGFR [87].

The glycoprotein gp72 is a tumor-associated cell surface antigen present in melanoma,
bladder and breast carcinoma and osteogenic sarcoma [88]. 791T/36-RTA derives from
the conjugation of the murine anti-gp72 mAb 791T/36 with ricin A chain (RTA) and it
specifically inhibited tumor cell growth in vitro in the OS cell line 791T. The cytotoxicity
of this IT depended primarily on its very rapid cell surface binding, endocytosis and
intracellular processing leading to the release of the toxic payload in the cytoplasm to
inhibit protein synthesis [89].

B7H3 is a cell surface glycoprotein expressed on cancer cells and not found on normal
tissues [90]. It is involved in natural killer and T cell inhibition, as well as in tumor cell
migration and invasion [91]. The recombinant IT 8H9(scFv)-PE38 was constructed with
the truncated form of PE (PE38) conjugated to the single-chain fragment variable (scFv) of
the anti-B7H3 mAb 8H9. The IT had a cytotoxic effect in vitro on three B7H3* human OS
cell lines (U20S, CRL1427, and OHS-M1), with IC5( values of 0.03, 0.05, and 0.02 pug/mL,
respectively. 8H9(scFv)-PE38 was also tested in vivo in xenograft SCID mice bearing OHS-
M1 cells. The results indicated that tumor regression was achievable using 0.15 mg/kg IT
without significant systemic toxicity for animals [92].

Another sarcoma-associated antigen is an 80 kDa surface glycoprotein recognized by
TP-3, a mAb that particularly reacts with OS. This antigen was found to be highly expressed
on OS and in some hemangiopericytoma, chondrosarcoma, malignant fibrous histiocytoma,
and synovial sarcoma. Healthy tissues exhibited a very low expression of this antigen [93].
TP-3 mAb was conjugated to pokeweed antiviral protein (PAP) and the cytotoxic effect
of this IT was tested in vitro on the human OS cell line OHS. TP-3-PAP was able to kill
TP-3" cells in a specific and efficient manner, with ICsy values in the picomolar range.
Furthermore, the antitumor activity of this IT was assayed in vivo in a TP-3* mouse model
bearing human sarcoma lung metastases with good results in terms of number and size
reduction of the metastases in a dose dependent manner [94]. Two recombinant TP-3 based
ITs were produced combining the toxin PE38 with the monovalent and bivalent disulfide-
stabilized Fv of the antibody, TP-3(dsFv)-PE38 and TP-3(dsFv),-PE38, respectively. These
ITs were tested in vitro on three human OS cell lines (OHS-M1, OHS, and SaOS). Results
indicated a specific effect for TP-3* cells, with a great binding affinity. Bivalent IT was more
cytotoxic than monovalent IT, with ICsy of 442 ng/mL and 30-235 ng/mL, respectively.
The antitumor activity was tested in vivo in SCID mice bearing human OHS-M1 cells;
TP-3(dsFv),-PE38 showed a twofold increased effect compared to monovalent IT [95].

CD133 is a transmembrane glycoprotein, also known as AC133 or prominin-1, which
is used as a cellular marker of cancer stem cells (CSCs) in many different malignancies,
including sarcomas [96]. CSCs are usually a small subpopulation of cancer cells that
are responsible for chemoresistance, relapsed disease and metastasis [97]. Unfortunately,
normal stem cells, including hematopoietic, endothelial, and neuronal stem cells are CD133*
too. For this reason, new biotechnological strategies are fundamental to selectively kill
CSCs, rescuing other CD133" cells. Photochemical internalization is a site-specific and
light-dependent drug delivery method that relies on the activation of a molecule, called
photosensitizer, which co-localizes with the therapeutic agent of interest in endo-lysosomal
compartments of the cells. The photosensitizer meso-tetraphenyl chlorin disulfonate
(TPCS2a) was used to perform photochemical internalization of two anti-CD133 ITs. These
ITs were obtained conjugating the biotinylated anti-CD133/1 (AC133) and anti-CD133/2
(293C) mADs to streptavidin—saporin. The efficacy of this method was assessed on the
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undifferentiated human sarcoma cell line SW872, on the human FS cell line HT-1080 and
on SW872-derived mouse xenografts cells, obtaining specific cytotoxic effects. Moreover,
in vitro and in vivo experiments revealed a strong decrease in colony forming ability and a
great tumor initiation inhibition of the surviving cells after photochemical internalization
of the anti-CD133-saporin [98].

As discussed above, TEM1/endosialin/CD248 is a cell surface receptor highly ex-
pressed on human sarcomas that is considered a valid target for immunotherapeutic
treatments. The human scFv-Fc fusion protein (78Fc) specifically bound TEM1* sarcoma
cell lines in vitro (SJSA-1, A673, MES-SA, and HOS) and sarcoma cells in xenografted
nude mice. The 78Fc was chemically conjugated to the plant toxin saporin to augment
its cytotoxicity. In vitro experiments revealed that 78Fc-Sap was able to specifically kill
TEM* sarcoma cells with a significantly higher effect in comparison with saporin alone.
In vivo antitumor activity of 78Fc-Sap was assessed on SJSA-1 and A673 derived xenografts
showing a high and specific tumor growth inhibition with no systemic toxicity even at the
highest dose (0.2 mg/kg) [99].

As previously reported, the anti-endoglin mAb OMTX003 is a valid carrier to construct
therapeutic ICs against ES. OMTX003 was also conjugated to nigrin b A chain. OMTX503
IT was highly stable, its cell surface binding ability was specific for endoglin* cells and
the cellular internalization was efficient. It showed an antiproliferative activity in vitro on
three ES cell lines with different level of endoglin expression (RM82, TC71 and CADO)
with ICsg values of 0.118 nM, 9.155 nM, and 17.38 nM, respectively. Thus, the cytotoxic
effect was related to the endoglin expression level. OMTX503 was also tested in vivo on
RMS82-derived mouse xenografts at 0.5 mg/kg, obtaining good and significant results in
terms of tumor growth inhibition and cell viability reduction [62].

ITs tested in preclinical studies are reported in Table 2.

Table 2. Inmunotoxins tested for sarcoma therapy.

Target Antibody Toxin Tumor In Vitro In Vivo  Clinical Trial Ref.
CSPG4 aMCSP ETA’ RMS Vv - - [82]
425 (scFv) ETA’ RMS v - - [86]
EGFR i
G murine mADb (clone Saporin RMS Y ) ) [87]
528)
gp72 791T/36 RTA 0s v - - [89]
B7H3 8HO (scFv) PE38 0S v v - [92]
80 kDa sarcoma
associated antigen P-3 PAP 05 v v ) 541
80 kDa sarcoma TP-3 (dsFv)
associated antigen TP-3 (dsFv), PE38 05 % % ) [95]
AC133 .
CD133 203C Saporin S Vv Vv - [98]
TEM1 78Fc Saporin S v Vv - [99]
. Nigrin-b A
Endoglin OMTX003 chain ES Vv Vv - [62]

The symbols y/ and - mean tested and not tested, respectively, in vitro, in vivo or in a clinical trial. Abbreviations: CSPG4, chondroitin
sulfate proteoglycan 4; dsFv, disulfide-linked fragment variable; EGFR, epidermal growth factor receptor; ES, Ewing sarcoma; ETA’,
truncated version of Pseudomonas exotoxin A; OS, osteosarcoma; PE, Pseudomonas exotoxin; RMS, rhabdomyosarcoma; RTA, ricin toxin
A-chain; S, sarcoma (unspecified type); scFv, single-chain fragment variable.
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3.3. Radioimmunoconjugates for Sarcoma

The first RIC approved in clinical practice was ibritumomab tiuxetan, in which the anti-
CD20 mAD rituximab is (radio)labeled with Yttrium-90 for the treatment of non-Hodgkin’s
lymphoma [100].

Despite most studies reported in literature describe the use of RICs for diagnostic
purposes, some works depict the attempts to apply RIT to the treatment of sarcomas.

CD146 is a cancer associated cell adhesion molecule (CAM) overexpressed in several
cancer types, including OS; it is associated with tumor progression, neoangiogenesis,
and vascular development [101]. Anti-CD146 murine mAb OI-3 was (radio)labeled with
Lutetium-177 or Iodine-125 and was tested in biodistribution/dosimetry experiments.
Results showed promising data in terms of RIC tumor uptake in nude mice bearing OHS
xenografts [102].

Insulin-like growth factor 2 receptor (IGF2R) is another valid target for OS treatment,
because it is overexpressed in several cell lines and patient-derived OS cells [103]. A novel
murine anti-IGF2R mAb, named 2G11, was (radio)labeled with Indium-111 to determine
biodistribution and tumor uptake in OS tumor bearing SCID mice. Successively, 2G11 was
(radio)labeled with both Lutetium-177 and Bismuth-213, obtaining good results in vivo in
terms of slowing down tumor growth, without local or systemic toxicity referred [104].

Frizzled homologue 10 (FZD10) is the main target used for synovial sarcoma (SS)
RIT. FZD10 is a transmembrane receptor of the Wnt signaling pathway whose gene is
upregulated specifically in SS, but not expressed in any normal human tissue except for
placenta [105]. The murine mAb 92-13 (radio)labeled with Yttrium-90 showed specific
binding ability to FZD10 in vitro and in vivo, good internalization into FZD10* cells and
strong antitumor activity in SS mouse xenografts [106,107]. The humanized chimeric anti-
FZD10 mAb OTSA101 was (radio)labeled with Indium-111 or Yttrium-90. In a phase 1
clinical trial, 20 patients with advanced /recurrent SS received an injection of the Indium-
111-OTSA101 RIC to determine tumor uptake and biodistribution. Successively, only those
patients (n = 10) that showed a significant tumor uptake, were treated with Yttrium-90-
OTSA10. Unfortunately, no patients showed an objective tumor regression. In fact, best
overall response was a stable disease in 3 patients [108]. Adsorbed dose simulations can
explain tumor response on treated patients. The estimated biodistribution and dosimetry of
(radio)labeled anti-FZD10, in normal tissue and tumor, was evaluated through Monte Carlo-
based 3D simulations [109]. In a comparative preclinical study, OTSA101 was (radio)labeled
with both Yttrium-90 and Astatine-211. Astatine-211-OTSA101, an x-emitting anti-FZD10
RIC, suppressed tumor growth of SS mouse xenografts more efficiently than the same
dose of the Yttrium-90-OTSA101, a -emitting anti FZD10 RIC, without remarkable toxic
side effects [110]. This confirmed that «-RIT is superior to 3-RIT in treating solid tumors
because x-particles, with higher linear energy transfer, may have more advantages in terms
of cytotoxicity compared to (3-particles, with lower linear energy transfer [111].

The glycoprotein B7H3 is expressed on desmoplastic small round tumor cells (DSRCT),
a rare sarcoma that affects adolescents and young adults involving the peritoneum. RIT
treatment against DSRCT was tested in a phase 1 clinical trial (NCT01099644) on 52 patients.
Murine anti-B7H3 mAb omburtamab (8H9) linked to Iodine-131 was administrated with
an intraperitoneal injection. Related toxicity was mild and transient in almost all patients
and adsorbed dose was low in normal tissues [112]. To date, Iodine-131-omburtamab is on
a phase 2 clinical trial to improve patient survival (NCT04022213—recruiting status).

RICs tested in preclinical studies and clinical trials are reported in Table 3.
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Table 3. Radioimmunoconjugates tested for sarcoma therapy:.
Target Antibody  Radionuclide Half-life Emission  Tumor In In — Clinical Ref
arge ody adionuc e a 1Ie SS10 umo Vitro Vivo Trial er.
CD146 CHOI-3.1 177LI 569 75 51;57: 8 _A[‘iierer 05 v v - [102]
CHOI-3.3 u < aay s AU
1l 674 h 2%
IGF2R 2G11 771y 6.7days B, Auger 0s i i - [104]
213B; 46 min o
FZD10 92-13 Ny 64.1h B SS i i - [106,107]
1y 67.4h v
FZD10 OTSA101 90y e11h e SS - v Phase 1 [108,109]
0y 64.1h B
FZD10 OTSA101 211 A 7oh % Auger SS - v - [110]
B7H3 8H9 1317 8.0 days B DSRCT - v Phase 2 [112]

The symbols / and - mean tested and not tested, respectively, in vitro, in vivo or in a clinical trial. Abbreviations: DSRCT, desmoplastic
small round cell tumor; FZD10, frizzled homologue 10; IGF2R, insulin-like growth factor 2 receptor; OS, osteosarcoma; SS, synovial

sarcoma.

4. Conclusions

This review aims to provide a comprehensive overview of the latest advances in
sarcoma immunotherapy and their impact on clinical oncology. The IC studies reported
in this review show efficacy and clinical potential in sarcoma therapy. Although rare in
adults, sarcomas are more frequent among pediatric tumors. Sarcomas are characterized
by molecular and morphological complexity; the rarity and heterogeneity of sarcomas
induce clinicians and researchers to seek and validate personalized therapeutic approaches.
IC-based immunotherapy has been showing increasingly interesting results in terms of
anti-tumor efficacy beside to a reduction of side effects. These positive results depend
mainly on the possibility to select new engineered carrier moieties characterized by stability,
binding specificity and reduced immunogenicity. The results obtained in preclinical studies
with ICs in sarcoma models encouraged the translation from bench to bed.

The clinical studies over the last 20 years allowed nine ADCs to be approved by the
FDA and many others are in phase 3 clinical trial [113] in different neoplastic diseases.
Currently, seven ADCs and two RICs are under phase 1-2 clinical trials for sarcoma therapy
and many other ICs have been evaluated in preclinical studies.

We believe that, in the near future, antibody-based therapeutic approaches could
improve sarcoma patient outcome by overcoming some difficulties associated to standard
therapy, such as the tumor resistance to the anticancer drugs, leading to patient relapse,
and the onset of secondary malignancies [114,115].
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Chapter 1 — Introduction

1.4 Preclinical bi-dimensional and tridimensional models for cancer therapy

Cell cultures have been proven to be indispensable for a variety of applications, from research
to industrial perspectives. Cell culture techniques have come a long way since the first cell
line, HeLa, was established. Established cell lines can be cultured as monolayer adherent cells
or in suspension. Bi-dimensional cultures are inexpensive, easy to grow and manipulate; in
addition, many different types of cancer cell lines can be easily purchased, allowing
researches on almost any type of tumor. However, it is important underlying that 2D models
cannot simulate the microenvironment and the architecture of the original tumors. Moreover,
2D-cultured cells are stretched and undergo cytoskeletal rearrangements acquiring artificial
polarity, which in turn causes aberrant gene and protein expression ['*°]. For many years, 2D
cultured cancer cells have been used for anticancer drug screening and discovery. However,
different studies reported that many high cytotoxic drugs tested in 2D models were actually
ineffective or less cytotoxic in clinical practice [!°¢]. The advancements in cell imaging and
analytical systems, as well as the applications of new scaffolds and matrices, have paved the
way to the establishment of tridimensional cell models. 3D-cultured systems are receiving
more and more attention because they can recapitulate tumor histology and structural
complexity, interaction with tumor microenvironment, gene expression and signaling pathway
profiles, present on “in vivo” tumor, thus proving to be a useful tool for cancer research and

158 1591 Spheroids and organoids are the most promising 3D

many other applications ['*7,
models developed since they can better mimic the pathophysiology of human cancers, filling
the gap between traditional 2D cultures and animal models. Different methods to “assemble”
in vitro 3D-cultured models have been developed to recapitulate in vivo suboptimal growth
conditions and to study the features of tumor microenvironment. These methods are usually
categorized into two main types: scaffold-based and scaffold-free systems. The use of 3D
models could potentially improve the robustness and reliability of preclinical research

outcomes, reducing animal testing and favoring their transition to clinical practice. Specific

features of spheroids and organoids will be discussed in the following paragraphs.
1.4.1 Single spheroids

