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1. INTRODUCTION

Cancer is one of the most dreaded diseases of the 20th century and
spreading further with continuance and increasing incidence in the 21st
century (Roy and Saikia 2016). The most commonly diagnosed cancers
worldwide were those of the lung (1.8 million, 13.0% of the total), breast
(2.7 million, 11.9%), and colorectum (1.4 million, 9.7%). Cancer is a group
of diseases characterized by the uncontrolled growth and increase of
abnormal cells. If the increase is not controlled, it can result in death. Over
the past several decades, remarkable breakthroughs have been made in
advancing our understanding of how cancer originates and develops, which
has in turn lead to better methods for both diagnosis and treatment
(Steichen et al., 2013). Although the overall mortality of cancer is showing
a declining trend for the first time in five decades, it still remains at a high
rate of 20.2% (http://www.iarc.fr/). In all cases, the effectiveness of the
treatment is directly related to the treatment's ability to target and to kill
the cancer cells while affecting as few healthy cells as possible. The ability
of chemotherapy to Kill cancer cells depends on its ability to arrest cell
division. Usually, cancer drugs work by damaging the Ribonucleic acid
(RNA) or Deoxyribonucleic acid (DNA) that tells the cell how to copy
itself in division. If the cancer cells are unable to divide, they die. The
faster that cancer cells divide, the more likely it is that chemotherapy will
Kill the cells, causing the tumor to reduce in size. They also induce cell
suicide (self-death or apoptosis) (Brown and Attardi 2005; Okada and Mak
2004). Unfortunately, chemotherapy does not know the difference between
cancer cells and healthy cells. For this reason, the key challenge in the

development of novel therapeutics is to bring the drug to the target tissue
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and avoid the biological barriers. In fact, one injected, the carrier/vehicle
must pass several impermeable barriers before reaching its final destination
such as endothelial and epithelial barriers, enzymatic degradation,
mononuclear phagocyte system (MPS), opsonization, interstitial transport,
cell membrane, nuclear membrane (Perez and Fernandez Medarde 2015;
Sun et al., 2014). Therefore, it would be desirable to develop highly
efficient therapeutics, the so-called “magic bullets”, that can overcome
biological barriers, distinguish between malignant and benign cells,
selectively target the cancerous tissues, and “intelligently” respond to the
heterogeneous and complex microenvironment inside a tumor for on-
demand release of therapeutic agents in the optimal dosage range (Peer et
al., 2007; Kreuter 2007). These novel targeted therapies, of increasing
interest as evidenced by FDA-approved targeted cancer drugs in recent
years, block biologic transduction pathways and/or specific cancer proteins
to induce the death of cancer cells by means of apoptosis and stimulation
of the immune system, or specifically deliver chemotherapeutic agents to
cancer cells, minimizing the undesirable side effects (Perez-Herrero and
Fernandez-Medarde 2015). Nanotechnology is the science of engineering
materials and systems on a molecular scale. Its application to medicine,
nanomedicine, has enabled the development of nanoparticle (NPs) drug-
delivery vehicles moving toward the declared goals. One of the main
applications for the NP drug carriers has been the delivery of cancer drugs.
In this context, tumor targeting of nanomedicines has emerged as a
promising approach to overcome the lack of specificity of conventional
chemotherapeutic agents (Jain et al., 2010; Martinez et al., 2013). In fact,
the use of nanovectors as carriers for therapeutic agents has the potential
ability to avoid the biological barriers encountered between the point of
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administration and the final target and accumulate at the site of disease.
Targeted delivery of anti-cancer therapeutics to cancer cells (*site-specific
drug delivery") aims at enhancing accumulation of the drugs within the
tumor while guiding them away from potentially healthy tissues (Sun et
al., 2014, Pérez-Herrero and Fernandez-Medarde 2015).

1.1 Tumor environment and targeting strategies

Understanding the tumor microenvironment and the tumor cell
helps out to make clear the problems of drug delivery in cancer. Once a
malignant tumor grows to > 2-3 mm?in size, the delivery of oxygen and
nutrients becomes diffusion limited and the formation of new blood vessels
becomes essential to meet the ever increasing demands of the rapidly
growing malignant cells (Jones and Harris 1998; Baban and Seymour.
1998). This is accomplished through the release of angiogenic factors by
the neoplastic tissue aiming to increase the microvasculature within the
tumor in order to carry on further growth (LaRocque et al., 2009). Specific
matrix metalloproteinases (MMPs) are engaged in the degradation of
extracellular matrices and are tightly associated with malignant processes
of tumors, including metastasis and angiogenesis (Overall and Kleifeld,
2006; Corry et al., 2004). The resultant imbalance of angiogenic factors
and MMPs within neoplastic tissues results in highly disorganized vessels,
which are dilated, with numerous pores and wide gap junctions between
endothelial cells (Cho et al., 2008). In contrast to normal tissues, the
vasculature of tumors is marked by a heterogeneous distribution of vessel
sizes and shapes, generally larger vessel diameters, higher vascular

density, and enhanced permeability. The size of the gaps between the leaky
10



endothelial cells ranges from 100 to 780 nm depending on the tumor type
(Hobbs et al., 1998; Rubin and Casarett 1966; Shubik 1982). This contrasts
with the tight endothelial junctions of normal vessels typically of 5 to 10
nm size. The tumor interstitium is composed of an elastic network of
collagen fibers filled with hydrophilic fluid which has high interstitial
pressures offering resistance to the internal flux of molecules (Jain 1987;
Heldin et al., 2004). Transport of drugs into the interstitium is determined
by the balanced force between the external interstitial pressure and the
properties of the diffusing drug including particle size and configuration,
hydrophobic nature and electrical charge. Tumor interstitial pressures are
higher in the tumor center and lower in the periphery, favoring decreased
drug diffusion to the center of tumors (Jain 2001; Jang et al., 2003).
Additionally, the lymphatic system inside a tumor is largely absent or
dysfunctional with insufficient drainage. Hence, drugs that gain interstitial
access may have extended retention times in the tumor interstitium. This
phenomenon of leaky vasculature and impaired lymphatic drainage has
been referred to as the Enhanced Permeability and Retention effect (EPR)
(Maeda et al., 2000, Maeda 2001; Vannucci et al., 2014). In general,
nanomedicine-based materials can be delivered to tumors by two

strategies: passive and/or active targeting (Figure 1).

11



7 Active cellular

targeting L
‘W B

',."' § Ligand .

Nanoparticle —= b

AX/ Ineffective

lymphatic drairage

Figure 1. Nanocarriers as promising transporters of anticancer drugs to tumors by passive
tissue targeting and active cellular targeting. Passive tissue targeting uses the increased
permeability of tumor vasculature and the poor lymphatic drainage of tumors (EPR
effect), allowing the release of chemotherapeutic agents in the vicinity of the tumor.
Active cellular targeting is achieved by functionalization of the surface of nanocarriers,
containing chemotherapy drugs, with targeting moieties that provide selective
recognition of different receptors or antigens overexpressed in cancerous cells, increase
their therapeutic efficacy, and overcomes the multiple-drug resistance. Nanocarriers,
once in the vicinity of the tumor, can: (i) release their cytotoxic content next to the cancer
cells; (ii) bind to the membrane of the cancer cells and release their content in a sustained
way; (iii) be internalized into the cell (Peer et al., 2007).