3D single spheroid models are largely used in biology to evaluate cell death, proliferation,
differentiation, and metabolism of tumor cells as well as preclinical outcome of tumor cells
treated with standard chemotherapy drugs or radiotherapy ['®°]. Single spheroids maintain

cell-cell interaction and enrichment in cancer stem cells, showing some similarity even if not
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completely to what happen in “in vivo” tumors ['®']. Spheroids can be obtained starting from
a single-cell suspension that is self-assembling or forced to aggregate ['%2]. Tumor spheroids
(> 500 um in diameter) are formed by many layers where cells have different phenotypic,
functional, and metabolic status. In particular, spheroids present an external proliferative
layer, an intermediate zone composed of quiescent and senescent cells and an inner apoptotic
and necrotic core deriving from the reduced presence of nutrients and oxygen in these areas
['®3]. Under hypoxic conditions, cancer cells switch from oxidative phosphorylation to
anaerobic glycolysis, producing lactate that cause the acidification of the inner areas of
spheroids. Low pH and hypoxia induce cancer cells belonging to this region to undergo in a
quiescent/senescent state as occurs in “in vivo” tumors ['%4]. Cell-containing spheroids are
mostly spatially close but unable to form specialized cell connections; in few cases, spheroids
present a strong cell-cell interaction that is enforced by desmosomes and cell junction through
E-cadherins and the secretion of ECM proteins (collagens, fibronectin, laminin, elastin
tenascin) [!%3, 166]. These characteristics cause the increase of spheroid density, which further
limit the penetration and transport of drugs into spheroids. In addition, many studies reported
that spheroids are enriched in cancer stem cells (CSC), a subpopulation of cell with stem-like
properties, present in the mass of different types of tumors, characterized by unlimited self-

[167’

renewal capacity and differentiation potential 168]. CSC are characterized by increased

activity of aldehyde dehydrogenase (ALDH) as well as overexpression of CD133 and CD44
['6°, 1701 In tumors, poor intracellular uptake of drugs, oxygen, nutrients and metabolites
gradients and CSC are strongly connected to phenomenon of chemotherapy resistance and

171172 1731 Overcoming the

influence the therapeutic effects of various anticancer drugs [
limitations of traditional monolayer cell culture and resembling many of the characteristics of
the original tumor, spheroids are a promising tool in cancer research, drug screening and
preclinical studies. There are four major techniques to promote spheroids formation, avoiding
cells adhesion to the surfaces and favoring cell-cell interactions and self-aggregation:
agitation-based techniques, hanging-drop procedures, liquid overlay methods, and
microfluidics ['74]. Among them, the use of liquid overlay method allows the creation of
single spheroids in 96-well ultra-low attachment plate for high-throughput cell functional and
toxicity analysis ['7°]. However, spheroid culture system has many limitations: i.) obtaining
spheroids of uniform size and shape need optimization; ii.) spheroid formation may requires

specialized culture plates and equipment; iii.) spheroids are difficult to manipulate before to

proceed with downstream experiments ['7°].
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1.4.2 Organoids

The recent development of in vitro culture techniques for growing tissue as 3D cultures have
paved the way for the establishment of 3D organoids. 3D organoids are self-organized
formation resembling the phenotypic, structural and genetic features of the tissue from which
they are derived from ['7”]. Organoids can be generated from healthy or diseased tissue, such
as patient-derived tumor specimens, making these models increasingly used in different range
of studies such as disease modeling, drug discovery, personalized treatment and screening,
and regenerative medicine ['7®, 17°]. To date, 3D organoid cultures have been established
starting from a multitude of healthy and cancer tissues including colon, breast, liver, lung,
pancreas, endometrium, stomach, prostate, ovary, bladder, kidney, brain, bone, and esophagus
['89]. Tumor-derived organoids are characterized by gene expression and signaling pathway
profiles, heterogeneity, cell-matrix interactions and structural complexity that recapitulate the
tumor from which they are derived ['*!, '¥2]. Personalized medicine and drug screening
represent one of the main fields in which organoids can be applied ['**]. Considering that
organoids maintain the genetic heterogeneity of the primary tumor, patient-derived organoids
can be used to identify the ideal treatment for a specific patient, allowing the selection of the
compound (or a combination of payloads) that induce the best response ['**, 13%]. After the
establishment of patient-derived organoids, a rapid viability functional assay can be used to
determine drug sensitivities of primary specimens and offer information to help adapting
therapy to individual cancer patients [!%¢]. Moreover, considering the possibility to obtain
healthy and tumor specimen from the same patient, patient-derived organoids enable to
identify drugs that selectively target cancer cells rather than healthy ones, decreasing the risk
of side effects ['*]. Organoids from primary human pancreatic ductal adenocarcinoma
(PDAC) have been established to identify specific effective drugs ['®]; Phan and coworkers
used patient-derived tumor organoids to identify actionable drug sensitivities of three ovarian
cancer samples and one high-grade serous peritoneal cancer specimen ['*°]. To do that,
authors used a “mini-ring approach, a simple high-throughput strategy that entails, generating
mini-rings around the rim of the wells, which allows to perform assays in high throughput
with minimal manipulation ['*°, °!]. Organoids have been also used to assess the involvement
of mutational processes in tumorigenesis. In this context, the use of CRISPR-Cas9 technology
on organoids had led to remarkable improvements ['?2,1°*]. Tumor organoids have been also
utilized to evaluate the role of tumor microenvironment in cancer progression. Allowing the

presence of native immune and stromal cells, this model has led to a better understanding of
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cell—cell interactions, immune checkpoint blockade modelling and CAR-T cell-mediated

cytotoxicity testing ['%4, 193, 19],
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Ribosome-Inactivating Proteins (RIPs) are plant toxins with N-glycosylase rRNA activity,
which prevents the binding between the elongation factor EF-2 and the major subunit of
ribosomes, thus causing irreversible blockade of protein synthesis [!°7]. RIPs can also act on
other substrates (DNA, tRNA, mRNA, polyA and PARP), inducing cell death through
multiple pathways such as apoptosis, necroptosis and autophagy ['°®]. Due to their activity on
multiple molecular targets, RIPs have high antitumor potential. However, they lack the
selectivity necessary for their therapeutic use. The increase in specificity and cytotoxic
efficacy can be achieved by conjugating RIPs to monoclonal antibodies (mAbs) to form the
so-called immunotoxins (ITs) ['*°].

Although rare, sarcomas are one of the most common types of cancer in children and include
more than 50 highly heterogeneous tumor histotypes originating from mesenchymal tissue.
Among the most widespread types of childhood sarcomas we find: embryonic
rhabdomyosarcoma, osteosarcoma and Ewing's sarcoma [>*°]. The standard treatment regimen
for these cancers consists of a multimodal approach combining surgery, chemotherapy and
radiotherapy [**!, 2°2]. However, this strategy does not often prove to be conclusive, given that
many patients with localized primary sarcoma can undergo relapse, progression and
metastasis following standard treatment. Furthermore, the situation remains critical in
metastatic patients, where the 5-year survival rate is 15%, unlike what is found in patients
with localized disease, where 5-year survival rate is equal to 81% [>**]. In order to improve
patient outcome, new therapeutic strategies need to be evaluated. Among these,
immunotherapy is one of the most promising for the treatment of cancer [>°*]. Immunotherapy
can exploit different therapeutic approaches, including the use of targeting-carriers conjugated
to a cytotoxic molecule. This strategy has paved the way for the development of ITs,
containing plant or bacterial toxins, used in numerous preclinical studies and in various
clinical trials, both administered individually and in combination with conventional
chemotherapeutic agents [2°, 206]. Moreover, the conjugation of mAb with RIPs enhances the
toxic activity of unconjugated mAb which is often limited because of phenomena of
complement dependent cytotoxicity (CDC) and antibody dependent cell cytotoxicity (ADCC)
resistance or selection of apoptosis resistant tumor clones [>°’]. In order to evaluate the
efficacy of new drugs and develop personalized therapeutic protocols, 3D-culture systems are
receiving more and more attention. Indeed, tridimensional models can recapitulate tumor
histology and structural complexity, tumor cell differentiation, interaction with tumor
microenvironment, gene expression and signaling pathway profiles present on “in vivo”

tumor. Considering this, 3D models can overcome the limitation of traditional 2D monolayer
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cells, proving to be a useful tool for cancer research and many other applications [2%8, 2%°, 219],
Organoids and single spheroids represent the most promising disease 3D models; however,
differently from single spheroids, organoids can better mimic the pathophysiology of human
cancers [*!']. The use of IT-based therapy assumes that target cells overexpress antigens
against which ITs are directed. It has been described in literature that the transferrin receptor 1
(TfR1), the epidermal growth factor receptor 1 and 2 (EGFRI1, Her2) were overexpressed in
stabilized cell lines and in primary cultures of early or advanced sarcoma [*!> 213 214.215] Tp
addition, it is well-known the use of these antigens in targeted-cancer therapy, such as the
targeting therapy against EGFR in breast cancer [*'6, 2!7, 218 2191 Considering this, the
research project, carried out during my PhD period, aims to evaluate and compare the
cytotoxic effect of specific ITs directed against TfR1, EGFR1 and Her2, in RD18 and U20S-
derived 2D (adherent cells) and 3D models (spheroids and organoids) of sarcoma. To do that,
we first established RD18 and U20S-derived adherent monolayer cells, single spheroids and
organoids. Then, we analyzed the expression of TfR1, EGFR1 and Her2, comparing the
results between 2D and 3D models. We proceed by choosing the immunoconjugates directed
against the selected antigens to investigate type 1 RIP-containing IT cytotoxicity (Tf-SO6,
aEGFR1-Ocy, aHer2-Ocy) and apoptosis involvement in organoids, spheroids and bi-
dimensional cultures. Last, we investigated the specific IT-induced cytotoxic effect on a

patient-derived sarcoma organoid model.
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3.1 Materials
RIPs

Saporin (SO6) was purified from Saponaria officinalis seeds through ion-exchange
chromatography on S-Sepharose and CM-Sepharose columns (Pharmacia, Sweden) as
reported by Stirpe et al., 1983 [**°]. Ocymoidine (Ocy) was purified from the seeds of
Saponaria ocymoides as described in Bolognesi et al., 1995 [**!] with one more step, which
consists of a hydrophobic interaction chromatography on a phenyl-Sepharose column

(Pharmacia, Sweden).
Targeting ligand and antibodies for immunotoxin preparation

Murine monoclonal antibody (mAb) anti-EGFR1 (Mint5) clone 528 was purchased from
Oncogene Science (Uniondale, NY, U.S.A). Murine mAb anti-Her2 (MGR-3) was kindly
provided by Dr. Silvie Ménard and Dr. Serenella Pupa, National Cancer Institute (Milan,
Italy).

Immunotoxins

Transferrin-saporin (Tf-SO6) and anti-EGFR1-ocymoidine (aEGFR1-Ocy) were produced as
described in Gosselaar et al., 2002 [*?*] and in Di Massimo et al., 1997 [**], respectively.
Anti-Her2-ocymoidine (aHer2-Ocy) was produced following the same method used for anti-
EGFRI1 conjugate.

Briefly, unconjugated carrier and RIP were dissolved in 50mM sodium borate buffer and
derivatized adding 2-iminothiolane (Sigma-Aldrich St. Louis, MO, US). After 18 h (Tf-s06)
or 20 h (aEGFR1-ocy, aHer2-ocy) of reaction at room temperature (RT), conjugate was
separated from RIP homopolymers and free carrier by gel filtration on a Sephacryl S200 high-
resolution column (100 cm X 2.5 cm) (GE-Healthcare, Buckinghamshire, UK). The
conjugates obtained where analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), in non-reducing conditions: samples were incubated in sample
buffer (40 mM Tris-HCL, pH 6.8, 2%SDS, 0.005 % bromophenol blue, 1 mg/ml
iodoacetamide) for 30 min at RT and loaded in a 4-15 % PhastGel gradient. At the end of
electrophoretic run, gel-containing samples was stained with Commassie brilliant blue,
according to manufacturer’s instructions (Pharmacia Biotech, Uppsala, Sweden). Molecular
weight markers were from Sigma Aldrich. Immunotoxins-RIP/carrier ratio was assessed by

densitometric analysis. Immunoconjugates final concentration was reported as RIP content.
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Table C. Immunotoxins properties: characteristics of derivatization, conjugation and cell-free protein
synthesis activity.

CELL-FREE PROTEIN
SYNTHESIS
DERIVATIZATION CONJUGATION INHIBITORY

ACTIVITY

N° of SH-group inserted/molecule RIP/carrier ICso
(mol/mol) (mol/mol) (ng/mL)

Carrier RIP IT IT
Tf-SO6 1.15 1.60 1.58 5.03
aEGFR1-Ocy 2.09 0.79 1.82 6.9
aHer2-Ocy 1.47 0.94 2.05 5.75

Cell lines and culture plates

Human embryonal rhabdomyosarcoma (RD18) and human osteosarcoma (U20S) cell lines
were kindly provided by Prof. Pier Luigi Lollini. RD18 and U20S were maintained
respectively in DMEM or RPMI 1640 medium (Corning, NY, US) containing 10% heat-
inactivated fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/ml penicillin and 100 pg/ml
streptomycin (Sigma-Aldrich), therefore called DMEM or RPMI complete medium,
respectively. Cells lines were cultured at 37°C with 5% CO; in a HeraCell Haereus incubator
(Hanau, Germany) and periodically analyzed for detection of mycoplasma infection. Single
spheroids were cultured in serum-free DMEM F-12 medium containing 5 pg/mL bovine
insulin, 20 ng/mL rEGF, 20 ng/mL bFGF, 1x B27, 0.5 pg/mL cortisone, 1%
penicillin/streptomycin  (Corning), therefore named DMEM F-12 complete medium.
Organoids were cultured in serum-free Mammocult containing Mammocult supplements
(1:10), 0.5 pg/mL hydrocortisone and 4 pg/mL heparin, then named Mammocult complete
medium (StemCell Technologies, Vancouver, Canada). Matrigel was purchased by Corning.
Cell lines were validated each time after P10 passage by Laragen Inc through Promega
GenePrint 24 System. Trypan Blue and trypsin/EDTA were obtained from Biowhittaker
(Vervies, Belgium). AO/PI Viability Staining Solution was obtained by Nexcelom (Lawrence,
MA, US). Flasks, plates and other cell-related plastic were purchased by BD (Franklin Lakes,
NJ, US), Corning and Thermofisher (Waltham, MA, US).
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Antibodies for flow cytometry and IHC

Anti-ERBb2/Her2 APC-conjugated mAb (Catalog # IC0041A) was purchased by Novus
Biologicals (Centennial, CO, US). Anti-EGFR FITC-conjugated mAb (Catalog #ab11400),
anti-Transferrin Receptor PE-conjugated mAb (Catalog #ab18242) and anti-CD133 APC-
conjugated mAb (Catalog #ab253259) were bought by Abcam (Cambridge, UK). Ki-
67/Caspase-3 (Catalog #PPM240DSAA) and secondary combinatorial staining MACH 2
double Stain 2 (Catalog #MRCT525G) were purchased by Biocare Medical (Pacheco, CA,

US). Antibodies were diluted following manufacturer’s instructions.
Kits

For adherent cells, viability was assessed using the colorimetric kit CellTiter 96® AQueous
One Solution Cell Proliferation Assay (Promega Corporation, WI, US) which contains a
tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, MTS] and an electron coupling reagent (1-methoxy phenazine
methosulfate, PMS). For single spheroids and organoids, cell viability was measured using
the luminometric kit CellTiter-Glo® 3D Cell Viability Assay (Promega). Organoids
morphology was analyzed using Hematoxylin and Eosin Stain Kit (Vector Laboratories,
Burlingame, CA, US). For adherent cells, caspase activity was evaluated using the
luminescent kit Caspase-Glo® 3/7 Assay (Promega), which includes a proluminescent
caspase-3/7 DEVD-aminoluciferin substrate and a thermostable luciferase in a reagent
optimized for caspase-3/7 activity, luciferase activity and cell lysis. For single spheroids and
organoids, caspase involvement was measured using the luminometric kit Caspase-Glo® 3/7
3D Assay (Promega), which uses the same chemistry as the Caspase-Glo® 3/7 Assay with an

improved technology specific for 3D models.
Reagents and other biotechnological material

Dispase and Ammonium Chloride Solution were purchased from Life Technologies
(Carlsbad, CA, US). Collagenase VI, HistoGel and PBS were acquired by Thermofisher. 10%
Neutral Buffered Formalin was bought from VWR (Radnor, PA, US). Cellometer Disposable
Imaging Chambers were purchased from Nexcelom. All buffers and reagents for IHC were
acquired by Biocare medical. Water used was prepared with a Milli-Q apparatus (Millipore,
Milford, MA, US).
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Instruments and software

For adherent cells and organoids, flow cytometry analysis was done using Attune NxT cell
analyzer (UCLA - Flow cytometry core). For single spheroids, flow cytometry experiments
were performed using Cytoflex analyzer (Beckman Coulter, Brea, CA, US) and data were
plotted using CytExpert software. Viability counting was measured by Cellometer Auto 2000
Cell Viability Counter (Nexcelom). Colorimetric absorbance (492 nm) of adherent cells, in
viability experiments, was analyzed by the microtiter plate reader Multiscan EX
(ThermoLabsystem, Helsinki, Finland). The luminometer Fluoroskan Ascent FL (Labsystem,
Finland) was used for the luminescence measures in adherent cells (apoptosis experiments)
and single spheroids (viability and apoptosis experiments). For organoids, luminescence of
viability and apoptosis experiments was measured with a SpectraMax iD3 (Molecular
Devices, San Jose, CA, US). Organoids treatments were made through EpMotion (Eppendorf,
Hamburg, Germany). Morphological analysis of adherent cells and single spheroids was
performed using a phase-contrast microscope with a digital camera from Nikon Eclipse
TS100 (Chiyoda, Tokyo, Japan). Organoids morphological imaging was performed by Celigo
S Imaging Cell Cytometer (Nexcelom) in bright-field mode through Celigo S Software. H&E
and THC images were acquired with a Revolve Upright and Inverted Microscope System

(Echo Laboratories, San Diego, CA, US).
Statistical analysis

Statistical analysis was performed using Prism 9. Results are plotted as all values obtained in
4, 3 or 2 independent experiments + SD. Data were analyzed by One-way Anova, followed by

multiple comparison using Tukey or Dunnett’s test.
3.2  Methods
3.2.1 Cultures of adherent cell lines

RD18 and U20S adherent cell lines were thawed from nitrogen-frozen stocks and cultured in
T25 flasks with complete DMEM or RPMI medium, respectively. Cell were harvested
accordingly to scheduled experiments or passed 3 times a week when confluence was around
70%. According to the type of assay, cells were seeded in T25 flasks (flow cytometry) or 94-
well transparent or white plates (cell viability and apoptosis). Details will be described in the

following paragraphs.
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Adherent cells were counted in Neubauer chamber using Trypan Blue or by Cellometer Auto
2000 Cell Viability Counter using AO/PI viability staining in disposable chambers. Cells
were used for the establishment of cell line-derived single spheroids and organoids and for
flow-cytometry, cell viability or apoptosis assays. After passage 10, adherent cells were
validated by Laragen before to be discarded. Number of cells/well for the different assays and

seeding methods will be described in the following paragraphs.
3.2.2 Analysis of markers expression by flow cytometry in adherent cells

Expression of selected markers, CD133, TfR1, EGFR1 and Her2, was examined by flow
cytometry after staining with conjugated primary antibodies, antiCD133-APC (1:20),
antiTfR1-PE (1:50), antiEGFRI1-FITC (1:10) and antiHer2-APC (1:10). For adherent RD18
and U20S cells, 500.000 cells/sample were collected in falcon starting from 70% confluent
T25 flask. Samples were centrifuged at 400 g for 5 minutes, washed with 1 ml of cold PBS
containing 1% FBS, centrifuged again and incubated in the dark for 30 min on ice in a volume
of 100 pl containing the specific dilution of fluorophore-conjugated primary antibody:
antiTfR1-PE (1:50), antiEGFR1-FITC (1:10), antiHer2-APC (1:10), antiCD133-APC (1:20).
Then samples were washed twice and resuspended in 500 pl of cold PBS containing 1% FBS.

Stained- adherent cells were analyzed by flow cytometry Attune NxT cell analyzer (UCLA).
3.2.3 Cell viability in adherent cell lines by MTS assay

Adherent cell viability was assessed by MTS using the CellTiter 96® AQueous One Solution
Cell Proliferation Assay, a colorimetric kit designed to determine the metabolic activity and
viability of cells. In MTS assay, tetrazolium MTS compound is bio-reduced by metabolically
active cells to a red colored formazan product, which is RPMI-soluble. NADPH-dependent
dehydrogenases, present in viable cells, are the enzymes responsible for this. The measure of
resulting formazan solution absorbance at 492 nm is proportional to the number of
metabolically active cells, thus to viable cells. RD18 and U20S were seeded (5000 cells/well
in 100 pl of complete DMEM and RPMI complete medium, respectively) in 96-well
transparent microtiter plates. After 24 hours, medium was fully removed and replaced with
DMEM or RPMI-containing the indicated scalar dilutions of unconjugated RIP (from 0.01 to
10.000 nM), carrier alone (from 0.01 to 100 nM) or IT (from 0.01 to 100 nM). After 72 h of
continuous treatments, payloads-containing medium was removed and CellTiter 96 AQueous

One Solution Reagent was added with a 1:6 dilution factor (CellTiter Reagent-RPMI) in a
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final volume of 120 pl. Plate were incubated 1 h at 37°C and immediately after, absorbance
was measured at 492 nm using the microtiter plate reader Multiscan EX. Data have been

normalized to vehicle values and plotted with Prism 9.
3.2.4 Imaging of adherent cells

Morphological analysis of adherent cells was performed using a phase-contrast microscope
with a digital camera from Nikon Eclipse TS100. Imaging of 96-well plates, used for MTS or

Caspase 3/7 assays, was assessed at each ending time point.
3.2.5 Caspase 3/7 activation assay in adherent cells

In adherent cells, involvement of apoptotic cell death was assessed by measuring effector
caspase activation. Caspase 3/7 activation was evaluated by the luminescent assay Caspase-
Glo® 3/7, which contains a luminogenic caspase substrate with a tetrapeptide sequence,
DEVD-aminoluciferin, recognized by caspase 3/7 and a thermostable luciferase. Once
caspases cleave the substrate, it is generated aminoluciferin, which is used by the luciferase,
generating a luminescent signal that is proportional to caspase-3/7 activity. RD18 and U20S
were seeded (5000 cells/well in 100 pl of complete DMEM and RPMI complete medium,
respectively) in 96-well white plates. 24 hours after seeding, RD18 and U20S adherent cells
were treated with the ICso of the selected ITs, calculated in relative 72 h dose-response curves,
and the same concentration was chosen for the unconjugated RIPs (in 100 pul of DMEM or
RPMI complete medium). After 8, 16 or 24h, medium was fully removed and 100 ul of
Caspase-Glo® 3/7, diluted 1:2 in RPMI complete medium, were added. Plates were shaken
for 5 minutes at 420 rpm and incubated for 20 minutes in the dark at RT. Luminescent signal
was measured by Fluoroskan Ascent FL (integration time 10 sec). Data have been normalized

to vehicle values and plotted with Prism 9.
3.2.6 [Establishment of cell line-derived single spheroids

When 70% confluence was achieved, RD18 and U20S adherent cells were trypsinized and
resuspended in DMEM F-12 complete medium reaching a single-cell suspension. Cells were
counted in Neubauer chamber using Trypan Blue. RD18 or U20S adherent cells were seeded,
without touching bottom plate, in ultra-low attachment black 96-well U-bottom plate to allow
one single-spheroid formation for each well. This surface is composed by a hydrophilic,

neutrally charged hydrogel coating, covalently bound to a polystyrene vessel surface.
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Hydrogel coating inhibits specific and non-specific cell-surface interaction, thus forcing cells
to grow in a suspension state and enabling single spheroids formation. Starting from RD18
and U20S single cell suspension, we seeded 5000 cells/well in 100 pl of DMEM-F12
complete medium, drop by drop, without touching the bottom of the well. Immediately after
seeding, plates were centrifuged at 400 g for 5 minutes to concentrate all cells in the bottom
of the well. Single spheroids were monitored every day using a phase-contrast microscope
with a digital camera. Single spheroids were used for flow-cytometry, cell viability and
apoptosis experiments. Number of cells/well for the different assays and seeding methods will

be described in the following paragraphs.
3.2.7 Analysis of markers expression by flow cytometry in single spheroids

Expression of selected markers, CD133, TfR1, EGFR1 and Her2, was examined by flow
cytometry after staining with conjugated primary antibodies, antiCD133-APC (1:20),
antiTfR1-PE (1:50), antiEGFR1-FITC (1:10) and antiHer2-APC (1:10). Starting from RD18
and U20S single cell suspension, we seeded 5000 cells/well in ultra-low attachment black 96-
well U-bottom plates, as described in “single-spheroid formation assay”. After indicated
single spheroids formation time, we removed medium and incubated them with 100 pl/well of
1% trypsin/EDTA for 10 minutes at 37°C to allow single spheroids dissociation. We added
100 pl/well of DMEM-F12 complete medium and gently pipetted dissociated single
spheroids. We centrifuged plates at 400 g for 5 minutes, removed medium and incubated them
in 100 pl/well of fluorophore-conjugated primary antibody for 30 minutes in the dark on ice.
After 3 washes, each of them followed by a centrifugation step, samples were resuspended in
100 pl/well of PBS containing 1% FBS. Stained-single spheroids were analyzed by flow
cytometry Cytoflex analyzer (CRBA).

3.2.8 Cell viability in single spheroids by ATP assay

Single spheroids viability was measured by ATP assay using the luminometric CellTiter-
Glo® 3D Cell Viability kit. The assay is specifically designed for determining amount of
intracellular ATP, produced by viable cells, in 3D microtissue. The assay reagent penetrates
large single spheroids and has increased lytic capacity, allowing accurate determination of 3D
viability compared to other methods. The kit used is based on the luciferin/luciferase reaction
that produces the oxyluciferin luminescent product when ATP is present. The luminescent

signal is directly proportional to ATP amount produced by cells. Single-suspension RD18 and
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U20S cells (5000 cells/well resuspended in 100 pl of DMEM-F12 complete medium) were
seeded drop by drop, without touching well bottom, in ultra-low attachment black 96-well U-
bottom plate to allow single spheroids formation. Plates were centrifuged at 400 g for 5
minutes. After the indicated growth time, medium was slowly removed (being careful not to
aspirate the spheroid) and replaced by the indicated scalar dilutions (see adherent cells
viability section) of payloads for 72 h. Then, treatments were slowly aspirated and 100 pl of
CellTiter-Glo 3D reagent, diluted 1:2 in DMEM-F12 complete medium, were added. Plates
were shaked at 420 rpm for 5 minutes, to induce cell lysis, and incubated for 25 minutes in the
dark at RT to stabilize the luminescent signal. Luminescent signal was measured by
Fluoroskan Ascent FL (integration time 1 sec). Data have been normalized to vehicle values

and plotted with Prism 9.
3.2.9 Imaging of single spheroids

Morphological analysis of single spheroids was performed using a phase-contrast microscope
with a digital camera from Nikon Eclipse TS100. Imaging of 96-well plates, used for ATP or

Caspase 3/7 assays, was performed at each ending time point.
3.2.10 Caspase 3/7 activation assay in single spheroids

The involvement of caspases in single spheroids and was evaluated using the Caspase-Glo®
3/7 3D luminometric kit, which, while operating with the same mechanism as Caspase-Glo®
3/7, has a better lithic capacity, essential for 3D models. Single-suspension RD18 and U20S
cells (5000 cells/well resuspended in 100 pul of DMEM-F12 complete medium) were seeded
drop by drop, without touching well bottom, in ultra-low attachment black 96-well U-bottom
plate to allow single spheroids formation. Seeding method was the same used for viability
assays. After appropriate single spheroids growing time, medium was slowly removed and
replaced with treatments. Single spheroids were incubated with the ICso of the selected ITs,
calculated in relative 72 h dose-response curves, and the same concentration was chosen for
the unconjugated RIPs (in 100 pl of DMEM-F12 complete medium). After 8, 16 or 24 h,
medium was carefully removed and 100 pl of Caspase-Glo® 3/7 3D, diluted 1:2 in DMEM-
F12 complete medium, were added. Plates were shaken for 5 minutes at 420 rpm and
incubated for 30 minutes in the dark at RT. Luminescent signal was measured by Fluoroskan
Ascent FL (integration time 10 sec). Data have been normalized to vehicle values and plotted

with Prism 9.
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3.2.11 Establishment of cell line-derived organoids

When 70% confluence was achieved, RD18 and U20S adherent cells were trypsinized and
resuspended in thawed DMEM or RPMI complete medium. After centrifugation (400 g for 5
minutes), pellet was resuspended in cold DMEM or RPMI complete medium, and cell
suspension was filtered through 100 pm strainer and placed in ice. Counting was performed
by Cellometer Auto 2000 Cell Viability Counter using AO/PI viability staining in disposable
chambers. According to the number of cells/well needed, an aliquot of cold cell suspension
was centrifuged (400 g for 5 minutes) and resuspended in a 1:1.33 Mammocult-Matrigel
mixture. Hereinafter, all steps were performed on ice. Briefly, calculated volume of cold
Mammocult complete medium was added to cell pellet and resuspended by pipetting. Then,
calculated volume of cold Matrigel was added to Mammocult-cell suspension. Mammocult-
Matrigel-cell mixture was resuspended multiple times to ensure homogenous mixing avoiding
bubbles formation. Mixture was vortexed 3 times for 5 seconds at low rpm and placed back
on ice after each vortexing step, then it was immediately used for seeding in IHC, flow-
cytometry or viability/apoptosis experiments. Number of cells/well, specific Mammocult-
Matrigel-cell mixure volume used for the different assays and seeding methods will be

described in the following paragraphs.
3.2.12 Analysis of markers expression by flow cytometry in cell-derived organoids

Expression of selected markers, CD133, TfR1, EGFR1 and Her2, was examined by flow
cytometry after staining with conjugated primary antibodies, antiCD133-APC (1:20),
antiTfR1-PE (1:50), antiEGFRI1-FITC (1:10) and antiHer2-APC (1:10). For adherent RD18
and U20S cells, 500.000 cells/sample were collected in falcon starting from 70% confluent
T25 flask. For RD18 and U20S-derived organoids, we seeded 20.000 cells/well in 24-well
plates to allow maxi-ring organoids formation in 6 days. Two wells have been seeded for each
experimental condition. After 6 days, we aspirated all media in maxi-ring containing wells
and we carefully washed them with 1 ml of warm PBS. Then we added 1 ml of Dispase
solution per well to allow organoids release from Matrigel and incubated plate for 20 minutes
at 37°C. To dislodge them, we gently pipetted and transferred the organoids to falcon tube.
Samples were centrifuged at 800 g for 5 minutes, washed with 1 ml of cold PBS containing
1% FBS, centrifuged again and incubated in the dark for 30 min on ice in a volume of 100 ul

containing the specific dilution of fluorophore-conjugated primary antibody. Samples were
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washed twice and resuspended in 500 pL of cold PBS containing 1% FBS. Stained-organoids
were analyzed by flow cytometry Attune NxT cell analyzer (UCLA).