1.1.1 Passive Targeting

Passive targeting can be attributed to the enhanced EPR effect,
determined by both extravasation of macromolecules through the leaky and
poorly differentiated neo-vascular tumor system and lack of functional

lymphatics, which result in the accumulation of extravasated nano-
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materials at the tumor site (Danhier et al., 2010; Matsumura and Maeda
1986). Typically, tumor vessels are highly disorganized and dilated with a
high number of pores, resulting in enlarged gap junctions between
endothelial cells and compromised lymphatic drainage. The ‘leaky’
vascularization, which refers to the EPR effect, allows migration of
macromolecules up to 400 nm in diameter into the surrounding tumor
region. In fact, as anticipated previously, the ability of wvascular
endothelium to present open fenestrations was widely described in
inflamed tissues, in hypoxic areas of infarcted myocardium (McDonald et
al., 1999; Galaup et al., 2012) or in tumors (Nagy et al., 2012). In
particular, the vessels inside a tumor region are well-known for their leaky
walls, allowing NPs with the right sizes to pass through efficiently.
Particles, such as nanocarriers (in the size range of 10-150 nm), can easily
extravasate and accumulate inside the interstitial space. Moreover,
lymphatic system inside a tumor is largely absent or dysfunctional, the
insufficient drainage facilitates accumulation of nanoparticles in the tumor
tissue (Maeda 2001; Maeda et al., 2013; Perrault and Chan 2010). This
condition further contributes to an inefficient drainage from the tumor
tissue, due to an increased interstitial pressure and a reduced intra-
extravascular gradient (Baronzio et al., 2012). NPs that enter into the tumor
microenvironment are not removed efficiently and are thus accumulated
and retained inside the tumor. Using this mechanism, a very high local
concentration of drug-loaded nanocarriers can be delivered to the tumor
site at, for instance, a 5-50-fold higher rate than in normal tissue within
few days (Din et al., 2017). However, these approaches also suffer from
several limitations, the vessels formed through angiogenesis are not evenly
distributed in a solid tumor and the permeability may not be homogeneous
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throughout the tumor. Targeting cancer cells using the EPR effect is not
feasible in all tumors because the degree of tumor vascularization, porosity
of tumor vessels and interstitial pressure can vary with the tumor type. For
example, hypo vascular tumors such as prostate and pancreatic cancers are
very difficult to reach. Moreover, even within a single tumor, huge
differences with regard to vascular permeability can be found, with parts
in which macromolecules as large as 200 nm are able to extravasate and
penetrate, whereas in other parts, even molecules of about 15 nm are unable
to enter the interstitium. Another limitation can be the presence of necrotic
areas, especially in larger neoplasms (Rossin et al., 2005). A possible
advantage for the use of small NPs (around 15 nm) could be the possibility
of passive transport even inside this difficult tissue once in the interstitial
fluid circulation (Huang et al., 2012). Finally, although tumor targeting
consists in passive targeting and active targeting, the active targeting
process cannot be separated from the passive because it occurs only after

passive accumulation in tumors.

1.1.2 Active Targeting

One way to overcome the limitations of passive targeting is to attach
affinity ligands (antibodies, peptides, aptamers or small molecules that
only bind to specific receptors on the cell surface) to the external surface
of the nanocarriers by a variety of conjugation chemistries (Arap et al.,
1998; Leamon and Reddy 2004; Sudimack and Lee 2000; Wu et al., 2010).
These methods can be categorized as conventional bioconjugation
strategies (direct conjugation, linker chemistry, physical interactions),
click chemistry or hybridization methods (Aubin-Tam 2013; Yu et al.,
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2012). Furthermore, only nanosystems based on proteins allow an
additional and more powerful conjugation method, i.e. the genetic
engineering approach. Genetic engineering represents a much easier and
more reproducible method of generating protein-based NPs with exactly
the same architecture as those obtained with chemical modifications. In
fact, peptide sequences can be genetically inserted into the amino acid
protein sequence to build a homogenous and ready-to use construct for
selective cellular recognition and thus avoid repeated and expensive
chemical reactions (Vannucci et al., 2014; de la Rica and Matsui 2010).
Furthermore, when NPs bind to specific receptors and then enter the cell,
they are usually surrounded by endosomes via receptor-mediated
endocytosis, thereby bypassing the recognition of P-glycoprotein, one of
the main drug resistance mechanisms (Maeda 2001; Allen 2002). In fact, a
variety of mechanisms at the cellular level contribute to drug resistance.
These include the presence of drug efflux proteins on the cell membrane,
an example of which is the membrane bound P-glycoprotein (P-gp), which
decreases the intracellular concentration of cancer drugs (Links and Brown
1999; Krishna and Mayer 2000). P-gp may also be present on the nuclear
membrane limiting drug transport into the nucleus (Calcabrini et al., 2000).
Additionally, drugs showing intracellular access may be trapped in
cytoplasmic vesicles, not released and then degraded, or externalized from
the cell still contained in the exocytosed vesicle (Vasir and Labhasetwar
2005). Based on the receptor-mediated endocytosis mechanism, targeting
conjugates bind with their receptors first, followed by plasma membrane
enclosure around the ligand—receptor complex to form an endosome. The
newly formed endosome is transferred to specific organelles, and drugs
could be released by acidic pH or enzymes. Active targeting is mediated
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by NP-conjugated ligands that are able to bind with high affinity and
selectivity to target molecules over-expressed by tumor cells as compared
to healthy tissues (Danhier et al., 2010; Friedman et al., 2013). Active drug
targeting is generally realized to improve target cell recognition and cell
uptake. Targeting ligands which have been investigated to date include
peptides, small organic molecules, oligosaccharides and monoclonal
antibodies (mAbs) (Friedman et al., 2013). The mAbs have been widely
used as tumor-homing molecules for the targeted delivery of NPs;
however, several limitations including large size, difficulty in conjugation
to NPs and high manufacturing costs have hampered their use. Thus,
looking to obtaining similar selectivity toward the target, NPs decorated
with smaller-sized ligands (including peptides) have attracted greater
attention these days (Talekar et al., 2011). In general, two cellular targets
can be distinguished in the active targeting strategy: (a) the targeting of
cancer cell and (b) the targeting of tumor vasculature. In the latter strategy,
the nanocarriers have more chances to reach the target as it does not depend
on extravasation and penetration across tumor interstitium since they
encounter their target receptors much more frequently than do cancer cell
targeted NPs (Sakhrani and Padh 2013; Bedi et al., 2013; Wang et al.,
2011).

1.2 Drug delivery based on Nanoparticles

Multifunctional integrated systems based on NPs that combine
differing properties such as tumor targeting, therapy, and imaging in an all -
in-one system are providing more useful multimodal approaches in the