3.2.13 IHC processing of cell line-derived organoids: seeding, fixing, paraffin

embedding and cutting

For IHC experiments, maxi-rings organoids were established in 24-well plates starting from
cold RDI8 or U20S Mammocult-Matrigel mixture. We used a P200 pipette with a low
attachment 300 pL tip to resuspend up and down a few times. We aspirated 70 pL/well of the
mixture and, keeping the tip at a 45 degree angle, ejected the mixture slowly while moving
the tip in a circular motion around the rim at the bottom of a single well in a 24 well plate. To
ensure homogeneity, it is necessary vortex shortly every 3 wells, together with tip change as
well as stop pipetting at the first resistance of the pipet dispenser to avoid introducing air
bubbles. Once all maxi-rings were plated, we quickly incubated the plate to a humidified
37°C incubator at 5% CO2 for a minimum of 45 minutes. After the rings were visibly
solidified, we added 1 ml of the pre-warmed Mammocult drop-by-drop directly to the center
of the wells using a P1000. For histology characterization, we seeded 20.000 cells/well and
after 2 days, we treated them with the ICso of Saporin for 72 h. For each experimental
condition (vehicle or ICso s06), Four wells have been seeded and then collected after
incubation time. To verify integrity and homogeneity of maxi-rings, we imagined plates every
day using Celigo S Image Cytometer. After 6 days from seeding, we aspirated all media from
each well without breaking or touching maxi-rings and washed them with 500 pl of warm
PBS. Then, we carefully removed PBS and added 500 pl/well of 10% buffered formalin. We
shortly incubated 24-well plate at 37°C for 5 minutes and for another 30 min on ice before to
leave the plate at 4°C O.N. The morning after, we transferred all the wells/condition (4
wells/condition) to a falcon tube, taking care to scrape all maxi-ring-containing organoids and
washing each well with 1 ml of PBS. Samples were centrifuged for 5 minutes at 2000 g and
supernatant was aspirated without disturbing the pellet. 4 pl of melted histogel were added to
the pellet followed by a quick vortex and spin and let it solidify for 4 minutes on ice. In the
meantime, we labelled a histology cassette with a pencil, and we added 5 pl of histogel to the
cassette letting it solidify. Using a spatula, we carefully placed the organoids-histogel pellet
on top of the histogel already solidified in the cassette. Then, we added 5 pl of histogel on top
of the pellet to stabilize it. We proceeded by closing the cassette, wrapping it in parafilm and

leaving it on ice for 2-3 min. We placed the unwrapped cassette in a beaker- containing 70%
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EtOH before to proceed with standard paraffin embedding (UCLA - Translational Pathology
Core Laboratory - TPCL). Before cutting, blocks of paraffin-embedded samples were cooled
down at -20°C for 30 minutes. When ready, blocks were placed on microtome where sections
of 4 um were obtained. After cutting 8-10 slices, we picked them up and then placed them in
the water bath (pre-warmed at 37°C). We used microscope slides to collect sample slices that

were left to dry for further staining experiments.
3.2.14 Hematoxylin and Eosin staining of cell line-derived organoids

Paraffin-embedded slices of cell line-derived organoids were baked in 1Q Kinetic desert bath
at 45° for 20 minutes to remove paraffin from samples. Hereinafter, it is necessary blotting off
liquid excess after each step. We proceeded with hydration steps as follow: immerse slides in
xylene for 5 min, 3 times, then in 100% ethanol for 2 min, 2 times. For H&E staining, we
used staining Vector Labs Kit, using an optimized protocol; we incubated slides in
Hematoxylin for 1 minute and rinsed them in 2 bakers containing 1L of tap water (15 seconds
each). Then we applied to slides Bluing reagent for 5 minutes and rinsed them again in 2
bakers of 1L of tap water (15 seconds each). We quickly immersed slides in 100% ethanol for
10 seconds, blotted off excess and applied Eosin Y to slides for 2 minutes. We immersed
again slides in 100% ethanol for 10 seconds and proceeded with dehydration steps as follow:
immerse in 100% ethanol for 2 min, 2 times, then quickly in xylene for 5 min, 3 times.
Coverslip mounting was performed using Permount. Slides were left to dry under a chemical
hood O.N. The day after, images were acquired through a revolve upright and inverted

microscope system.
3.2.15 IHC characterization of cell line-derived organoids: ki67/Caspase 3 staining

Paraffin-embedded slices of cell line-derived organoids were de-paraffinized as described
above (section 3.2.5). Hereinafter, it is necessary blotting off liquid excess after each step. We
proceeded with hydration steps as follow: immerse slides in xylene for 10 minutes, 3 times, in
100% ethanol for 2 min, 2 times, then in first 95% ethanol bath, in second 95% one and in
70%, 50%, 25% ethanol bath for 2 minutes each. We placed slides in glass slide holder
contaning diH,O and for 10 minutes on a shaker at low speed. After, slides were completely
dried, we performed first blocking with Peroxidaze 1 incubating slides at RT for 4 minutes.
Slides were washed in TBS and antigen heat retrieval was made with 2100-Retriever using

Diva Decloaker solution. Then, slides were deeply washed in diH,O and were incubated again
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with Peroxidaze 1 at RT for 2 minutes. After multiple washing with TBS, we incubated slides
with background punisher universal blocker at RT for 5 minutes. Immediately after, we
performed primary staining with abl ki67/Caspase 3: ki67 slides were incubated 2h at RT
while Caspase 3 ones O.N. at 4°C. After primary antibody staining, slides were deeply
washed in TBS, stained with abll MACH 2 Double Stain 2 at RT for 40 minutes and washed
again in TBS. Then, we proceed with detection as follow: ki67 slides were incubated with
DAB at RT for 1 minute while Caspase 3 slides were incubated with Warp Red at RT for 7
minutes. Counterstain was performed with 10% Hematoxylin at RT for 10 minutes. All
detection steps were quenched with diH20. Dehydration steps consisted of: immerse in 50%
and in 70% ethanol bath for 2 minutes each, then in first and second 95% ethanol bath for 2
minutes each, in 100% ethanol for 2 min, 2 times and in xylene for 10 minutes, 3 times.

Coverslip mounting and imaging was performed as described in section 3.2.14.
3.2.16 Cell viability in cell line or patient-derived organoids by ATP assay

Cell line-derived or patients-derived organoids viability was measured by ATP assay using
the luminometric CellTiter-Glo® 3D Cell Viability kit. For cell viability experiments, mini-
ring organoids were established in white 96-well plates starting from cold RD18, U20S or
processed biopsy patient SARCO116 Mammocult-Matrigel mixture. For organoids viability
screening, we seeded 1000 cells/well for cell-derived organoids and 5000 cells/well for
patients-derived organoids. We used a P20 pipette with a low attachment 20 pL tip to
resuspend up and down a few times. We aspirated 10 pL of the mixture and, keeping the tip at
a 45 degree angle, ejected the mixture slowly while moving the tip in a circular motion
around the rim at the bottom of a single well of the 96-well plate. To ensure homogeneity, it is
necessary vortex shortly every 3 wells, together with tip change as well as stop pipetting at
the first resistance of the pipet dispenser to avoid introducing air bubbles. Once all mini-rings
were plated, we quickly incubated the plate to a humidified 37°C incubator at 5% CO2 for
a30 minutes to allow mini-rings solidification. All steps described below were performed with
the robotic system EpMotion. After 30 minutes, we added 100 pL of the pre-warmed
Mammocult directly to the center of the wells. To minimize evaporation, we also added pre-
warmed PBS to empty wells (100 uL) and to space between wells (50 uL). We incubated in a
humidified 37°C incubator at 5% CO2 for 2 days (cell-derived organoids) or 3 days (patients-
derived organoids) prior to media removal and payload treatments with indicated scalar

dilution of payloads for 72 h. To verify establishment, integrity and homogeneity of mini-
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rings, we imagined plates every day using Celigo S Image Cytometer. After 72 h, payload-
containing-Mammocult medium was removed and wells were washed with 100 pl of pre-
warmed PBS. To release organoids from Matrigel, we incubated them at 37 °C for 25 minutes
in 50 ul/well of 5 mg/mL Dispase solution and shaked plate on plate shaker for 5 minutes at
80 rpm. Then we added 30 pl (cell derived-organoids) or 75 pl (patients-derived organoids) to
each Dispase-containing well. We shaked plate for additional 5 minutes at 80 rpm and
incubated it for 20 minutes at RT in the dark to stabilize the luminescent signal. Luminescent
signal was measured by SpectraMax iD3 (integration time 500 ms). Data have been

normalized to vehicle values and plotted with Prism 9.
3.2.17 Organoids imaging

Morphological analysis of cell or patients-derived organoids was performed daily by Celigo S
Imaging Cell Cytometer, in bright-field mode, through Celigo S Software. Imaging of 96 or
24-well plates, used for ATP or Caspase 3/7 assays or flow-cytometry/I[HC experiments, was
performed using two focal planes of confluence. The morphological analysis was qualitative;

indeed it was evaluated the homogeneity of the organoids and their distribution in space.
3.2.18 Caspase 3/7 activation assay in cell-derived organoids

Involvement of apoptotic cell death was assessed by measuring effector caspase activation.
The involvement of caspases in cell-derived organoids was evaluated using the Caspase-Glo®
3/7 3D luminometric kit, which, while operating with the same mechanism as Caspase-Glo®
3/7, has a better lithic capacity, essential for 3D models. RD18 and U20S organoids
(1000/well) were seeded in 96-well white plates. Seeding method was the same used for
viability assays. Two days after seeding, RD18 or U20S derived-organoids were treated with
the ICso of the selected ITs, calculated in relative 72 h dose-response curves, and the same
concentration was chosen for the unconjugated RIPs (in 100 ul of Mammocult complete
medium). After 8, 16, 24, 48 and 72 h, medium was fully removed and wells were washed
with 100 pl of pre-warmed PBS. To release organoids from Matrigel, we incubated them at 37
°C for 25 minutes in 50 pl/well of 5 mg/mL Dispase solution and shaked plate on plate shaker
for 5 minutes at 80 rpm. Then we added 50 pl of Caspase-Glo® 3/7 3D to each Dispase-
containing well. We shaked plate for additional 5 minutes at 80 rpm and incubated it for 30

minutes at RT in the dark to stabilize the luminescent signal. Luminescence was measured by
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SpectraMax iD3 (integration time 500 ms). Data have been normalized to vehicle values and

plotted with Prism 9.
3.2.19 Establishment of patient-derived organoids

Rhabdomyosarcoma SARCO0116 (2) fresh tumor specimens were obtained from a consented
UCLA patient (IRB#10-001857; IRB#19-002214). To perform compounds screening, human
tumor tissue was processed as described in Nguyen and Soragni 2020 [*2*]. We minced the
tumor sample (1-3 mm?® fragments) using a bistoury in a sterile petri dish and added 5 ml of
collagenase IV (200 U/ml) to start first enzymatic digestion. We collected the fragments in a
50 ml Falcon tube, washed the dish with an additional 5 ml of collagenase and incubated it at
37°C for 2h. After first digestion, we collected the cell suspension-containing supernatant
(used for clinical-approved drug screening at Soragni Lab) and incubated undigested large
tumor fragments with collagenase IV at 37°C for additional 2h. After second digestion, we
collected the cell suspension-containing supernatant (used for clinical-approved drug
screening at Soragni Lab) and incubated undigested large tumor fragments with collagenase
IV at 37°C O.N. After third digestion, we collected the cell suspension-containing supernatant
and centrifuged it at 600 g for 5 minutes. We carefully aspirated supernatant and pellet was
resuspended in in 1 ml of cold serum-free RPMI medium plus 9 ml of cold Ammonium
Chloride solution to allow red blood cell lysis. We incubated it on ice for 10 minutes,
inverting the tube every 2-3 minutes and centrifuged at 600 g for 5 min. To obtain a
homogenous cell suspension, we resuspended cell pellet in 1 ml of cold serum-free RPMI
medium and filtered it using a 100 um strainer. We washed the tube with additional 9 mL of
cold serum-free RPMI medium, passed it again in the same strainer and maintained cell
suspension (10 ml final volume) on ice. Counting was performed by Cellometer Auto 2000
Cell Viability Counter using AO/PI viability staining in disposable chambers. According to
the number of cells/well needed, an aliquot of cold cell suspension was centrifuged (400 g for
5 minutes) and resuspended in a 1:1.33 Mammocult-Matrigel mixture. Hereinafter, all the
steps were performed on ice. Briefly, calculated volume of cold Mammocult complete
medium was added to cell pellet and resuspended by pipetting. Then, calculated volume of
cold Matrigel was added to Mammocult-cell suspension. Mammocult-Matrigel-cell mixture
was resuspended multiple times to ensure homogenous mixing avoiding bubbles formation.
Mixture was vortexed 3 times for 5 s at low rpm and placed back on ice after each vortexing

step, then it was immediately plated for viability assay. Number of cells/well, used for
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viability assays, and seeding method will be described in the following paragraphs. For
SARCO116 we did not proceed with any other types of experiment because of the lack of

biological material; indeed, most of it was used for clinical-approved drug screening at

Soragni’s laboratory.
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4.1 Establishment of 2D model in culture plates

In order to evaluate the expression of the selected antigen as well as the antitumor effect of
immunoconjugates in 2D model, we decided to culture two sarcoma immortalized human cell
lines: RD18 (embryonal rhabdomyosarcoma) and U20S (osteosarcoma). Starting from
nitrogen-frozen stock, we thawed and cultured RD18 and U20S cells in T25 flasks with
complete DMEM or RPMI medium, respectively, allowing for the creation of cellular

monolayer, a well-known 2D model commonly used in preclinical research.

4.1.1 Flow cytometry analysis of CD133, TfR1, EGFR1 and Her2 expression in adherent

sarcoma cells

The selection of tumor markers was made basing on the results found in the literature related
to the overexpression of antigens in stabilized cell lines or in primary cultures of early or
advanced sarcoma [?2%226:227:228] Therefore, we selected the transferrin receptor 1 (TfR1), the
epidermal growth factor receptor 1 and 2 (EGFR1, Her2) as targets. To evaluate the intensity
of expression of the selected tumor markers on RD18 and U20S adherent cell lines, flow
cytometry analysis was carried out using fluorophore-conjugated primary antibodies:
antiTfR1-PE (1:50), antiEGFR1-FITC (1:10), antiHer2-APC (1:10). Moreover, to verify the
possible expression of the CD133 stem cell marker, thus evaluating the presence of staminal
properties on cell model, the antiCD133-APC (1:20) antibody was also used [**°].
Considering the previous data reported in literature, U937 cells were chosen as non-target
cells [?°, 2!, For adherent RD18 and U20S target cells and non-target U937 cells,
expression of selected markers, CD133, TfR1, EGFR1 and Her2, was examined by flow
cytometry after staining with fluorophore-conjugated primary antibodies. Flow cytometry
graphs are reported in Figure 1A (RD18 cell line), 1B (U20S cell line) and 1C (U937 cell

line).
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Figure 1. A) Flow cytometry expression of CD133, TfR1, EGFR1 and Her2 on RD18 adherent cells.
B) Flow cytometry expression of CD133, TfR1, EGFR1 and Her2 on U20S adherent cells. C) Flow
cytometry expression of CD133, TfR1, EGFRI1 and Her2 on U937 non-target cells. Samples were
incubated with antiCD133-APC (1:20), antiTfR1-PE (1:50), antiEGFR1-FITC (1:10) and antiHer2-
APC (1:10) in PBS containing 1% FBS. Above, negative control for each fluorophore represented by
unstained samples, below stained cells with fluorophore-conjugated antibodies. Results are
representative of 3 independent experiments. Adherent cells were analyzed by flow cytometry Attune
NxT cell analyzer (UCLA).

Staminal marker CD133 had a low expression on both adherent cell lines; however, we
should probably verify the expression of the others staminal markers before to arrive at any
conclusion. As reported in table 9, RD18 and U20S strongly overexpressed TfR1 (98% in
RD18, 99% in U20S) and EGFR1 (91% in RD18, 87% in U20S), while Her2 was expressed
lower that the other two markers (56% in RDI18, 57% in U20S). To verify that the
overexpression of markers was selective on target cells, U937 cell line was chosen as non-
target cell. As showed in Figure 1C, all the selected antigens, staminal marker included,

showed a low or no expression on U937 cell line (Table 9).