battle against cancer. These systems have been intensively studied with the
16



aim to overcome limitations associated with conventional cancer diagnosis
and therapy, such as rapid clearance, insolubility under aqueous conditions
and lack of selectivity (Rossin et al., 2005; Bao et al., 2013; Howell et al.,
2013; Chen et al., 2013). An ideal multifunctional nanocarrier would allow
for the simultaneously loading of therapeutics, ligands for cell specific
targeting and fluorescent materials for ease of detection. Targeting cancer
therapeutics to solid tumors is facilitated by particle delivery systems
capable of escaping phagocytic clearance by the reticuloendothelial system
(RES) (Papisov 1998; Moghimi and Patel 1998, Aggarwal et al., 2009).
Under ideal conditions such delivery systems preferentially extravasate the
tumor vasculature and accumulate within the tumor microenvironment
(Maruyama et al., 1999). By design, a particle delivery system capable of
sequestering a cancer drug solely within a tumor may also reduce the
accumulation of the drug in healthy organs (Papisov 1998; Moghimi and
Patel 1998; Paciotti et al., 2005). Consequently, these delivery systems
may increase the relative efficacy or safety of a cancer therapy, and thus
serve to increase the drug’s therapeutic index. Effective cellular drug
delivery must develop methods to overcome or bypass such cellular
resistance mechanisms (Shubik 1982; Jones et al., 1998; Baban et al., 1998;
Hobbs et al., 1998; Jain 2001, Salmaso and Caliceti 2013). The field of
nanotherapeutics has been made possible by the development of
manufacturing methods that enable synthesis, self -assembly or fabrication
of objects with defined size, shape and chemistry on the nanometer scale
and that are also biocompatible (Kanapathipillai et al., 2014). The ideal
nanocarrier size should be somewhere between 10 and 100 nm. Indeed, as
discussed previously for efficient extravasation from the fenestrations in
leaky vasculature, nanocarriers should be much less than 400 nm. On the
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other hand, to avoid the filtration by the kidneys, nanocarriers need to be
larger than 10 nm. The charge of the particles should be neutral o anionic
for efficient evasion of the renal elimination. The nanocarriers must be
hidden from the RES, which destroys any foreign material through
opsonization followed by phagocytosis (Malam et al., 2009; Gullotti and
Yeo 2014). For this reason, nanocarriers are frequently functionalized to
protect them from the reticuloendothelial system and to increase the
biocompatibility, solubility and stability in the bloodstream. The common
method to do this consists of coating the surface of the particles with
polyethylene glycol (PEG), a procedure called PEGylation. The coating of
PEG chains to the surface of NPs results in an increase in the blood
circulation half-life by several orders of magnitude (10-100) (Ferrari et al.,
2013; Essa et al., 2011; Pozzi et al., 2014). In fact, by creating a hydrophilic
protective layer around the NPs, steric repulsion forces repel the absorption
of opsonin proteins, thereby blocking and delaying the opsonization
process (Sant et al., 2008; Romberg et al., 2008; Xie et al., 2007). Several
additional approaches have been devised in recent years to extend the life
span of NPs by slowing their clearance from the body, such as
polysaccharide dextran decoration, PASylation and CTP (carboxyl
terminal peptide) conjugation (Kotagiri et al., 2013; Schlapschy et al.,
2013; Fares et al., 2007, Kober et al., 2015). In particular, the last two
approaches are based on recently developed technologies which involve
genetic fusion or chemical conjugation with polypeptide sequences
composed of the amino acids Pro, Ala, and Ser (for PASylation) or derived
from the carboxyl terminal of human chorionic gonadotropin B subunit (for
CTP). The use of natively disordered amino-acid PAS sequences as a
biological alternative to PEG it was reported to eliminate the disadvantages

18



occurring in the case of protein-PEGylation for the following
biopharmaceutical development and production (Schlapschy et al., 2013;
Harari et al., 2014). These sequences can readily be attached to a wide array
of existing proteins and material, stabilizing them in the bloodstream and
greatly extending its life span without additional toxicity or loss of desired
biological activity (Fares et al., 2007; Schlapschy et al., 2013). Moreover,
in the case of protein-based materials, PAS or CTP-modified proteins can
be manufactured using established recombinant DNA techniques in widely
used protein expression systems. Hence, the benefits of these technologies
are substantial decreasing manufacturing complexity or high costs. A
variety of materials are used to construct a NP including ceramic,
polymers, lipids, and metals. NPs used for drug delivery can be readily
fabricated from either organic and polymeric or inorganic materials, with
their sizes being controlled typically in the range of 1-100 nm and
compositions/ structures being engineered to load anticancer drugs in a
variety of configurations (Thomas et al., 2010; Lobatto et al., 2011,
Hnawate and Deore 2017). Examples of biocompatible nanocarriers
include those composed of liposomes, polymers, micelles, engineered
multi-functional antibodies, and nanoparticles that can be composed of
metals (e.g., gold, silver), polymer, quantum dots, dendrimers, fullerenes,
proteins, DNA, other biological molecules or combinations of these
materials (Nie et al., 2007; Alexis et al., 2010; Lammers et al., 2012; Ding
et al., 2013).
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1.3 Protein-Based Systems

Protein-based nanocarriers are attracting growing interest due to
their exceptional characteristics, namely biodegradability, solubility,
functionalization versatility and their extraordinary binding capacity to
various drugs. A protein-based nanomedicine platform utilizes natural or
synthetic protein as a template for the production of a different
multifunctional nanosystem (Lee and Wang 2006). A variety of proteins
have been used and characterized for drug delivery including viral capsids,
monoclonal antibodies, heat shock proteins (Hsp), alboumin, transferrin and
ferritin (Ft) (Figure 2). In the recent years, protein-based nanocarriers have
shown a tremendous potential for targeted delivery of drugs to cancer cells.
Recombinant antibodies loaded with drugs, also called antibody-drugs
conjugates (ADCs), have been investigated due to their high target
specificity, and an extensive pharmaceutical development is ongoing
(Birrer et al., 2019; Carter and Lazar 2018). Beyond antibodies, a small
number of proteins stably circulating in the human blood have been
considered as potential alternatives for drug delivery, mainly serum
albumin (Park et al., 2012), transferrin (Daniels et al., 2012) and ferritin
proteins (Fan et al., 2013). These three proteins are physiologically
internalized through specific membrane receptors that are over-expressed
on cancer cells. Within the three, ferritin is that one best classifying as a

drug nanocarrier, due to its structural and biochemical peculiarities.
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Figure 2. Types of protein cage structures currently being developed for applications in

bionanotechnology applications.

1.4 Ferritins

Ferritin describes a family of iron storage proteins with ubiquitous
distribution among all life forms, with the notable exception of yeast
vertebrate and they are the most abundant members of the ferritin-like

superfamily (Crichton and Boelaert, 2009).
1.4.1 Structural and functional properties

Ferritin consists of 24 subunits that form a globular protein,

assemble into a shell-like molecule enclosing a hollow cavity with external
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and internal diameters of 12 nm and 8 nm, respectively (Harrison and
Arosio 1996). A non-toxic, water soluble, yet bioavailable iron core, often
consisting in a ferric oxy-hydroxide mineral, is stored within the ferritin
hollow shell. Ferritin protein without loaded iron is also referred as
apoferritin (Ceci et al., 2012). The single subunits of the 24-mer cage of
all these proteins are folded in a characteristic four-helical bundle, formed
by four antiparallel helices (A-D, named in order from the amino terminus),
and a shorter helix on the top of them (E) in the carboxy-terminal end lying
at a 60° angle with respect to the four-helix bundle (Figure 3).

Figure 3. Monomeric fold of Human H ferritin.

The subunits related by 3- and 4-fold symmetry form at their junction pores
that traverse the protein shell so as to allow the passage of ions and small

molecules (Figure 4).
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Figure 4. Quaternary assembly of ferritin from Pyrococcus furiosus (PDB code: 2JD7).
A. View along the four-fold axis. B. View along the three-fold axis. The subunits forming
the four- and three-fold interfaces are indicated in orange and red, respectively, the other

subunits are grey.

The threefold pores are hydrophilic, being lined with negatively charged
residues, and are involved in the uptake of Fe(ll) ions. Iron in particular is
guided to the 3-fold pores by a negative electrostatic gradient, enters the
channels and reaches specific catalytic sites, named the ferroxidase sites,
where it is oxidized by molecular oxygen. Fe(lll) thus produced moves to
the protein cavity where the iron core nucleates and grows at specific iron

binding/nucleation sites to encompass up to 4,000 iron atoms (Figure 5).
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Figure 5. A schematic illustration of the most widely accepted mechanism for iron
incorporation in ferritin proteins. Briefly, Fe(ll) atoms (green) enter the cavity enclosed
by protein subunits (dark grey) via the hydrophilic pores. From these pores, Fe(ll) atoms
are driven to the ferroxidase centre (light pink) where they are oxidized to Fe(l11). Fe(lll)
atoms (brown) move to the iron nucleation sites (light grey), where Fe(lll)-mineral
formation is initiated. When the Fe(lll)-mineral reaches a sufficient size, Fe(ll) atoms

can also get oxidized directly on the surface of the growing mineral.

All animal ferritins are assembled from two subunit types, the heavy (H
chain; 21 kDa) and light chains (L chain; 20 kDa); H chains contain the
catalytic centers and are more abundant in tissues with an active iron
metabolism. L chains contain many nucleation sites and are more abundant
in iron storage tissues like spleen (horse spleen ferritin, for example
contains ~15% H and ~ 85% L chains). In contrast, bacterial ferritins
contain a single subunit type that resembles the H chains. The quaternary
structure of ferritin (i.e., the globular protein shell) is well-conserved. The
N-terminal ends of each subunit are located on the ferritin surface and the

C-terminal ends point toward the inner cavity (Figure 6).
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Figure 6. Schematic representations of ferritin (cross section). A. Ferritin is globular,
hollow protein with outer and inner diameters of 12 nm and 8 nm, respectively. The
protein coat is perforated by several small channels. B. Ferritin consists of 24 subunits,
the amino-termini (denoted with N) of which protrude from the protein outer surface.
The carboxy-termini (denoted with C) are located in the inner cavity of the protein.

1.4.2 Ferritins for human applications in vivo

Nanocarriers based on the heavy chain of the human protein ferritin
(HFt) compare favorably with other systems, particularly for human
applications in vivo. HFt is an ideal carrier due to its outstanding features,
namely solubility, biocompatibility, biodegradability, functionalization
versatility and remarkable capacity to bind different types of drugs (Jain
1999; Zhen et al., 2013; Dominguez-Vera et al., 2010; Falvo et al., 2013;
Fan et al., 2012, Vannucci et al., 2012 and 2015). Additionally, HFts are
able to pass body barriers and, being natural self-constituents, they are
likely not to elicit strong non-self antibody and/or T cell immune

responses. Indeed, HFts are present, under physiological conditions, both
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inside cells and, although at low levels (about 20 pg/L), in the bloodstream,
where they are stable and soluble. Of particular relevance, especially in
view of potential applications in cancer therapy, is the ability of HFt to be
easily internalized by many types of protein- and iron-hungry cancer cells
(Li et al., 2010) thanks to the presence of a specific, highly overexpressed,
H-ferritin receptor (see below). Furthermore, the well-conserved structure
of ferritin is responsible for several characteristics that make the protein an
intriguing material for biotechnology applications. The exceptional
stability of the Ft cage structure over a wide range of temperatures (up to
80 °C) and pH (2-10) makes large scale production at a low cost through
recombination techniques possible, and high yield (grams or even
kilograms). The sensitivity of the stable cage-like structure of ferritin to
pH facilitates the application of various drug-loading methods. For
example, under extreme environments, such as strong acidic pH, the
quaternary structure of ferritin disassembles but, interestingly, reassembles
once pH returns to physiological conditions. Thus, by manipulating the
disassembly and reassembly of ferritin, it is possible to encapsulate
therapeutic drugs inside its structure (Figure 7). In fact, due to its 8-nm
diameter inner cavity, ferritin has the potential space to encapsulate many
drug molecules, thus offering protection from degradation as well as

limiting potential side effects to healthy cells.
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pHT75

Figure 7. Schematic illustration of nanoparticles synthesis using ferritins as nano-
reactors (see text for details). Ferritin-drug loading approach using the assembly-

disassembly approach.

The dimension of the HFt is an important feature of this protein cage. In
fact, the HFt small size (<20 nm) increases the chances of passing human
body barriers and reaching specific targets. Indeed, the dimensions of the
NPs, which must be small enough to penetrate capillary fenestrations and
large enough to avoid rapid clearance through the kidney (the ideal
diameter being lower than 30 nm and greater than 6—8 nm, respectively),
are one of the key prerequisites for efficient targeted delivery, together
with a long-circulating capability of the carrier and high specificity of the
selector towards the target receptor. Additionally, HFt can be easily
functionalized through genetic engineering and/or chemical conjugation
involving one of the many chemical groups naturally exposed to the protein
exterior (primary amines, carboxylates, thiols). In this way, the exterior
surface is another platform to be used for drugs loading, such as

chemotherapeutics, toxins and cytotoxic peptides. However, at present a
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few studies have begun to design the external surface of ferritin NPs as a

carrier to deliver drugs for the purpose of therapy (Kwon et al., 2012).

1.4.3 Tumor Targeting Using Ferritin-Based NPs

For drug-delivery applications, the development of molecules
endowed with the ability to specifically direct NPs to selected cells and
tissues would be of great value. In this direction, the exterior surface of the
ferritin assembly possesses all the features necessary to operate as an
appropriate platform for specific cell targeting/delivery. As mentioned
above, modification of the protein exterior surface can be achieved either
chemically or genetically (Figure 8). Several examples are present in
literature where human ferritin was chemically or genetically modified to
produce an efficient drug-delivery system (Khoshnejad et al., 2018).
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Figure 8. Ferritin external surface can be functionalized by attaching different molecules

chemically or genetically (Truffi et al., 2016).
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1.4.4 Intrinsic targeting ability of HFt: the transferrin receptor 1
(TfR1/CD71)

Transferrin receptor 1 (TfR1; in humans hTfR1 or CD71) is a
universally expressed cell entry carrier whose primary function is to import
Transferrin-bound iron in response to variations in intracellular
concentration of this essential element (Gammella et al., 2017). It’s a
homodimeric type Il transmembrane protein composed of a small
cytoplasmic domain (in humans, residues 1-60), a single-pass
transmembrane region (residues 61-88), and a dimeric extracellular domain
(residues 89-760). Each monomer of the ectodomain, whose total
molecular weight is 150 kDa, is in turn subdivided in a protease-like
domain (P) in contact with the cell membrane, a helical domain (H)
comprising the dimer contact regions, and an apical (A) domain (Lawrence
et al., 1999) (Figure 9).

Extracellular
domain (671 aa)

Transmembrane

domain (28 aa)

Protease-Like

Intracellular
domain (61 aa)

Figure 9. Human Transferrin Receptor 1 (hnTfR1 or CD71). Left: cartoon structure of the
whole protein, divided in intracellular, transmembrane and extracellular domains
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(Daniels et al., 2012). Right: crystallographic structure (pdb 3KAS, visualized with
Chimera (Pettersen et al., 2004)) of the sole ectodomain, subdivided in protease-like,
helical and apical domains.

The ectodomain displays binding sites for diverse ligands (Figure 10). Its
basal portion (formed by P and H domains) binds transferrin (Tf), while
the H domain forms a complex with the Hereditary Hemochromatosis
factor (HFE): these proteins are both involved in iron homeostasis. HFE
negatively regulates iron uptake by competing with Tf for CD71: its
association lowers the affinity of hTfR1 for Tf up to 50-fold (Bennett et
al., 2000; Lebron et al., 1998).

|5 T#HFE
i Virus/parasite

CD71-Tf CD71-HFE CD71-GP1 (MACV) CD71-PvRBP2b (P. vivax)

Figure 10. CD71 ligand recognition epitopes and binding modes that are to date known.
A. CDT71 residues identified as recognition epitopes for iron-regulating proteins Tf/HFE
and viruses/parasite are represented as orange/wheat and red/pink surfaces, respectively.
B. CD71 receptor is shown bound to Tf (orange surface, pdb 1SUV (Cheng et al., 2004)),
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HFE (cyan surface, pdb 1DE4 ( Bennett et al., 2000)), GP1 protein of MACV (pink
surface, pdb 3KAS( Abraham et al., 2010)), Tf and PvRBP2b from P. vivax (orange and
blue surfaces, pdb 6D04 (Gruszczyk et al., 2018)). (Figure obtained with Chimera
(Pettersen et al., 2004).