4.1.2 Cell viability assays in adherent sarcoma cells

On the basis of flow-cytometry results showing that TfR1, EGFR1 and Her2 were highly
expressed on both RD18 and U20S cell lines, we selected 3 ITs, directed against such
antigens to assess their possible antitumor effect and present on ITs biobank of Prof. Andrea
Bolognesi’s Toxic Enzymes and Immunotargeting Laboratory. These are transferrin-Saporin
(Tt-S0O6), oEGFRI1-Ocymoidine (aEGFR1-Ocy), aHer2-Ocymoidine (aHer2-Ocy). As
reported in the “Materials and methods section”, conjugation of carrier and toxic payloads

53



Chapter 4 — Results

was previously performed via the insertion of artificial disulphide bonds. Transferrin (Tf,
ligand carrier) was conjugated to the type 1 RIP saporin (toxic payload), composing the
conjugate Tf-SO6 that targets TfR1 as transferrin is the ligand of TfR1. Type I RIP
ocymoidine (toxic payload) was conjugated to aEGFR1 (antibody carrier) and aHer2
(antibody carrier), composing immunotoxin aEGFR1-Ocy, directed against EGFRI1, and
aHer2-Ocy, targeting Her2. Specific cytotoxicity induced by ITs was compared to the
corresponding unconjugated RIPs, saporin (SO6) and ocymoidine (Ocy), and to the carrier
alone, Tf, aEGFR1 and aHer. IT and RIP concentrations inhibiting cell viability by 50%
(ICso) values among cell models are reported in Table 10. To test the cytotoxic effect of ITs
on adherent RD18 and U20S cell lines, cell viability was assayed by MTS assay after 72 h of
continuous treatment with ITs, unconjugated RIP or carrier alone (Figure2 and 3). In the
RDI18 cell line, Tf-SO6 conjugate showed an enhanced targeted efficacy compared to
unconjugated RIP saporin or carrier alone transferrin. For example, as showed in Figure 2A,
at the concentration of 1 nM, the cytotoxicity of Tf-SO6 was significantly higher compared to
unconjugated RIP or carrier. Tf-SO6 had an ICso value of 1.3 nM, while unconjugated SO6
and Tf alone had values of 24.2 nM and >100 nM, respectively (Table 1), meaning that the IT
was 18 times more toxic than unconjugated RIP. aEGFR1-Ocy IT was more cytotoxic than
unconjugated RIP ocymoidine or carrier alone tEGFR1. At the concentration of 0.01 nM, the
cytotoxicity of aEGFR1-Ocy started to be significantly higher compared to unconjugated RIP
or carrier (Figure 2B). aEGFR1-Ocy had an ICso value of 0.3 nM, while unconjugated Ocy
and aEGFRI1 alone had values of 58.9 nM and >100 nM, respectively. Overall, the IT was

=200 times more cytotoxic than unconjugated RIP (Table 1). Furthermore, aHer2-Ocy also

showed a greater cytotoxic effect compared to unconjugated RIP saporin or carrier alone
aHer2 (Figure 2C). aHer2-Ocy started to be significantly more toxic at 10 nM compared to
unconjugated RIP or carrier (Figure 2C); aHer2-Ocy had an ICso value of 8.8 nM, while
unconjugated Ocy and aHer2 alone had values of 58.9 nM and >100 nM, respectively,
showing a specific toxicity 6 times greater than unconjugated RIP (Table 1). In the U20S
adherent cell line, Tf-SO6 conjugate showed an enhanced targeted efficacy compared to
unconjugated RIP saporin or carrier alone transferrin. Figure 3A clearly shows that, at the
concentration of 0.1 nM, the cytotoxicity of Tf-SO6 was significantly higher compared to
unconjugated RIP or carrier. Tf-SO6 had an ICso of 0.1 nM, while unconjugated SO6 and Tf
alone ICso was 13.1 nM and >100 nM, respectively (Table 2), implying that IT was over 2

order of magnitude more toxic than unconjugated RIP. aEGFR1-Ocy IT was more cytotoxic
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than unconjugated RIP ocymoidine or carrier alone aEGFR1. Indeed, as reported in Figure
3B, the cytotoxicity of aEGFRI1-Ocy started to be significantly higher compared to
unconjugated RIP at 0.01 nM. Moreover, tEGFR1-Ocy had an ICso value of 1.3 nM, while
unconjugated Ocy and aEGFRI1 alone had values of 73.9 nM and >100 nM, respectively.
Thus, the IT was 56 times more cytotoxic than unconjugated RIP (Table 2). Similarly, aHer2-
Ocy showed a great cytotoxic effect compared to unconjugated RIP saporin or carrier alone
aHer2. In fact, figure 3C shows that cytotoxic effect of aHer2-Ocy was significantly higher
rather than RIP alone at 0.01 nM, or carrier alone at 0.1 nM. aHer2-Ocy had an ICs¢ value of
3.7 nM, while unconjugated Ocy and aHer2 alone had values of 73.9 nM and >100 nM,
respectively, with a toxicity 19 times greater than unconjugated RIP (Table 2). In order to
evaluate the specificity of the ITs, we evaluated IT efficacy on the irrelevant cell line, U937,
where it was already observed a low expression of all targets (Figure 4A, 4B and 4C). At the
highest dose (100 nM), all conjugates killed around 20-40% of cells with ICso value > 100
nM, meaning that IT-induced cytotoxicity was specific for target-cells since in non-target
ones, ICso values of the ITs and the negative ctrl (carrier) were equal (Table 3). Both in RD18
and U20S adherent cell lines, but not in the control cell line, all tested ITs showed an
enhanced efficacy compared to corresponding unconjugated RIP or carrier alone, with aHer2-

Ocy showing the lower effect among the 3 ITs tested.
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Figure 2. Dose-response curves on RD18 adherent cells. A) Cells were treated for 72 h with Tf-SO6,
unconjugated SO6 and Tf. B) Cells were treated for 72 h with aEGFR1-Ocy, unconjugated Ocy and
aEGFR1. C) Cells were treated for 72 h with aHer2-Ocy, unconjugated Ocy and aHer2. Cells
(5000/well) were seeded in transparent 96-well plates in a final volume of 100 pl of DMEM complete
medium containing appropriate concentration of compounds. Viability was evaluated using a
colorimetric assay based on MTS reduction. Results are the means of two independent experiments,
each performed in triplicate. Statistical analysis was performed with Prism 9 using ANOVA/Tukey’s
multiple comparison test (**** p <0.0001). Data have been normalized to vehicle values (PBS) and
plotted with Prism 9.

Table 1. ICso values related to RD18 adherent cells treated for 72 h with ITs, unconjugated RIPs and
carriers. ICso were calculated using non-linear regression (Prism).

Tf SO6 | Tf-SO6 | tEGFR1 | Ocy aEGFRI- aHer2 gkierzs
Ocy Ocy
ICso
>100 24.2 1.3 >100 58.9 0.3 >100 88
(nM)
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Figure 3. Dose-response curves on U20S adherent cells A) Cells were treated for 72 h with T{-SO6,
unconjugated SO6 and Tf. B) Cells were treated for 72 h with aEGFR1-Ocy, unconjugated Ocy and
aEGFR1. C) Cells treated for 72 h with aHer2-Ocy, unconjugated Ocy and aHer2. Cells (5000/well)
were seeded in transparent 96-well plates in a final volume of 100 pl of RPMI complete medium
containing appropriate concentration of compounds. Viability was evaluated using a colorimetric
assay based on MTS reduction. Results are the means of two independent experiments, each
performed in triplicate. Statistical analysis was performed with Prism 9 using ANOVA/Tukey’s
multiple comparison test (**** p < 0.0001). Data have been normalized to vehicle values (PBS) and
plotted with Prism 9.

Table 2. ICso values related to U20S adherent cells treated for 72 h with ITs, unconjugated RIPs and
carriers. ICso were calculated using non-linear regression (Prism 9).

Tf | SO6 |TSO6|aEGFR1| Ocy |*FOFRI-| (e | ofler2-
Ocy Ocy
ICso
>100 | 13.1 | 0.1 >100 | 73.9 13 ~100 | 3.7
(nM)
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Figure 4. Dose-response curves on U937 non-target cells A) Cells were treated for 72 h with Tf-SO6,
unconjugated SO6 and Tf. B) Cells were treated for 72 h with aEGFR1-Ocy, unconjugated Ocy and
aEGFR1. C) Cells were treated for 72 h with aHer2-Ocy, unconjugated Ocy and aHer2. Cells
(5000/well) were seeded in transparent 96-well plates in a final volume of 100 ul of RPMI complete
medium containing appropriate concentration of compounds. Viability was evaluated using a
colorimetric assay based on MTS reduction. Results are the means of two independent experiments,
each performed in triplicate. Statistical analysis was performed with Prism 9 using ANOVA/Tukey’s
multiple comparison test (**** p < 0.0001). Data have been normalized to vehicle values (PBS) and
plotted with Prism 9.

Table 3. 1Cso values related to U937 non-target cells treated for 72 h with ITs, unconjugated RIPs and
carriers. ICso were calculated using non-linear regression (Prism 9).

Tf | SO6 |TfS06|aEGFR1| Ocy |“FCFRI-1 jherp | ¢Her2-

Ocy Ocy

ICso | 100 | 477 | >100 | >100 1076 >100 >100 | >100
(nM)

4.1.3 Representative imaging of viability experiments in RD18 adherent cells

Imaging of RD18 adherent cells MTS viability assay reports the morphological analysis of
adherent cells treated with the indicated IT, RIP or carrier for 72 h at the concentration of 100
nM. As clearly reported in Figure 5, representative imaging confirmed the results already

obtained in viability assay.
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Figure 5. Representative imaging of MTS assay on RD18 adherent cells. Cells were treated with the
indicated IT and RIP or carrier alone for 72 h at 100 nM. Vehicle represents control samples (PBS).
Imaging was performed using a phase-contrast microscope with a digital camera from Nikon Eclipse
TS100 with 100x magnification.

4.1.4 Time-dependent effect of ITs on caspase 3/7 activation in RD18 and U20S

adherent cells

It has been previously reported that type I RIPs and corresponding ITs could induce apoptosis
in target cells (2322332341 Therefore, we decided to evaluate the effector caspase 3/7 activation
in RD18 and U20S cell lines treated with ITs or RIPs. Effector caspases 3/7 activation was
measured after 8, 16 and 24 h of treatment. Both cell lines were treated with the ICso
concentrations of each IT (previously calculated in adherent cells dose-response curves). For
unconjugated RIPs, we used the same concentration of the corresponding IT. To further verify

the correlation between caspase activation and viability, we performed in parallel a cell
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viability assay. All ITs tested induced a significant activation of caspase 3/7 compared to
control (PBS) at 16 h and 24 h in both RD18 and U20S adherent cells (p < 0.0001). After 16
h of treatment, all the three ITs induced similar intensity of caspase 3/7, activation reaching
values from 200 to 250% compared to control (PBS). After 24 h, caspases 3/7 activation
increased, achieving values from 300 to 350% compared to control (PBS). RIPs were not able
to activate effector caspases at any time tested respect to control (PBS) (Figure 6 and 7). We
compared IT-deriving caspase activation with that one induced by RIPs at 8, 16, and 24 h.
Both at 16 h and 24 h, all ITs induced a significantly higher caspase 3/7 activation compared
to that one induced by RIP alone at the same times (p < 0.0001). Interestingly, in U20S
adherent cells, aHer2-Ocy-induced apoptosis was significantly higher, compared to Ocy alone
or control values, also at 8 h (p < 0.0001, Figure 7). IT-dependent apoptosis activation
proceeded in parallel with the decrease of viability (Figure 6 and 7). Caspase 3/7 activation
profile was very similar among ITs tested and between the two target cell lines used, thus
supporting the idea that type I RIP-based ITs can induce caspase-dependent apoptosis in

target cells.
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Figure 6. Caspases 3/7 activation in RD18 adherent cells exposed to ICso of Tf-SO6, aEGFR1-Ocy
and oHer2-Ocy or corresponding RIPs. Adherent cells (5000/well) were seeded in 96-well white
(apoptosis assay) or transparent (viability assay) plates in a final volume of 100 ul of DMEM complete
medium containing appropriate concentration of compounds. Caspase activity was compared to
viability and expressed as the percentage of control values (PBS). Results of caspase 3/7 activation
assay (bars) are the means of four independent experiments, each performed in duplicate. Results of
viability assay (lines) are the means of two independent experiments, each performed in triplicate.
Statistical analysis was performed with Prism 9 using ANOVA/Tukey’s multiple comparison test (p <
0.0001). Data have been plotted with Prism 9.
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Figure 7. Caspases 3/7 activation in U20S adherent cells exposed to ICso of Tf-SO6, aEGFR1-Ocy
and aHer2-Ocy or corresponding RIPs. Adherent cells (5000/well) were seeded in 96-well white
(apoptosis assay) or transparent (viability assay) plates in a final volume of 100 ul of RPMI complete
medium containing appropriate concentration of compounds. Caspase activity was compared to
viability and expressed as the percentage of control values (PBS). Results of caspase 3/7 activation
assay (bars) are the means of four independent experiments, each performed in duplicate. Results of
viability assay (lines) are the means of two independent experiments, each performed in triplicate.
Statistical analysis was performed with Prism 9 using ANOVA/Tukey’s multiple comparison test (p <
0.0001). Data have been plotted with Prism 9.

4.2 Establishment of 3D models

Tridimensional models have been used in preclinical cancer research as an intermediate
model between in vitro cancer cell line cultures and in vivo tumors. Indeed, 3D models
(mostly organoids and only in part spheroids) can better recapitulate characteristics and
architecture of original tumor. In order to compare the cytotoxic effect of selected ITs in 2D
(adherent cell lines) and 3D models of sarcoma, we established two different types of

tridimensional models: single spheroids and organoids.
4.2.1 RD18 and U20S single spheroid formation assay

In order to verity if the ITs could show an antitumor effect in 3D models and compare these
results with those ones already obtained in adherent cells, we generated a single-spheroid in
96-well plates. We used plates containing a specialized ultra-low attachment U-bottom
surface. As described in “Materials and methods section”, starting from RD18 and U20S
single cell suspension, we seeded 5000 cells/well in 100 pl of DMEM-F12 complete medium,
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drop by drop, without touching the bottom of the well. RD18 single spheroids were obtained
within a culture time of 72 h, while U20S single spheroids within 24 h (Figure 8). This
procedure allowed for the formation of a single spheroids in each well with homogeneous

sizes (2500 um), compact morphology and well-circumscribed edges.

24 h 48 h 72h

RD18

U20S

500 pm

Figure 8. Time-course single spheroid formation assay. 5000 cells/well were seeded in 100 ul of
DMEM-F12 complete medium in ultra-low attachment black 96-well U-bottom plates. Single-
spheroid formation was monitored daily using a phase contrast microscope with a digital camera (40%
magnification).

4.2.2 Flow cytometry analysis of CD133, TfR1, EGFR1 and Her2 expression in 3D

single-spheroid sarcoma model

To compare the marker expression level between 2D and 3D models, flow cytometry analysis
was performed on RD18 and U20S-derived single spheroids with the same concentration of
fluorophore-conjugated primary antibodies used for adherent cells. Moreover, to evaluate if

[235]

single spheroids could recapitulate the staminal features present on “in vivo” tumor “>°!, we

evaluated the expression of the CD133 stem cell marker. Overview of the results obtained
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among models are reported in Table 9 while single spheroids flow cytometry graphs are
reported in Figure 9A (RD18 single spheroids) and 9B (U20S single spheroids). Staminal
marker CD133 was overexpressed only on RD18 single spheroids (77%), while U20S single
spheroids showed low levels of CD133. This not necessarily means that the latter did not have
staminal features; we should probably analyze the expression of a panel of several staminal
markers before to arrive to any conclusion. RD18 and U20S strongly overexpressed TfR1
(84% in RD18, 98% in U20S) and EGFR1 (99% in RD18, 98% in U20S) while Her2 was
expressed at lower levels compared to the other two markers (77% in RD18, 73% in U20S).
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Figure 9. A) Flow cytometry expression of CD133, TfR1, EGFR1 and Her2 on RDI8 single
spheroids. B) Flow cytometry expression of CD133, TfR1, EGFR1 and Her2 on U20S single
spheroids. Samples were incubated with antiCD133-APC (1:20), antiTfR1-PE (1:50), antiEGFR1-
FITC (1:10) and antiHer2-APC (1:10) in PBS containing 1% FBS. Above, negative control for each
fluorophore represented by unstained samples, below stained cells with fluorophore-conjugated
antibodies. Results are representative of 3 independent experiments. Samples were analyzed by flow
cytometry Cytoflex analyzer (CRBA).
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4.2.3 Cell viability assays in single-spheroid 3D model

We performed ATP viability assay in RD18 and U20S single spheroids to evaluate if ITs
could have a possible antitumor effect also on this 3D model, and compared the toxic action
of conjugates between adherent cells and single spheroids. After appropriate formation times,
single spheroids were treated for 72 h with the indicated scalar dilutions of ITs, unconjugated
RIPs or carrier alone (Figure 10 and 11). In RD18 single spheroids, Tf-SO6 conjugate showed
a great targeted efficacy compared to unconjugated saporin or transferrin (Figure 10A).
Indeed, for each concentration tested, the cytotoxicity of Tf-SO6 was significantly higher
compared to unconjugated RIP or carrier (Figure 10A). Tf-SO6 had an ICso value of 5.4 nM,
while unconjugated SO6 and Tf alone had values of 314.6 nM and >100 nM, respectively
(Table 4), meaning that IT was 58 times more toxic than unconjugated RIP. Also, aEGFRI1-
Ocy IT was more cytotoxic than unconjugated ocymoidine or oEGFRI1. For each
concentration tested, the cytotoxicity of aEGFR1-ocy was significantly higher compared to
unconjugated RIP or carrier (Figure 10B). aEGFR1-Ocy had an ICs value of 2.8 nM, while
unconjugated Ocy and aEGFR1 alone had values of 751.9 nM and >100 nM, respectively.
Thus, the IT was 268 times more cytotoxic than unconjugated RIP (Table 4). In addition,
aHer2-Ocy showed a great cytotoxic effect compared to unconjugated RIP saporin or carrier
alone aHer2. Indeed, Figure 10C clearly showed that for each concentration tested, aHer2-
Ocy toxicity was significantly higher compared to unconjugated RIP or carrier. aHer2-Ocy
had an ICso value of 6.8 nM, while unconjugated Ocy and aHer2 had values of 751.9 nM and
>100 nM, respectively, showing a specific toxicity 110 times greater than unconjugated RIP
(Table 4). In U20S single spheroids, Tf-SO6 conjugate showed remarkable targeted efficacy
compared to unconjugated saporin or transferrin (Figure 11A). As showed in Figure 11A, for
each concentration tested, Tf-SO6 cytotoxicity was significantly higher compared to
unconjugated RIP or carrier. Tf-SO6 had an ICso value of 4.2 nM, while unconjugated SO6
and Tf alone had values of 473.3 nM and >100 nM, respectively (Table 5), meaning that IT
was 112 times more toxic than unconjugated RIP. aEGFR1-Ocy IT was more cytotoxic than
unconjugated ocymoidine or aEGFR1 (Figure 11B). In this case, the cytotoxicity induced by
aEGFR1-Ocy was significantly higher respect to RIP or carrier alone at 10 nM (Figure 11B).
In addition, aEGFR1-Ocy had an ICso value of 12.1 nM, while unconjugated Ocy and
oaEGFR1 alone had values of 593.5 nM and >100 nM, respectively, meaning that IT was 49
times more cytotoxic than unconjugated RIP (Table 5). aHer2-Ocy showed a greater

cytotoxic effect compared to unconjugated RIP saporin or carrier alone aHer2 (Figure 11C).
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At 10 nM, oHer2-Ocy induced a higher cytotoxicity compared to RIP or carrier alone;
moreover, aHer2-Ocy had an ICso value of 11.1 nM, while unconjugated Ocy and aHer2
alone had values of 593.5 nM and >100 nM, respectively, showing a specific toxicity 53 times
greater than unconjugated RIP (Table 5). Unfortunately, non-target U937 cell line was not
able to grow as single spheroids; as demonstrated by ATP assay performed every 24 h after
seeding, U937 gradually died beginning 48 h after seeding in a statistically significant way
(Figure 12). Indeed, we considered valid results previously obtained in viability curves of
U937 2D model to demonstrate the selectivity of the conjugates. Both in RD18 and U20S
single spheroids, all tested conjugates showed an enhanced efficacy compared to
corresponding unconjugated RIP or carrier alone. Among ITs used, looking at ICso values,
aEGFR1-Ocy resulted the most cytotoxic in RD18 single spheroids while in U20S single
spheroids was Tf-SO6. In addition, the ICs¢ difference between RIP and IT was higher in
single spheroids rather than adherent cells. Overview of IT and RIP ICso values among cell

models is reported in Table 10.
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Figure 10. Dose-response curves on RD18 single spheroids. A) Single spheroids were treated for 72 h
with Tf-SO6, unconjugated SO6 and Tf. B) Single spheroids were treated for 72 h with tEGFR1-Ocy,
unconjugated Ocy and aEGFR1. C) Single spheroids were treated for 72 h with aHer2-Ocy,
unconjugated Ocy and aHer2. Cells (5000/well) were seeded in ultra-low attachments black 96-well
U-bottom plates in a final volume of 100 ul of DMEM-F12 complete medium containing appropriate
concentration of compounds. Viability was evaluated using the 3D luminometric ATP assay. Results
are the means of four independent experiments, each performed in duplicate. Statistical analysis was
performed with Prism 9 using ANOVA/Tukey’s multiple comparison test (**** p < 0.0001). Data
have been normalized to vehicle values (PBS) and plotted with Prism 9.

Table 4. ICso values related to RD18 single spheroids treated for 72 h with ITs, unconjugated RIPs
and carriers. ICso were calculated using non-linear regression (Prism 9).

Tf- oEGFRI1- aHer2-

Tf S06 | 4o | WEGFRI| Ocy ey | #Her2 | "o

1Cso | 100 | 3146 | 54 >100 | 751.9 2.8 ~100 6.8
(nM)
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Figure 11. Dose-response curves on U20S single spheroids. A) Single spheroids were treated for 72 h
with Tf-SO6, unconjugated so6 and Tf. B) Single spheroids were treated for 72 h with aEGFR1-Ocy,
unconjugated Ocy and aEGFR1. C) Single spheroids were treated for 72 h with aHer2-Ocy,
unconjugated Ocy and aHer2. Cells (5000/well) were seeded in ultra-low attachments black 96-well
U-bottom plates in a final volume of 100 ul of DMEM-F12 complete medium containing appropriate
concentration of compounds. Viability was evaluated using the 3D luminometric ATP assay. Results
are the means of four independent experiments, each performed in duplicate. Statistical analysis was
performed with Prism 9 using ANOVA/Tukey’s multiple comparison test (**** p < 0.0001). Data
have been normalized to vehicle values (PBS) and plotted with Prism 9.

Table 5. ICso values related to U20S single spheroids treated for 72 h with ITs, unconjugated RIPs
and carriers. ICso were calculated using non-linear regression (Prism 9).

Tf- oEGFRI1- aHer2-
Tf SOé6 SO6 odEGFR1 Ocy Ocy aHer2 Ocy
1Cso >100 473.3 4.2 >100 593.5 12.1 >100 11.1
(nM)
U937 150-
=
<
N
X
= 100- -+ #
3 I .
) : —
S 1T
» 50+
9 #
m .
£ ’?r‘ #
”w =

R G N,

Hours post-seeding (h)

Figure 12. U937 cells (5000/well) were seeded in ultra-low attachments black 96-well U-bottom
plates in a final volume of 100 pul of DMEM-F12 complete medium Viability was evaluated using the
3D luminometric ATP assay every 24 h. Results are the means of two independent experiments, each
performed in triplicate. Statistical analysis was performed with Prism 9 using ANOVA/Dunnett’s
multiple comparison test (# p < 0.0001 compared to 24 h). Data have been normalized to viability at
24 h post-seeding and plotted with Prism 9.
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4.2.4 Representative imaging of viability experiments in RD18 single spheroids

RD18 single spheroids imaging, relative to ATP viability assay, represents the morphological
analysis of single spheroids treated with indicated IT, RIP or carrier for 72 h at the
concentration of 100 nM, the highest dose used. The toxic action induced by each IT was
compared to that one induced by the corresponding unconjugated RIP and carrier. As clearly
reported in Figure 13, representative imaging confirmed the results already obtained in

viability assay.

Tf-SO6

Vehicle

RD18 single-spheroids

—
500 pm

Figure 13. Representative imaging of ATP assay on RD18 single spheroids. Single spheroids were
treated with the indicated IT and RIP or carrier alone for 72 h at 100 nM. Vehicle represents control
samples (PBS). Imaging was performed using a phase-contrast microscope with a digital camera from
Nikon Eclipse TS100 with 40x magnification.
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4.2.5 Time-dependent effect of ITs on caspase 3/7 activation in RD18 and U20S single

spheroids

To verify if ITs could induce the activation of apoptosis also on RD18 and U20S single
spheroids and eventually compare the timing of activation between them and adherent cells,
we decided to evaluate effector caspase 3/7 activation in IT or RIP-treated single spheroids.
To further verify the correlation between caspase activation and viability, we performed in
parallel a cell viability assay. Activation of effector caspases 3/7 was measured in RD18 and
U20S single spheroids after 8, 16 and 24 h of treatment. Spheroids were treated with the ICso
of each IT (see Table 10). For unconjugated RIPs, it was chosen the same concentration of the
corresponding IT. All ITs induced a significantly strong activation of caspase 3/7 compared to
control (PBS) at 24 h (Figure 14 and 15). However, at 16 h, effector caspase activation
induced by aEGFR1-Ocy and aHer2-Ocy was poor but statistically significant (compared to
control, PBS) in both RD18 and U20S single spheroids (p < 0.0001). After 24 h of treatment,
all ITs induced similar intensity of caspase 3/7 activation reaching values around 300%
(compared to control, PBS) for RDI18 single spheroids and around 350-400% (compared to
control, PBS) for U20S single spheroids (Figure 14 and 15). RIPs were not able to activate
effector caspase at any time tested (respect to control, PBS), as already seen in adherent cells
(Figure 14 and 15). We compared IT-deriving caspase activation with that one induced by
RIPs alone at 8, 16, and 24 h. At 24 h, all ITs induced a significantly higher caspase 3/7
activation compared to that one induced by RIP alone at the same time (p < 0.0001) (Figure
14 and 15). Differently from adherent cells, we noticed that after 16 h in single spheroids,
there was a poorer apoptosis activation even if statistically significant, while at 24 h, it was
extremely high with a similar intensity observed in adherent cells at the same time. IT-
dependent apoptosis activation proceeded in parallel with the decrease of viability (Figure 14
and 15). In single spheroids we observed a strong activation of caspase 3/7 delayed of 8h
compared to what observed in 2D model. Nevertheless, these results clearly indicated that
type 1 RIP-based ITs can induce caspase-dependent apoptosis also in single-spheroid 3D

model.
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Figure 14. Caspases 3/7 activation in RD18 single spheroids exposed to IC50 of Tf-SO6, aEGFR1-
Ocy and aHer2-Ocy or corresponding RIPs. Single spheroids (5000/well) were seeded in ultra-low
attachment black 96-well U-bottom plates in a final volume of 100 ul of DMEM-F12 complete
medium containing appropriate concentration of compounds. Caspase activity was compared to
viability and expressed as the percentage of control values (PBS). Results of caspase 3/7 activation
assay (bars) and viability assay (lines) are the means of four independent experiments, each performed
in duplicate. Statistical analysis was performed with Prism 9 using ANOVA/Tukey’s multiple
comparison test (p < 0.0001). Data have been plotted with Prism 9.
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Figure 15. Caspases 3/7 activation in U20S single spheroids exposed to 1Cso of Tf-SO6, aEGFR1-
Ocy and aHer2-Ocy or corresponding RIPs. Single spheroids (5000/well) were seeded in ultra-low
attachment black 96-well U-bottom plates in a final volume of 100 ul of DMEM-F12 complete
medium containing appropriate concentration of compounds. Caspase activity was compared to
viability and expressed as the percentage of control values (PBS). Results of caspase 3/7 activation
assay (bars) and viability assay (lines) are the means of four independent experiments each performed
in duplicate. Statistical analysis was performed with Prism 9 using ANOVA/Tukey’s multiple
comparison test (p < 0.0001). Data have been plotted with Prism 9.
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4.2.6 Matrigel-based establishment of cell or patient-derived organoids: ring strategy

In order to verify if ITs could have a specific toxic effect also on 3D organoids, thus
understanding if the results obtained in adherent cells and single spheroids could be also
translated to this model, we established 3D organoids using the “ring strategy” developed by
Prof. Alice Soragni’s laboratory. This method allows for 3D tumor organoids formation using
a miniaturized ring geometry with no need of functionalized plates or dissociation to single-
cell suspension before final assay. To generate organoids, we seeded cells, by plating in a ring
shape around the rim of 96 or 24-well plates (mini-rings or maxi-rings respectively), single-
cell suspensions pre-mixed with cold Mammocult-Matrigel (1:1.33 ratio). Thanks to small
volume plated and surface tension of the well, cells were held on the rim of the well until
Matrigel solidifies upon incubation at 37°C. After this, pre-warmed Mammocult complete
medium was added using EpMotion. Ring geometry allowed for media addition and removal
directly in the center of the well without disrupting Matrigel-containing organoids. For
viability and apoptosis assays, RD18 and U20S-derived organoids were established by
generating mini-ring in 96-well plates. Organoids were generated by plating, in a final volume
of 10 ul, 1000 cells/well of RD18 or U20S single-cell suspensions pre-mixed with cold
Mammocult-Matrigel. This seeding concentration was chosen among the others tested
because gave rise to organized tumor organoids without allowing adherent cells formation in
the center of the well (Figure 16). This problem was observed with all the other seeding
concentration tested: 5000, 3000, 2000 cells/well. For flow-cytometry, H&E and IHC
analysis, maxi-ring organoids were created in 24-well plates by plating, in a final volume of
70 ul, 20.000 cells/well of RD18 or U20S single-cell suspensions pre-mixed with cold
Mammocult-Matrigel. This seeding concentration was chosen among the other tested because
gave rise to organized tumor organoids without adherent cells presence in the center of the
well. This problem was observed with the other seeding concentration tested, 50.000
cells/well. For viability assay performed on patient-derived SARCO0116 organoids, human
tumor tissue biopsy was processed as described in Methods. After digestion and red blood cell
lysis, mini-rings were generated by plating, in 96-well plates, 5000 cells/well in a final
volume of 10 pl of the single-cell suspension pre-mixed with cold Mammocult-Matrigel. The

seeding concentration was chosen considering the availability of tumor sample.
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Figure 16. Time-course formation assay of RD18 and U20S-derived organoids. 1000 cells/well were
seeded in white 96-well plates. Organoids formation was monitored daily using Celigo software.

4.2.7 Flow cytometry analysis of CD133, TfR1, EGFR1 and Her2 expression in 3D

sarcoma organoids

To assess if RD18 and U20S organoids maintained an overexpression of the selected
antigens, as already observed in the other cell models (adherent cells and single spheroids),
flow-cytometry analysis was performed. In addition, we also analyzed the expression of
staminal marker CD133. As described in methods, cell line derived-organoids were created by
plating, in 24-well plate, 20.000 cells/well of Mammocult-Matrigel-cell mixture and keeping
them in culture with Mammocult complete medium for 6 days to allow maxi-ring organoids
formation. Then, 2 well for each sample were harvested (Dispase and pipetting) as described
in methods and stained. Expression of selected markers, CD133, TfR1, EGFR1 and Her2, was

examined by flow cytometry after staining with fluorophore-conjugated primary antibodies.
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Overview of the results obtained among models are reported in Table 9 while organoids flow

cytometry graphs are reported in Figure 17A (RD18 organoids) and 17B (U20S organoids).

R1 - RD18 Organoids unstained
490
400
g RS: 0.691%)
3
U200
100
o N "N
LT I S R T L
APC-A

R1 - RD18 Organoids CD133

200
R 154%
100
oL
10"

3 10 10

Count

w0 w0 0
APC-A
R1 - U20S Organoids unstained

570

500
a 5: 0.610%)
c
2
Gezso

0 b
0 100 w00 100 w0 w

APC-A

R1 - U20S Organoids CD133

400
300-
& 5: 3.930%
3
Saz00
100
o M,
w10 10 1w w1t 10
APC-A

R1 - RD18 Organoids unstained

R1 - RD18 Crganoids TfR

391

EI T T T S (o

PE-A

R1 - U20S Organoids TfR

L

R1 - RD18 Organoids unstained

562

500
E R3: 0.552%
8§

0 b

' 100 10' 100 w0 10" 0

R1 - RD18 Organoids EGFR1

80.250%

R1 - U20S Organoids unstained

500
= R3: 0.495%)
Saso
04 -
0 w0 w0t 10 10
FITC-A

500
= R§:|74.516%
o
Yaso
o -
10 10 10° 10’ 10 10 1u‘
FITC-A

R1 - RD18 Organoids unstained

400-
e R5: 0.691%)
3
8200
100
-
w0 10 100 100 10" 10" 10
APC-A
R1 - RD18 Organoids Her2
614
500
- : 55.827%
c
=3
S

R1 - U20S Organoids unstained

570

500
= R5: 0.610%)
=
3
Gzso
’ b,
RN R T R L R
APC-A
R1 - U20S Organoids Her2
619
500
o : 46.344%
5
Seso
0
0 1 10 10 1w w0 1w
APC-A

Figure 17. A) Flow cytometry expression of CD133, TfR1, EGFR1 and Her2 on RD18 organoids. B)
Flow cytometry expression of CD133, TfR1, EGFR1 and Her2 on U20S organoids. Samples were
incubated with antiCD133-APC (1:20), antiTfR1-PE (1:50), antiEGFR1-FITC (1:10) and antiHer2-
APC (1:10) in PBS containing 1% FBS. Above, negative control for each fluorophore represented by
unstained organoids, below stained organoids with fluorophore-conjugated antibodies. Results are

representative of 3 independent experiments. Organoids were analyzed by flow cytometry Attune NxT
cell analyzer (UCLA).
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Results showed that CD133 stem cell marker is overexpressed only in the organoids deriving
from the RD18 cell line (73%) and not in those deriving from the U20S line. As for single
spheroids, this does not exclude a priori that the latter do not overexpress other staminal
markers that we have not taken into consideration in this phase of the research project. There
was also a strong overexpression of TfR1 and EGFR1 in RD18 (83% and 80% respectively)
and U20S organoids (96% and 74% respectively), while Her2 was expressed at lower levels
on both of them (55% in RD18 and 46% in U20S).