Very recently, a fundamental breakthrough in the ferritin biology was
reported by Li et al., (2010), the discovery that HFt per se has the ability
to bind to CD71 and effectively target cancer cells. In fact, HFt (but not
the light chain of human ferritin, LFt) was shown to be internalized by cells
using the CD71 receptor. CD71 is upregulated on the surface of many
cancer types (up to 100-fold higher than in normal cells) due to its
involvement in iron homeostasis and cell growth regulation (Figure 11).
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Figure 11. CD71 immunohistochemistry (IHC) staining in different tissues show that it

is highly overexpressed in many metastatic cancers (Singh et al., 2016).
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Recently, HFt was shown to be internalized by CD71 in more than 474
clinical tissue specimens and specifically recognize several types of tumor
(i.e. liver, lung, pancreas, colon, cervical, ovarian, prostate, breast,
sarcoma and thymus cancers) over non-tumor tissues with 98% sensitivity
and 95% specificity (Fan etal., 2012). The high expression in cancer could
involve the necessity of the DNA synthesis in these rapidly dividing cells
through the ribonucleotide reductase enzyme. This enzyme needs of iron
as a cofactor and for this reason the high expression of the TfR1 occurs in
tumor cells (Daniels et al., 2006). In addition, two recent papers by Zhang
etal., (2015), and Bellini et al., (2014) underline the selective capability of
HFt, but not LFt to shuttle doxorubicin molecules to the cellular nucleus.
In this case, HFt nanocages loaded with DOXO could behave like a “Trojan
horse”: called back within the nucleus for the purpose of defense it through
the well-reported HFt antioxidant activity, HFt releases, instead, the
cytotoxic anticancer drug directly into the most effective site of action
(Figure 12).
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Figure 12. Schematic representation of the nuclear delivery of DOXO in HFt(DOXO)

complex.

Despite the large use in literature of HFt-CD71 interaction so far discussed,
the structural atomic details are to date unknown. Therefore, finding the
residues involved in this contact is of major importance for providing the
structural basis that govern HFt-CD71 interaction, beyond

nanotechnological applications.

1.4.5 PASylated ferritins

As previously mentioned, to increase both the in vivo half-life of
native HFt and the stability of HFt-drug complexes, our research group

have developed novel HFt-based constructs, named HFt-MP-PAS, suitable
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for drug delivery. In these constructs the N-terminus of each HFt subunit
was genetically fused to: i) a PAS polypeptide sequence, i.e., a sequence
rich in proline (P), alanine (A) and serine (S) residues; (Falvo et al., 2015,
Fracasso et al., 2016) and ii) a tumor-selective sequence (MP) responsive
to proteolytic cleavage by tumor proteases (MMPs), inserted between each
HFt subunit and the outer PAS polypeptide (Figure 13).
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Figure 13. Schematic representation of the synthesis of HFt-MP-PAS40 (Falvo et al.,
2016).

The PAS mask was aimed at hampering the interaction between drug-
loaded HFt and CD71 in healthy tissues and reducing internalization by
normal cells, already limited by the lower expression of the receptor.
Surface plasmon resonance experiments quantified this lower interaction
between PAS-masked HFt and its receptor CD71 by a factor five (Fracasso
etal., 2016). Then, the MP sequence allows the PAS shield to be selectively
removed by stimuli present in the tumor microenvironment (i.e., MMPs
specific for this sequence) so that the resulting unmasked HFt can freely
interact with and be internalized by CD71 overexpressed in cancer cells.
The HFt-MP-PAS constructs proved to i) encapsulate in the internal cavity

three times more doxorubicin (DOX) than wild-type HFt, ii) form more
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stable complexes (i.e., drug leakage was negligible) and iii) possess higher
in vivo circulation time. Importantly, DOX-loaded HFt-MP-PAS (HFt-
MP-PAS-DOX) displayed excellent therapeutic efficacy either in a human
pancreatic and a head and neck cancer models in vivo, significantly
increasing overall animal survival (Fracasso et al., 2016, Damiani et al.,
2017). We ascribed to the PAS shield the increase in DOX encapsulation,
protein-drug complex stability and circulation time with respect to HFt.
The higher in vivo efficacy of HFt-MP-PAS-DOX with respect to other
DOX delivery systems is likely due to both effective PAS removal by
tumor specific MMPs and efficient DOX delivery into the cell nucleus, as
revealed by confocal microscopy studies (Fracasso et al., 2016). A further
development in the PASylated ferritin technology would be to improve and
widen the use of the HFt-based platform for drug-delivery in terms of its
plasma persistence and tumor/organs accumulation in vivo. Some evidence
suggests that the charge of NPs stemming from distinct surface chemistries
influences opsonization, circulation times and interaction with resident
macrophages of organs comprising the mononuclear phagocyte system
(MPS), with slightly negatively charged NPs have longer circulation
lifetimes and less accumulation in liver and spleen organs of the MPS
(Xiao et al., 2011). This reduced binding of membrane receptors can be
due to the fact that most cell surfaces, as well as extracellular matrix
components, are negatively charged, too. For these reasons, our research
group decided to redesign our HFt-MP-PAS carrier introducing negatively
charged residues in the PAS polypeptide sequence. In particular, we
genetically re-engineered HFt-MP-PAS by adding glutamate residues (E)
in the PAS sequence and obtained a new construct, named HFt-MP-PASE
(Falvo et al., 2018). Thanks to this modification, a 10/15-fold drop in CD71
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binding affinity (a factor 3 with respect to the HFt-MP-PAS construct) was
observed as determined by surface plasmon resonance experiments. This
resulted in a significant improvement of the plasma persistence and tumor
accumulation in a xenogenic human pancreatic cancer model (PaCa44) in
vivo of the HFt-MP-PASE construct. Moreover, HFt-MP-PASE efficiently
encapsulates the anti-cancer drug mitoxantrone (MIT). MIT is a synthetic
anthracenedione developed to improve the therapeutic profile of
anthracyclines and a clinically well-established anticancer agent which
targets DNA topoisomerase | and ubiquitin-specific peptidase 11 (USP11)
enzyme, a component of the DNA repair complex. The resulting MIT-
loaded nanoparticles (HFt-MP-PASE-MIT) proved to be more soluble and
monodispersed than the HFt-MP-PAS counterparts (Falvo et al., 2018).
Therefore, further studies, in vitro and in vivo, would be useful in order to

evaluate the real therapeutic efficacy of this new nanocarrier formulation.
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2. AIMS OF THE WORK

Human ferritin H-chain (HFt) nanoparticles represent one of the most
appropriate vectors for cellular delivery of molecules thanks to their
internalization by CD71 (Li et al., 2010), a transmembrane receptor
overexpressed in most cancer cell types (Figure 11). The first aim of this PhD
thesis is the determination of the residues involved in the complex between
HFt and the human Transferrin Receptor 1 (hTfR1 or CD71) to generate
potentially more effective future constructs. The two proteins have been shown
to interact very tightly: Surface Plasmon Resonance (SPR) data proved their
nanomolar affinity (Fracasso et al., 2016). As such, literature is continuously
enriched by successful biomedical applications of this interaction, in particular
for cancer treatment (Tortorella and Karagiannis 2014; Fracasso et al., 2016;
Zhen et al., 2013; Lei et al., 2016; Falvo et al., 2013). Nevertheless, the

epitopes of their recognition are to date unknown.

The second aim of this thesis is to expand the interesting preliminary results
obtained by our research group on the HFt-based nanovector containing
Mitoxantrone (MIT) as drug payload (HFt-MP-PASE-MIT), especially in
terms of in vivo biodistribution (Falvo et al., 2018). For this reason, we decided
to deepen the characterization of this promising nanovector. In particular, the
key point of this second aim is to analyze the mechanism of action and

subsequently the in vitro and in vivo activity of this new ferritin—drug complex.

The last aim of this PhD thesis is to evaluate a different drug payload, more
potent and versatile than those previously used by our group, like cisplatin,

Doxorubic and Mitoxantrone. The drug selected by our group is named Genz-
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644282, which is a non-camptothecin topoisomerase | inhibitor that shows
potent activities against a large number of human tumor cell lines, with 1C50s
ranging from 1.8 nM to 1.8 uM (Kurtzberg et al., 2011). In addition, Genz-
644282 is cytotoxic on camptothecin-resistant human cancer cell lines
(Sooryakumar et al., 2011). Therefore, to allow an efficient encapsulation of
Genz-644282 by the HFt nanovector, we have designed a new variant named
THE-05, containing specially designed genetic point mutations in the internal
surface of the protein. In this way it is possible to encapsulate weakly positively
charged molecules like Genz-644282 inside the newly-designed, more

negative, internal cavity of the protein.