4.2.8 Cell-derived organoids morphology: first evidence of saporin-induced toxicity

In order to assess cell-derived organoids morphology and evaluate if saporin could induce
morphological changes compatible with cell death, we performed Hematoxylin & Eosin
staining on paraffin-embedded slides of RD18 and U20S-derived organoids. As described in
methods, we established maxi-rings in 24-well plates and, after 2 days, we treated them with
the ICso of saporin (calculated in related dose-response viability curves) for 72h. Organoids
were embedded in paraffin, cut and stained with Hematoxilin for 1 minute, followed by
Bluing for 5 minutes and Eosin Y for 2 minutes. Then, slides were dehydrated and mounted
before to proceed with imaging. As reported in Figure 16, vehicle RD18 and U20S organoids
are characterized by a peculiar shape of small clusters grouped in a ring, maintaining cell-cell
and cell-matrix interaction. The same morphology can be observed in a very similar way to
the corresponding sarcomas in vivo. Treatment of RD18 and U20S organoids with the ICso of
saporin for 72 h determined organoid architecture disruption with nuclear alteration such as
pyknosis, karyorrhexis and karyolysis. All these features are compatible with cell death
(Figure 18).
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Figure 18. H&E staining of paraffin-embedded slides of RD18 and U20S-derived organoids.
Organoids were treated with vehicle (PBS) or the ICso of saporin for 72 h. Images were acquired
through a revolve upright and inverted microscope system. (400x magnification).

4.2.9 Ki-67/Caspase 3 molecular characterization of cell-derived organoids: first proof

of saporin-induced apoptosis

To evaluate the molecular characterization of organoids and further assess the effect of
saporin on tumor cells proliferation and apoptosis activation, we performed ki67/Caspase 3
immunohistochemistry staining on paraffin-embedded slides of RD18 and U20S-derived
organoids. We established maxi-rings in 24-well plates and after 2 days, we treated them with
the ICso of saporin (calculated in related viability experiments) for 72h. As showed in Figure
19, vehicle RD18 and U20S organoids are characterized by a high expression of the tumor
proliferation marker ki67, and by a small presence of the apoptotic marker, Caspase 3, thus
showing a typical molecular tumor profile. Interestingly, treatment of RDI18 and U20S
organoids with the ICso of saporin for 72 h caused a high reduction of the ki67 marker and a
significant increase of Caspase 3. Together with nuclear alteration observed in H&E
experiments, these results demonstrated that type I RIP saporin had an anti-proliferative effect

and was able to induce apoptosis in cell-derived organoids.
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Figure 19. ki67/Caspase 3 staining of paraffin-embedded slides of RD18 and U20S-derived
organoids. Organoids were treated with vehicle (PBS) or the ICso of saporin for 72 h. Images were
acquired through a revolve upright and inverted microscope system. (400x magnification).

4.2.10 Cell viability assays in 3D sarcoma organoids

To evaluate the cytotoxicity induced by ITs on RD18 and U20S organoids and compare the
results with those ones already obtained in adherent cell lines and single spheroids, we
proceeded by performing ATP viability assay on cell line-derived organoids. Specific
cytotoxicity induced by IT was compared to non-specific one related to corresponding
unconjugated carriers or RIPs. After appropriate formation time (2 days), organoids were
treated with the indicated scalar dilutions for 72 h with ITs, unconjugated RIP or carrier
alone. In RD18 organoids, all the conjugates tested showed a mayor targeted efficacy
compared to unconjugated RIP or carrier alone. Indeed, at 10 nM concentration, while all ITs
killed 50% of organoids, RIP or carrier alone maintained organoids viability around 100%
(Figure 20A, 20B, 20C). Tf-SO6 had an ICso value of 9.8 nM, while unconjugated SO6 and
Tf alone had values of 740.6 nM and >100 nM, respectively (Table 6), meaning that IT was
75 times more toxic than unconjugated RIP. aEGFRI1-Ocy IT was more cytotoxic than
unconjugated ocymoidine or tEGFR1 (Figure 20B); aEGFR1-Ocy had an ICs¢ value of 9.1
nM, while unconjugated Ocy and aEGFR1 alone had values of 1219 nM and >100 nM,
respectively, meaning that IT was 133 times more cytotoxic than unconjugated RIP (Table 6).
Also, aHer2-Ocy showed a remarkable cytotoxic effect than unconjugated Ocy or aHer2

(Figure 20C). In fact, aHer2-Ocy had an 1Cso value of 28.8 nM, while unconjugated Ocy and
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aHer2 alone had values of 1219 nM and >100 nM, respectively, showing a specific toxicity
42 times greater than unconjugated RIP (Table 6). Tf-SO6, aEGFR1-Ocy and aHer2-Ocy,
showed a mayor targeted efficacy compared to unconjugated RIP or carrier alone also in
U20S organoids, with higher sensitivity compared to RD18 organoids. Indeed, at 1 nM
concentration, all tested ITs killed 50% of organoids, while RIP or carrier alone maintained
viability around 100% (Figure 21A, 21B, 21C). Tf-SO6 had an ICso value of 1 nM, while
unconjugated SO6 and Tt alone had values of 236.8 nM and >100 nM, respectively (Table 7),
meaning that IT was 236 times more cytotoxic than unconjugated RIP. Also, tEGFR1-Ocy IT
was more cytotoxic than unconjugated ocymoidine or aEGFR1 (Figure 21B); moreover,
aEGFR1-Ocy had an ICso value of 1.8 nM, while unconjugated Ocy and aEGFRI1 alone had
values of 196.7 nM and >100 nM, respectively, meaning that IT was 109 times more
cytotoxic than unconjugated RIP (Table 7). In addition, aHer2-Ocy showed a greater
cytotoxic effect compared to unconjugated saporin or aHer2 (Figure 21C); in fact, aHer2-Ocy
had an ICso value of 0.7 nM, while unconjugated Ocy and aHer2 alone had values of 197.6
nM and >100 nM, respectively, showing a specific toxicity 282 times greater than
unconjugated RIP (Table 7). Unfortunately, as found for spheroids, non-target U937 were not
able to grow as organoids (Figure 22). In both RD18 and U20S organoids, all tested ITs
showed a greater efficacy compared to unconjugated RIP or carrier alone. Among ITs tested,
looking at ICso, dEGFR1-Ocy resulted the most effective in RD18 organoids while in U20S
organoids was aHer2-Ocy. As observed in single spheroids, also in cell-derived organoids the
ICso difference between RIP and IT was higher compared to adherent cells. Overview of IT

and RIP ICso values among cell models is reported in Table 10.
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Figure 20. Dose-response curves on RD18 organoids. A) Organoids were treated for 72 h with Tf-
SO06, unconjugated SO6 and Tf. B) Organoids were treated for 72 h with tEGFR1-Ocy, unconjugated
Ocy and aEGFR1. C) Organoids were treated for 72 h with aHer2-Ocy, unconjugated Ocy and aHer2.
Cells (1000/well) were seeded in white 96-well plates in a final volume of 100 pl of Mammocult
complete medium containing appropriate concentration of compounds. Viability was evaluated using
the 3D luminometric ATP assay. Results are the means of three independent experiments, each
performed in triplicate. Statistical analysis was performed with Prism 9 using ANOVA/Tukey’s
multiple comparison test (**** p < 0.0001). Data have been normalized to vehicle values (PBS) and
plotted with Prism 9.

Table 6. 1Cso values related to RD18 organoids treated for 72 h with ITs, unconjugated RIPs and
carriers. ICso were calculated using non-linear regression (Prism 9).

Tf- oEGFRI1- aHer2-
Tf SO6 SO6 oEGFR1 Ocy Ocy aHer2 Ocy
1Cso >100 740.6 9.8 >100 1219 9.1 >100 28.8
(nM)
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Figure 21. Dose-response curves on U20S organoids. A) Organoids were treated for 72 h with Tf-
SO06, unconjugated SO6 and Tf. B) Organoids were treated for 72 h with tEGFR1-Ocy, unconjugated
Ocy and aEGFR1. C) Organoids treated for 72 h with aHer2-Ocy, unconjugated Ocy and aHer2. Cells
(1000/well) were seeded in white 96-well plates in a final volume of 100 pl of Mammocult complete
medium containing appropriate concentration of compounds. Viability was evaluated using the 3D
luminometric ATP assay. Results are the means of three independent experiments, each performed in
triplicate. Statistical analysis was performed with Prism 9 using ANOVA/Tukey’s multiple
comparison test (**** p < 0.0001). Data have been normalized to vehicle values (PBS) and plotted
with Prism 9.

Table 7. ICso values related to U20S organoids treated for 72 h with ITs, unconjugated RIPs and
carriers. ICso were calculated using non-linear regression (Prism 9).

Tf- oEGFRI1- aHer2-
Tf SO6 SO6 oEGFR1 Ocy Ocy aHer2 Ocy

1Cso >100 236.8 1.0 >100 196.7 1.8 >100 0.7
(nM)
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Figure 22. U937 cells (1000/well) were seeded in white 96-well plates in a final volume of 100 ul of
Mammocult complete medium. Viability was evaluated using the luminometric ATP assay every 24 h.
Results are the means of two independent experiments, each performed in triplicate. Statistical
analysis was performed with Prism 9 using ANOVA/Dunnett’s multiple comparison test (# p < 0.0001
compared to 24 h). Data have been normalized to viability at 24 h post-seeding and plotted with Prism
9.

4.2.11 Representative imaging of viability experiments in RD18 organoids
RDI18 organoids imaging, relative to ATP viability assay, represents the morphological
analysis of organoids treated with indicated IT, RIP or carrier for 72 h at the concentration of

100 nM, the highest dose used. The toxic action induced by each IT was compared to that one
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induced by the corresponding unconjugated RIP and carrier. As clearly reported in Figure 23,

representative imaging confirmed the results already obtained in viability assay.

Vehicle

Tf

SO6

Vehicle

aEGFR1

RD18 organoids

Vehicle

aHer?2

]
500 um

Figure 23. Representative imaging of ATP assay on RD18 organoids. Organoids were treated with the
indicated IT and RIP or carrier alone for 72 h at 100 nM. Vehicle represents control samples (PBS).
Imaging was performed using Celigo.

4.2.12 Time-dependent effect of ITs on caspase 3/7 activation in RD18 and U20S-

derived organoids

To evaluate if ITs could induce apoptosis also on 3D sarcoma organoids, we further proceed

by assessing the effector caspase 3/7 activation in IT or RIP treated RD18 and U20S-derived

organoids, also comparing the apoptosis starting activation time among all cell models used,

2D (adherent cells) and 3D models (single spheroids and organoids). To further verify the
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correlation between caspase activation and viability, we performed in parallel a cell viability
assay. In RD18 and U20S organoids, effector caspase 3/7 activation was initially measured
after 8, 16 and 24 h of treatment with the ICso of each IT (previously calculated in organoids
dose-response curves). For unconjugated RIPs, it was chosen the same concentration of the
corresponding ITs. No activation of caspase 3/7 was detected at 8 h and 16 h while it was
very poor or no present at all at 24 h. Considering this, we decided to further proceed by
assessing apoptosis involvement also at 48 and 72 h. In RD18 organoids, all ITs induced a
significant strong activation of caspase 3/7 compared to control (PBS) at 48 h and 72 h (p <
0.0001) (Figure 24). In U20S organoids, aHer2-Ocy induced a higher significant caspase 3/7
activation compared to control (PBS) at 48 h and 72 h while Tf~SO6 and aEGFR1-Ocy only
at 72 h (p < 0.0001) (Figure 25). In RD18 organoids, after 48 h of treatment, Tf-SO6 and
aHer2-Ocy induced similar intensity of caspase 3/7 activation reaching values around 200%
(compared to control) while aEGFR1-Ocy around 160%. In U20S organoids, after 72 h,
aEGFR1-Ocy and aHer2-Ocy induced similar intensity of caspase 3/7 activation reaching
values around 270% (compared to control) while Tf-SO6 around 200% (compared to control).
RIPs were not able to activate effector caspase at any time tested compared to control (PBS)
as for adherent cells and single spheroids. We also compared IT-deriving caspase activation
with that one induced by RIPs alone at 48 h and 72 h. In RD18 organoids, all ITs induced a
significantly higher caspase 3/7 activation compared to RIP at 48 h and 72 h (p < 0.0001). In
U20S organoids, aHer2-Ocy induced a significantly higher caspase 3/7 activation compared
to that one induced by corresponding RIP at 48 h and 72 h while Tf~-SO6 and EGFR1-ocy
only at 72 h (p < 0.0001). IT-dependent apoptosis activation proceeded in parallel with the
decrease of viability (Figure 24 and 25). In organoids, we observed a strong activation of
caspase 3/7, with a delayed induction-time compared to what observed in adherent cells and
in single spheroids. Nevertheless, these results clearly indicated that type I RIP-based ITs can

induce caspase-dependent apoptosis also in 3D organoids.
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Figure 24. Caspases 3/7 activation in RD18 organoids exposed to ICso of Tf-SO6, aEGFR1-Ocy and
aHer2-Ocy or corresponding RIPs. Organoids (1000/well) were seeded in white 96-well plates and
treated in a final volume of 100 pl of Mammocult complete medium containing appropriate
concentration of compounds. Caspase activity was compared to viability and expressed as the
percentage of control values. Results of caspase 3/7 activation assay (bars) and viability assay (lines)
are the means of two independent experiments, each performed in triplicate. Statistical analysis was
performed with Prism 9 using ANOVA/Tukey’s multiple comparison test (p < 0.0001). Data have
been plotted with Prism 9.
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Figure 25. Caspases 3/7 activation in U20S organoids exposed to ICsy of Tf~SO6, aEGFR1-Ocy and
aHer2-Ocy or corresponding RIPs. Organoids (1000/well) were seeded white 96-well plates and
treated in a final volume of 100 pl of Mammocult complete medium containing appropriate
concentration of compounds. Caspase activity was compared to viability and expressed as the
percentage of control values. Results of caspase 3/7 activation assay (bars) and viability assay (lines)
are the means of two independent experiments, each performed in triplicate. Statistical analysis was
performed with Prism 9 using ANOVA/Tukey’s multiple comparison test (p < 0.0001). Data have
been plotted with Prism 9.
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4.2.13 Cytotoxic effect of I'Ts on SARCO0116 patient-derived organoids

To verify that ITs could be cytotoxic in nM range also on embryonal rhabdomyosarcoma
patient-derived organoids, we proceeded by performing ATP viability assay on SARC0116
patient-derived organoids. SARCI116 is a male patient with left arm amputation surgery for
recurrent, metastatic alveolar rhabdomyosarcoma 15 years after the diagnosis of the primary.
The tumor was first diagnosed when the patient was 3 years old and was removed one year
after diagnosis with adjuvant chemotherapy, but the patient kept getting recurrences and
metastasis of the tumor multiple times. Patient had been treated with the following drugs:
Bevacizumab + Vinorelbine + Cyclophosphamide combination, radiation therapy, and
Vinorelbine + Mocetinostat combination. After Collagenase IV digestion of SARCO116
tumor sample and appropriate organoids formation time (3 days), organoids were treated for
72 h with ITs, unconjugated RIP or carrier alone. Tf-SO6 conjugate showed a higher targeted
efficacy than unconjugated saporin or transferrin (Figure 26A). Tf-SO6 had an 1Cso value of
80.8 nM, while unconjugated SO6 and Tf alone had values of 7509 nM and >100 nM,
respectively (Table 8), meaning that IT was 93 times more toxic than unconjugated RIP.
aEGFR1-Ocy IT was more cytotoxic than unconjugated ocymoidine or aEGFR1 (Figure
26B). tEGFR1-Ocy had an ICso value of 59.6 nM, while unconjugated Ocy and aEGFR1
alone had values of 1391 nM and >100 nM, respectively, meaning that IT was 23 times more
cytotoxic than unconjugated RIP (Table 8). Also, aHer2-Ocy showed a greater cytotoxic
effect compared to unconjugated RIP Ocy or carrier alone aHer (Figure 26C); in fact, aHer2-
Ocy had an ICso value of 95.2 nM, while unconjugated Ocy and aHer2 alone had values of
1391 nM and >100 nM, respectively, showing a specific toxicity 15 times greater than
unconjugated RIP (Table 8). These results highlighted that, also in the patient-derived
organoids, all ITs tested had an enhanced efficacy compared to corresponding unconjugated
RIP or carrier alone. Among ITs tested, tEGFR1-Ocy was the most effective one. We did not
perform flow cytometry analysis, IHC and apoptosis assay on SARC0116 patient-derived

organoids because of the lack of sufficient biological tumor material.
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Figure 26. Dose-response curves on SARC0116 organoids. A) Organoids were treated for 72 h with
Tf-SO6, unconjugated SO6 and Tf. B) Organoids were treated for 72 h with aEGFR1-Ocy,
unconjugated Ocy and aEGFR1. C) Organoids treated for 72 h with aHer2-Ocy, unconjugated Ocy
and aHer2. Cells (5000/well) were seeded in white 96-well plates in a final volume of 100 pl of
Mammocult complete medium containing appropriate concentration of compounds. Viability was
evaluated using the luminometric ATP assay. Results are the means of one experiment, performed in
triplicate. We excluded one value from each concentration point because it was out of scale. Statistical
analysis was performed with Prism 9 using ANOVA/Tukey’s multiple comparison test (**** p <
0.0001). Data have been normalized to vehicle values (PBS) and plotted with Prism 9.