Overall, the work of this thesis investigated the following aspects:

1. Design, production and purification of the HFt-based genetic
variants as recombinant proteins expressed in Escherichia coli.

2. Biophysical characterization of the HFt variants using different
biophysical techniques like size-exclusion chromatography (SEC),
dynamic light scattering (DLS), and transmission electron
microscopy (TEM) and cryo-EM (HFt-CD71 complex).

3. Assessment of the drug (MIT or Genz-644282) encapsulation
yields and ferritin-drug complex stability.

4. Assessment of the binding properties and cytotoxic effect of the
HFt derivatives in vitro.

5. Assessment of the anti-tumor and toxicity effects of the HFt-based

construct in vivo, in mouse models of pancreatic cancer.
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3. MATERIALS AND METHODS

3.1 Protein structure analysis and modeling

The atomic structure of human ferritin H-type (HFt) was downloaded
from the Protein Data Bank (www.pdb.org). Protein structure visualization and
modeling of PASE chains, and Gly-rich linker were performed using the
software Insightll (Accelrys Inc).

3.1.1 Cloning, expression and purification of Human HFt, LFt and
Mutants A, B, C, D

The genes encoding HFt and mutants A (Q14A/D15A/R22A) and B
(F81A/Q83A), human apo-L-chain ferritin (Hum LFt or LFt) and its mutant D
(S5T/T14Q/S22R/L81F/D116E/A119K/A123D following H-Ft numbering),
were designed, synthesized, optimized for Escherichia coli codon usage and
cloned in pET1lb vector by Geneart (Geneart AG). Mutant C
(Q14A/D15A/R22A/F81A/Q83A) was produced by using the Quick Change
Lightning Kit (Agilent Technologies) according to the manufacturer’s
instructions and using mutant A as a template. All HFt and LFt variants were
expressed in E. coli and purified as previously reported (Falvo et al., 2016).
Briefly, E. coli BL21 (DE3) cells harboring recombinant plasmids were grown
to OD600 0.6 at 37 °C in 1 L of ampicillin-containing Terrific Broth (TB)
medium (24 g/L Yeast Extract, 12 g/L Tryptone, 12.5 g/L K2HPO4, 2.3 g/L
KH2PO4) (Fisher Scientific). Gene expression was induced by addition of 0.5
mM isopropyl-1-thio-R-D-galactopyranoside (IPTG) and cells were further
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grown at 22 °C overnight. After cell harvesting, pellet was suspended in 50mM
Tris—HCI, 0.5mM dithiothreitol (DTT), 1mM ethylenediaminetetra-acetic acid
(EDTA), and 300mM NacCl, pH 7.5, and disrupted by sonication in the
presence of 1mM phenylmethylsulfonyl fluoride (PMFS). The lysate was
centrifuged and the supernatant containing the soluble fraction was treated 40
min at 37 °C with 0.1 mg/mL DNase supplied with 10mM MgClI2, heated to
55 °C for 8 min, and then centrifuged to remove denatured proteins. The
recovered supernatant was heated a second time to 72 °C for 8 min, and then
centrifuged. The recovered supernatant was precipitated in 75% ammonium
sulfate. The pellet was resuspended and dialyzed overnight against phosphate-
buffered saline (PBS) pH 7.5 and then loaded on a strong anion-exchange
column, HiTrap Q Sepharose High Performance (GE Healthcare) previously
equilibrated with the same buffer. In these conditions, HFt samples eluted from
the column, whereas other E. coli proteins and DNA contaminants did not. The
recovered HFt (or LFt) samples were ultracentrifugated at 35,000 rpm for 55
min at 6 °C using a BeckmanL8-70M ultracentrifuge (Beckman Coultier). The
sample was concentrated by means of 30 kDa Amicon Ultra-15 centrifugal
filter devices (Millipore, Billerica). Finally, the nanocages were sterile filtered
and stored at 4 °C. Typical yields were 100 mg of pure proteins per 1 L of
bacteria culture. The purity of all the preparations was assessed by SDS-PAGE
(Sodium Dodecyl Sulphate - PolyAcrylamide Gel Electrophoresis), running
the nanocages on 15% gels and staining the protein with Coomassie brilliant
blue. Protein concentrations were determined spectrophotometrically at 280
nm, using a molar extinction coefficient (on a 24-mer basis) of 4.56 x 10° M™
cm™ or 3.82 x 10° M™ ¢cm™* for HFt or LFt, respectively (ProtParam sofware,
http//www.expasy.org).
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3.1.2 Cloning, expression and purification of CD71

The gene encoding the ectodomain of human CD71 (residues 121-760)
was amplified by PCR from the plasmid pAcGP67A-TfR (Dalton and Barton
2014) (Addgene). The BamHI/EcoRI was inserted using the Gibson cloning
method and fused at the 3' of the Kozak sequence of the po—H mammalian
expression vector modified by the addition of the hydrophobic leader peptide
from the baculovirus protein gp67 (pa—H BiP). An octa-histidine tag was also
placed at the C-terminus of the CD71 gene. The expression plasmid po—H
BiP/TfR1 was transiently transfected in cells HEK293 from American Type
Culture Collection using polyethylenimine (PEI) as transfection agent. Cells
were grown in FreeStyle 293 expression media (ThermoFisher Scientific)
supplemented with 1% of fetal bovine serum (FBS) at 37°C in a humidified
atmosphere of 5% CO2. After 96 hours, cells were harvested and CD71 was
purified from supernatants using Ni- or Co-affinity chromatography.
Supernatant was filtered and incubated with the resin after addition of 50 mM
sodium phosphate buffer, pH 8.0, together with 200 mM NaCl and 20 mM
imidazole; 250 mM imidazole was used to elute CD71. The protein sample
was stored at -80°C in 50 mM sodium phosphate, 200 mM NaCl, pH 8. Quality
and quantity of purified protein was evaluated by SDS-PAGE and UV/visible
spectra using the theoretical € at 280 nm 96,260 M 'cm™.
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3.1.3 Cloning, expression and purification of HFt-MP-PASE

The expression vector pET-11a containing the HFt-MP-PASE gene
was assembled by GENEART AG (Germany). The PASE sequence used was:
ASPAAPAPASPAEPAPSAPAASPAAPAPASPAEPAPSAPA.

Gene synthesis was performed taking into account codon-optimization for high
level expression in E. coli. Were introduced into E. coli BL21 (DE3) and
sequenced by dideoxy sequencing to confirm the presence of the correct gene.
E. coli BL21 (DE3) cells harbouring the recombinant plasmid were grown to
ODesoo 0.6 at 37 °C in 1 L of ampicillin-containing liquid TB medium. Gene
expression was induced by addition of 0.5 mM IPTG and cells were further
grown at 22°C over-nigh. Cells were harvested by centrifugation (6,000 rpm
for 20 min) and suspended in 50 mM Tris-HCI (pH 7.5), 0.5 mM DTT, 1 mM
EDTA), and 300 mM NaCl and disrupted by sonication in the presence of 1
mM PMFS. The lysate was centrifuged at 16,000 rpm for 45 min and the
supernatant containing the soluble fraction was treated 40 min at 37 °C with
0.1 mg/mL DNase supplied with 10 mM MgCl., heated to 55 °C for 8 min and
then centrifuged to remove denatured proteins. The recovered supernatant was
heated to 72 °C for 8 min, and then centrifuged to remove denatured proteins.
The recovered supernatant was precipitated using an ammonium sulphate cut
at 75% saturation (w/v). The pellet was resuspended and dialyzed overnight
against phosphate saline buffer (PBS) pH 7.5 and then were loaded on a strong
anion exchange column HiTrap Q HP (previously equilibrated with the same
buffer). In these conditions, HFt-MP-PASE samples eluted from the column
whereas other E. coli proteins and DNA contaminants did not. The samples
were pooled and concentrated, by using concentration tubes with cut-off 30

KDa Amicon Ultra-15 centrifugal filter devices, according to the manufacturer
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instructions (Millipore, Billerica, MA, USA). Then the final sample was sterile
filtered and stored at 4 °C. Typical yields were 100 mg of pure proteins per 1
L culture. The purity of all the preparations was assessed using Coomassie
brilliant blue staining of 15% PAGE gels run in the presence of SDS. Protein
concentrations were determined spectrophotometrically at 280 nm, using a
molar extinction coefficient (on a 24-mer basis) of 4.56x10° M* cm
(ProtParam sofware, http//www.expasy.org).