Table 8. 1Cso values related to SARCO116 organoids treated for 72 h with ITs, unconjugated RIPs and
carriers. ICso were calculated using non-linear regression (Prism 9).

Tft- oEGFRI1- oHer2-

Tf S06 | ¢o¢ | WEGFRI| Ocy ocy | #Her2 | "0

ICso | 100 | 2368 | 1.0 >100 | 196.7 1.8 ~100 0.7
(nM)

4.2.14 Comparison of antigens expression between adherent cells, single spheroids and

organoids

Comparison of flow cytometry results, performed on adherent cells, single spheroids and
organoids, showed a peculiar expression of the selected antigens (Table 1). CD133 is
overexpressed only on RD18 single spheroids and RD18 organoids while no considerable
level of expression on adherent cell lines and on U20S single spheroids and U20S organoids
was observed. As anticipated before, the fact that U20S single spheroids and U20S
organoids showed low levels of CD133 expression, did not necessarily mean that they did not
recapitulate staminal tumor characteristic, but that we probably should proceed with a panel
of expression analysis of all staminal sarcoma markers to see which of them is present or not.
TfR1 and EGFR1 were strongly present on all the models tested for both cell lines. Her2 was
expressed at around 50% in RD18 and U20S adherent cells and organoids, while in single
spheroids its level was around 75%. In addition, non-target U937 cells showed low or no
expression at all for all antigens tested, confirming that TfR1, EGFR1 and Her2 were

selectively overexpressed on target-cells.
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Table 9. Overview of antigens expression, in RD18 and U20S adherent cells, single spheroids and
organoids and non-target U937 cells. Values are expressed as percentage of FITC, APC or PE
intensity. Experiments were repeated 3 times. Adherent cell lines and organoids were analyzed by
flow cytometry Attune NxT cell analyzer (UCLA) while single spheroids by flow cytometry Cytoflex

analyzer (CRBA).
Antigen expression (FITC, PE or APC %)
RD18 U208 U937
non-target
. Adherent Single . Adherent Single . cells
Antigens cells spheroids Organoids cells spheroids Organoids

CD133 0.3 77.7 73.1 0.1 0.2 3.9 1.2
TR 98.9 84.5 83.5 99.7 98.6 96.8 0.01
EGFRI1 91.8 99.7 80.3 87.9 98.2 74.5 1.4
Her2 56.7 77.8 55.8 57.2 73.6 46.3 0.6

4.2.15 Comparison of ICso: overview

Overview of ICso, calculated through non-linear regression with Prism 9, showed that
selective toxicity induced by ITs is more prominent than the non-specific one induced by RIP
administered alone (Table 10). This statement was valid for all the cell models used, except
for non-target U937 cell line. Among cell line-derived 2D and 3D models, Tf-SO6, aEGFR1-
Ocy and aHer2-Ocy showed ICso values in nM range. Although 3D models are much more
complex than 2D ones, ITs are still cytotoxic in a similar way among cell models used.
Interestingly, aHer2-Ocy shows the best cytotoxic effect on U20S organoids. In particular,
except for tEGFR1-Ocy, U20S adherent cells are more sensitive than RD18; RD18 single
spheroids are more sensitive respect to U20S, except for Tf-SO6; for all the tested ITs, U20S
organoids respond better to treatments compared to RD18. In addition, the ICso difference
between RIP and IT was higher in 3D models rather than 2D models. A similar cytotoxic
profile was obtained in SARCO0116 patient-derived organoids where ITs had ICso values in

nM range.
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Table 10. Overview of ICs related to dose-response curves of 2D and 3D models treated for 72 with
ITs or unconjugated RIPs. ICso were calculated using non-linear regression (Prism 9).

S06 242 | 3146 | 7406 | 131 | 4733 | 2368 | 7509 | 47.7
TESO6 | 13 5.4 9.8 0.1 42 1.0 80.8 | >100
Ocy 589 | 7519 | 1219 | 739 | 5935 | 1967 | 1391 |1076
HEGIFR g 2.8 9.1 13 12.1 18 50.6 | >100
Ocy
- 8.8 6.8 28.8 3.7 11.1 0.7 952 | >100
Ocy
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Although rare, sarcomas are very common types of cancer in children. The standard
treatment regimen does not often prove to be conclusive, as many patients with localized
primary sarcoma can undergo relapse, progression and metastasis [>*®, %7, 23%]. In order to
improve patient outcome, new therapeutic strategies are being evaluated today. Combining
RIP high cytotoxicity and mAb selectivity, RIP-containing immunotoxins (ITs) are a
promising tool for cancer therapy [**?, 24°]. To investigate novel personalized treatments for
cancer patients, tridimensional models as spheroids and organoids are considered an essential
tool for translation of results obtained in basic cancer research, because they are able to
recapitulate the histological and genetic features of tumor from which they derive 241242,

In this project, we tested and compare the antitumor effect of three RIP-containing ITs,
Tf-SO6, aEGFR1-Ocy and aHer2-Ocy, in two sarcoma adherent cell lines, single spheroids
and organoids. To perform our analysis, we choose two commonly used sarcoma cell lines for
preclinical studies, embryonal rhabdomyosarcoma cell line RD18 and osteosarcoma cell line
U208, representative of the two main sarcoma subtypes. The choice of immunoconjugates
was made based on three considerations: i) TfR1, EGFR1 and Her2 are frequently used in
targeted cancer therapy [+, 244, 245, 246]: i) some authors reported the overexpression of these
antigens on primary or advanced sarcoma [**7, 248, 249]; iii) ITs directed against those antigens
were previously evaluated in carcinoma cancer cells and in some sarcoma cell lines, showing
high cytotoxicity [*°°, 25!, 2°2]. For our study, we choose single spheroids and organoids as
tridimensional models. Single spheroids were mostly chosen for their ability to recapitulate
staminal features of tumors thank to an elevate presence of cancer stem cells, a cancer cell
subpopulation with elevate self-renewal and differentiation properties as well as tumorigenic
potential causative of mechanisms of resistance [*°°, °*]. Organoids were used because they
can better recapitulate original tumor features and predict, with high accuracy, sensibility to
drugs compared to monolayer cells [>%°, 2°°]. Starting from adherent cells, we established
RD18 and U20S-derived single spheroids using ultra-low attachment plates [**’] and
organoids using ring-strategy [*°%]. The conjugation of RIP with carrier allows to obtain a
conjugate that acquires specificity toward the corresponding antigen and, consequently, to
increase the cytotoxicity towards target cells expressing the antigen at high levels. To assess if
RD18 and U20S cell lines could be considered as “target cells” and verify that the
overexpression of selected antigens was maintained also in 3D models, we proceed by
analyzing TfR1, EGFR1 and Her2 expression in RD18 and U20S adherent cells, single
spheroids and organoids through flow cytometry. Flow cytometry analysis clearly indicated

that TfR1 and EGFR1 were highly expressed in RD18 (98.9 % and 91.8 %, respectively) and
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U20S (99.7 % and 87.9 %, respectively) adherent cell lines, while Her2 has an expression,
albeit high, slightly lower than the other two antigens, meaning that RD18 and U20S were
effectively target cells. The data obtained in adherent cell lines agree with those ones reported
in literature. Indeed, it was shown that, on RD18 and U20S/osteosarcoma adherent cells,
EGFRI1 is highly expressed while Her2 presents an intermediate expression level [2°%, 269, 261,
2621, TfR1 was found to be expressed at high levels in some osteosarcoma patient samples,
correlating to a short overall survival [?%]. Relevant were the results of flow cytometry
analysis obtained in single spheroids and organoids, where, for the first time, we discovered
that RD18 and U20S-derived single spheroids and organoids maintained the high expression
of TfR1, EGFRI and the intermediate expression of Her2, already observed for corresponding
adherent model. The analysis also revealed that RD18 single spheroids and organoids, but not
U20S, presented high level of the staminal marker CD133, validating the hypothesis that 3D
models are able to recapitulate staminal features of tumor. It was demonstrated that CD133
expression was heterogeneous among Ewing sarcoma with only 4/48 samples characterized
by high-expression levels [*®*]. Considering this, the fact that U20S single spheroids and
organoids did not have a high expression of CD133 did not surprise us, suggesting that it is
probably necessary analyzing the expression of a multitude of staminal tumor markers before
to arrive at any conclusion [?%°]. We proceeded by selecting the three conjugates Tf-SO6,
aEGFR1-Ocy and aHer2-Ocy, directed against TfR1, EGFR1 and Her2, respectively. The
two main goals were: i.) evaluating the increase in cytotoxicity and efficacy of the three
conjugates compared to the corresponding unconjugated RIPs or carriers in RD18 and U20S
adherent cells, single spheroids and organoids; ii.) verifying if IT-induced cytotoxicity
obtained in adherent cells could be maintained, with similar toxic range, also in more complex
3D tumor models represented by single spheroids and organoids. The conjugates, previously
designed and produced in our laboratory, had already shown an enhanced antitumor effect in
“in vivo” models of carcinoma and in glioblastoma cell lines [*%¢, 2¢7]. Moreover, EGFR -
specific ITs were found to be effective in rhabdomyosarcoma cells [2%, 26°, 2797  In this study,
ICs0 values, related to viability assays, clearly indicated that the conjugation of RIP to carrier
enhanced the cytotoxic effect of the conjugate compared to RIP alone in RD18 and U20S
adherent cells. In fact, in RD18 adherent cells, Tf-SO6, aEGFR1-Ocy and aHer2-Ocy had
ICso values ranging from 0.3 to 8.8 nM, while corresponding unconjugated RIP from 24.2 to
58.9 nM. A similar cytotoxic activity was observed in U20S adherent cells, where the
conjugates showed ICso values ranging from 0.1 to 3.7 nM, while corresponding RIP alone
from 13.1 to 73.9 nM. Interestingly, our results showed that, IT-cytotoxic profile was
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maintained with similar toxic ranges also in the more heterogeneous and complex 3D models,
single spheroids and organoids. Our results agreed with toxicity data relative to other
immunoconjugates reported in literature (ADC, PE-IT). In 2014, it was shown a similar
efficacy of a bispecific PE-immunotoxins in carcinoma adherent cells and spheroids [*"!].
Moreover, another study demonstrated the similar cytotoxic effect of the ADC trastuzumab
emtansine (T-DM1) in MCF-7 adherent cells and spheroids [>’?]. The same ADC was also
found to be highly cytotoxic on lung patient-derived tumor organoids [*”*]. However, some
studies reported the decrease of conjugate activity in tridimensional model compared to
adherent cells, meaning that, basing on the internalization efficacy of IT as well as the type of
target and tumor, there is not a homogeneous response in 3D models [?74, 273,]. Therefore,
considering that ITs not always maintain their cytotoxicity in 3D models, which possess a
more complex configuration than adherent cells, our study revealed promising results.
Moreover, we notice that, at the maximum IT tested dose, a residual viability of about 10-
20% was present in single spheroids and organoids but not in adherent cells. Partially, this
fact could be explained considering the difficulties encountered by drugs to penetrate 3D
models, thus decreasing its efficacy [*7¢]. In addition, it is widely reported that the presence of
CSCs correlates with greater resistance to anticancer treatments than other tumor populations
[?77, 278]. It is important underlying that RD18 and U20S adherent cells, spheroids and
organoids, as cell lines and cell-derived 3D models, did not contain elements (effector cells of
the immune system and complement factors) responsible for mAb-induced ADCC or CDC,
the two main cytotoxic pathways that can be activated after mAbs-antigen binding [*7°].
However, some antibodies can directly kill the target cells by triggering the apoptotic pathway
[*8°]. Interestingly, cell viability assays showed that treatment with the unconjugated ligand or
mAbs (Tf, dEGFR1 and aHer2) had never induced, even at the highest concentration tested
(100 nM), a decrease of viability in target adherent cells, single spheroids and organoids (ICso
> 100 nM). This mean that, at least at the dosed used, the treatment with carrier is not
sufficient to trigger cell death, while the conjugation of carrier to RIP is fundamental to
enhance its cytotoxicity.

Due to the possibility of acting on different molecular targets, inducing cell death through
multiple pathways, RIPs have a high antitumor potential, because they can overcome the
ability of tumor cells to acquire a resistant phenotype to RIP-induced cell death mechanisms
[281, 282 2831 Apoptosis represents the most studied RIP-induced cell death mechanism. It has
been already reported that RIP-containing IT can induce apoptosis in lymphoma cells, bladder

cancer and rhabdomyosarcoma cells [*%, 28, 286 287]  Considering this, we decided to
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investigate whether the selected ITs could induce apoptosis in our 2D and 3D cell models.
Results of caspase 3/7 assays demonstrated that Tf-SO6, aEGFR1-Ocy and aHer2-Ocy were
able to induce effector caspase activation in RD18 and U20S adherent cells, single spheroids
and organoids, with similar range but different timing. Indeed, we observed a significantly
strong caspase 3/7 activation induced by ITs (both compared to control and to unconjugated
RIP) at 16 h in adherent cell lines, at 24 h in single spheroids and at 48 h or 72 h in organoids.
Moreover, we notice that the activation of caspase 3/7 goes hand in hand with the decrease of
viability. The delayed apoptosis activation and decrease of viability observed in single
spheroids and organoids could be caused by the difficulties encountered by payloads to
penetrate spheroid mass and matrigel-based matrix, respectively. A promising result was
obtained in the patient-derived alveolar rhabdomyosarcoma organoids, where all the ITs
showed a good cytotoxic effect compared to corresponding RIP or carrier alone.

In conclusion, this work is the first attempt to assess RIP-containing IT efficacy on
sarcoma derived single spheroids and organoids. Basing on our results, we can assess that
EGFRI1, Her2 and Tf-R are highly expressed in all sarcoma models used and are possible
targets for immunotherapy. We can also state that the Tf-SO6, aEGFR1-Ocy and aHer2-Ocy
can exert a highly significant cytotoxic effect in 2D (adherent cells) and 3D (single spheroids
and organoids) sarcoma models, with similar toxic range values. Considering that
tridimensional models recapitulate also staminal features of tumor, we could suppose that ITs
are cytotoxic for both sarcoma cancer cells and sarcoma cancer stem cells. Moreover,
apoptosis is widely involved in IT-induced cell death and it is activated after conjugate
treatments in all sarcoma models with different timing.

Finally, our work allowed us to conclude that RIP-containing ITs can be considered
agents of potential interest, and therefore deserving of furthermore in-depth study, for the

development of new therapies for treatment of sarcomas.
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