3.1.4 The-05 Construct Design and Production

To effectively encapsulate the anti-cancer drug Genz-644282, which is
expected to bear positive charges at physiological pH values, we designed a
variant of the previously reported HFt-MP-PASE construct (see above) with
an enhanced negative charge of the HFt internal surface. To this end, we
analyzed the three-dimensional (3D) structure of HFt which has been
experimentally determined by X-ray crystallography (Lawson et al., 1991) and
is available from the Protein Data Bank archive (PDB ID: 1FHA). Structure
visualization and analysis was performed with Insightll (Accelrys Inc., San
Diego, CA, US) and PyMol. We chose to introduce the negatively charged
glutamic acid residue (Glu) in place of four native HFt residues, namely Lys53,
Lys71, Thrl35, and Lys143. These residues were selected because they satisfy
the following criteria: (i) their side-chains are solvent accessible on the internal
surface of the HFt cavity; (ii) they are not involved in interactions, either within
the monomer or at inter-monomer interfaces, whose alteration might
undermine the stability of the tertiary structure or quaternary assembly,
respectively; (iii) they are not involved in metal binding at the ferroxidase
center of HFt; (iv) the three Lys side-chains are positively charged, and
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therefore their removal contributes to the generation of a negatively charged
surface; (v) their relative distance in the 3D structure is high enough that Glu
residues introduced at these positions are not expected to give rise to
unfavourable interactions, either with their surrounding residues or with one
another. Finally, structure superposition between mutated and wild-type HFt
structures available from the PDB indicates that introduction of mutations at
positions 53 (i.e., Lys53Cys, PDB ID: 4DZ0) and 143 (i.e., Lys143Cys, PDB
IDs: 3ERZ, 2Z6M, 3ES3) does not determine detectable changes in either the
monomer fold or multimeric assembly. The variant of the HFt-MP-PASE
construct bearing the Lys53Glu, Lys71Glu, Thrl35Glu and Lys143Glu
mutations was named The-05. It was obtained via recombinant protein
technology, as previously reported. In brief, the expression vector pET-17b
containing the The-05 gene was assembled by GENEART AG (Germany).
Gene synthesis was performed taking into account codon-optimization for high
level expression in Escherichia coli. The recombinant protein The-05 was
expressed in E. coli, purified and quantified as described for HFt-MP-PASE

3.2 Samples preparation for cryo-EM acquisition
3.2.1 CD71/HFt complex

In vitro, incubation of HFt and CD71 at different stoichiometric ratios
(HFt:CD71=1:1, 1:12, 1:24), temperatures (37 °C, 20 °C, 4 °C) and incubation
times (60°, 30°, overnight) results in protein aggregation due to the presence of
multiple binding sites on both HFt and CD71, forming insoluble precipitates.
Several attempts in the stabilization of the sample with cryo-compatible
Polyethylene Glycol (PEG) at different molecular weights (PEG6000 and
PEG8000) and concentrations (ranging from 1% to 5%) resulted in the same
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outcome. We managed to isolate a soluble sample of CD71/HFt complex by
means of a pull-down experiment, as already established (Li et al., 2010). 250
Mg 8xHis-tag fused CD71 was incubated with 100 pL of TALON resin
(TALON Superflow Metal Affinity Resin, Ge Healthcare) in 25 mM TrisHCI,
150 mM NacCl, 1% PEG8000 and 10 mM Imidazole, pH 7.2 (buffer A), for 60
minutes at 4°C, under rotation. After several washes with buffer A, CD71-
conjugated beads were incubated with 950 pg of HFt for 90 minutes at 4°C
under rotation. The beads were washed increasing imidazole concentration in
buffer A up to 30 mM, and the complex was eluted in 350 puL using 290 mM
imidazole in buffer A. As control, CD71-unconjugated beads were also
incubated with 950 pg of HFt for 90 minutes, following the same procedure
adopted to isolate the complex. The pull-down assay final samples were
analyzed by SDS/PAGE.

Purified CD71/HFt complex eluted from Talon resin at 0.2 mg/mL was directly
used for grid preparation. Two datasets were collected using the same batch of

grids to obtain the final map.

3.2.2 Grids preparation for cryo-EM

Holey-gold R0.9/1 (dataset 1 of CD71/HFt complex) and holey-carbon
R1.2/1.3 covered by 2 nm film of carbon (dataset 2 of CD71/HFt complex)
grids from Quantifoil Micro Tools, GmbH, were prepared as described (Russo
and Passmore 2014). Grid surfaces were treated with plasma cleaning
(Fischione Instruments Plasma Cleaner) using a mixture of 75% Ar and 25%

02 for 60 s before applying 3 ul of sample. We applied the samples on the
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grids using a Vitrobot Mark IV (FEI, Hillsboro) (Dubochet et al., 1998) kept
at 100% humidity and 4°C.

The screening of several blotting conditions revealed that the time between
sample application to the grid and plunge into ethane affects enormously the
number of particles per field and their distribution: this time is indicated as
“waiting time”. The waiting times for the different samples were: 135 s for
dataset 1 of CD71/HFt complex and 90 s for dataset 2 of CD71/HFt complex.
Grids were then blotted on filter paper at force 4 for different times; this time
is referred to as “blotting time”. The blotting times used were: 1s for CD71/HFt
complex (datasets 1 and 2). After blotting, grids were vitrified by rapidly
plunging into liquid ethane at —180 °C.

3.2.3 Cryo-EM data collections and analysis

Cryo-EM data collections, analysis and structures resolution was
carried-out by the group of Prof. Beatrice Vallone (Sapienza University) in
collaboration with the University of Columbia (USA). The complete
description of these parts is reported in the co-authored paper published in

Nature Communications (Montemiglio et al., 2019).

3.3 Surface plasmon resonance (SPR)

The interactions between the immobilized N-terminal His-tagged
CD71 (ligand) and HFt-based constructs (analytes) were measured by surface
plasmon resonance (SPR) technique on a Biacore X100 instrument (Biacore,

Uppsala, Sweden) according to the procedure previously reported (Falvo et al.,
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2016). Briefly, CD71 was immobilized on a Sensor Chip nitrilotriacetic acid
(NTA) (GE Healthcare Europe GmbH) according to the manufacturer's
instructions. The optimal experimental setup was determined and CD71 was
injected at 22 pg/ml for 60 s. Analyte concentration was in the range of 1,000—
62.5 pg/ml. The sensor chip surface was regenerated using fresh histidine
tagged protein after every cycle of the assay. The SPR assay was performed at
25 °C, at flow rate 30 ul/min; the association and dissociation phases were
monitored for 180 and 600 s, respectively. Analytes were dissolved in degassed
10 mM PBS at pH 7.4. To regenerate the chip, complete dissociation of the
complexes was achieved by the addition of 10 mM HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid), 150 mM NaCl, 350 mM
EDTA and 0.005% (vol/vol) surfactant P20 (pH 8.3) for 30 sec before starting
a new cycle. The kon and koff rates as well as the dissociation constant (KD)
were estimated using the Biacore X100 evaluation software according to a 1:1
binding model or alternatively a heterogeneous analyte binding model. All
experimental data shown in results section are reported at analyte
concentration of 1 mg/ml. Fits are reported as black lines corresponding to a
heterogeneous analyte binding model for wild type, Mutant A and Mutant B

respectively, and to a simple 1:1 kinetic model for Mutant C.

3.4 Mitoxantrone encapsulation in the HFt-MP-PASE nanovector

Mitoxantrone, MIT (MedKoo Biosciences) was encapsulated using the
HFt disassembly/reassembly procedure previously described for doxorubicin
(DOX) (Falvo et al., 2015). Briefly, solutions of HFt-MP-PASE in 0.1 M NaCl
were incubated for 10 min at pH 2.5 (pH adjusted with HCI). Then, MIT were
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added to the solution at 250:1 molar ratio with respect to the protein. The pH
was initially maintained at 2.5 for 10 min and then increased to 7.5 using
NaOH. The resulting solution was stirred at room temperature for 30 min,
filtered and dialyzed o.n. vs PBS at pH 7.4 to remove unbound drug. After
dialysis, solutions were centrifuged at 15,000 rpm for 30 min at 4°C.
Supernatant was collected, concentrated with 30 kDa Amicon Ultra-15
centrifugal devices, sterile filtered and stored at 4°C in the dark. HFt and MIT
content of the samples was determined by the Lowry method and UV-vis
spectroscopy, respectively, after extracting MIT in 1 N HCI, 95% ethanol. MIT
was quantified by using the calculated molar extinction coefficient € = 19,200

M™'cm™ at 610 nm.

3.5 Genz-644282 encapsulation in the The-05 nanovector

Genz-644282 Trifluoroacetic acid (TFA) salt (MedKoo Biosciences)
was encapsulated in The-05 using the ferritin disassembly/reassembly
procedure previously described for other drugs resulting in a 120:1 molar ratio
between the drug and The-05 protein (Falvo et al., 2018). The final product
was named The-0504. Briefly, solutions of The-05 (2 mg/mL) in 15 mM NacCl
was incubated for 10 min at pH 3.1 (pH adjusted with HCI). Protein
disassembly/reassembly was achieved by dropwise addition of NaOH to pH =
7.5. After 20 min of stirring at room temperature, the product was filtered to
eliminate insoluble particles. An excess of unbound drug was removed using
100 kDa Amicon Ultra-15 centrifugal devices, in 20 mM Tris-HCI at pH 7.5.
Finally, the solution was sterile filtered and stored at 2-8°C in the dark. The

obtained system, made of The-05 containing Genz-644282 in the internal
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cavity, was named The-0504. Genz-644282 content of the samples was
determined by UV-vis spectroscopy, after extracting the drug in 0.1 N HCI.
Genz-644282 was quantified by using the calculated molar extinction
coefficient £ = 10,000 M cm ™! at 345 nm, with a linearity comprises between
0.25-0.45 AU. Protein content was also determined by UV-vis spectroscopy
applying the following correction for the Absorbance at 280 nm: A280nm -
(A345nm x 4.2). The-0504 was stored as lyophilized powder at 2-8C and
checked monthly for its stability. The-0504 production and formulation
process development studies were carried-out in collaboration with Thena

Biotech and BSP pharmaceuticals (Latina, Italy).

3.6 Size exclusion chromatography (SEC) and dynamic light scattering
(DLS) analyses

SEC experiments were performed using a Superose 6 gel-filtration
column equilibrated with PBS at pH 7.4.

DLS experiments were carried out using a Zetasizer Nano S (Malvern
Instruments) equipped with a 4 mW He—Ne laser (633 nm), as previously
described (Falvo et al., 2018). Briefly, the measurements were performed at
25°C, at an angle of 173° with respect to the incident beam. The average
hydrodynamic diameters (Z-average diameter) of the scattering particles were
calculated using peak intensity analyses. Results are the average of at least five
measurements. Empty (HFt-MP-PASE and The-05) or drug-loaded (HFt-MP-
PASE-MIT and The-0504) proteins were prepared at 1 mg/mL in diluted PBS
(1:2) either for SEC and DLS analyses. All the traces for SEC and DLS
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experiments were analyzed with the software Origin 8.0 (Originlab

Corporation).

3.7 Transmission Electron Microscopy (TEM) analysis of The-05 and The-
0504

In TEM experiments, an aliquot (8 uL) of empty (The-05) or drug-
loaded (The-0504) protein (0.1 mg/mL) was dispersed on carbon coated glow
discharged copper grids. Sample adsorption on carbon film was allowed for
about 5 min, and sample excess was adsorbed with filter paper. Then, staining
with 2% uranyl acetate solution was performed for about 30 s in the dark at
room temperature; staining excess was adsorbed with filter paper and the grid
washed with ultrapure water. Grids were then air dried for 1h before
observation at room temperature. Transmission electron micrographs were
collected working with a voltage of 120 keV at a magnification of 30,000
(Libra 120, Carl Zeiss AG).

3.8 Antiproliferative effects in vitro of HFt-MP-PASE-MIT and The-0504

The in vitro cytotoxicity studies were carried-out in collaboration with
Dr. Giulio Fracasso (University of Verona) and Dr. Gianluca Sala (University
of Chieti).

3.8.1 The in vitro viability XTT assays of HFt-MP-PASE-MIT

Human pancreatic cancer cells (PaCa44) were grown in Dulbecco’s
Modified Eagle Medium. The growth medium was added with 2 mM

glutamine, 10% of FBS and antibiotics. Cancer cells (5,000 cells) were seeded
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in 90 pL of complete medium in 96- well culture microplates. The day after,
cells were incubated in triplicate with 10 pL of serial dilution of Gemcitabine
(GEM), free MIT or HFt-MP-PASE-MIT. After 48 h of incubation at 37°C
with drugs, the medium was replaced with fresh medium w/o phenol red
supplemented with XTT (2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-
Tetrazolium- 5-Carboxanilide) reagent (Sigma-Aldrich, St Louis, MO, USA),
according to the manufacturer’s instructions. Finally, after a variable time
ranging from 1 to 3 hours of incubation at 37°C cell viability was measured at
450 nm by a microplate reader (VERSAmax, Molecular Devices). The
percentage of cell viability was estimated by comparing cells treated to mock
treated ones. To compare the killing efficacy, we evaluated the IC50, i.e., the
compound concentration yielding 50% cell viability. Kinetic intoxication
viability assays were performed applying quite the same procedures described
above. The only variations are the fixed drug concentrations used in the assays
(i.e. 1 pM and 0.1 uM of MIT for both loaded-MIT and free MIT) and the
choice to analyze the killing efficacy at different time points (i.e. 24, 48, 72
and 96 h of treatment).

3.8.2 Apotosis evaluation by flow cytometry for tumor cells treated with
HFt-MP-PASE-MIT and MIT

PaCa44 cells, cells were plated (i.e. 150,000 cells) one day before in 24
well plates; the day after cells were incubated for 48 h, with the HFt loaded
MIT or MIT alone at the MIT concentration of 0.5 uM for both treatments. As
control we used Gemcitabine (GEM), a drug currently applied in PC therapy,
at a concentration of 15.2 mM (i.e. 4 mg/ml). At the end of the incubation after
some washing steps, cells were detached and apoptosis was detected using the
Annexin V-FITC labelled assay. Fluorescence was acquired by a
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BDFACSCanto TM Il (Becton Dickinson) flow cytometer and analyzed with
the FACSDiva Software.

3.8.3 MIT drug uptake by tumor cells

PaCa44 cells, cells were plated (i.e. 250,000 cells) one day before in 24
well plates; the day after cells were incubated for different time points (i.e. 20,
40, 60, 90, 120 minutes), with the HFt loaded MIT or MIT alone at the same
MIT concentration used in apoptosis assays (i.e. 0.5 uM of MIT for both).
Uptake was evaluated after plates washing and cell detaching exploiting the
MIT fluorescence in the APC channel. Finally, fluorescence took up by cells
was acquired by a BDFACSCanto TM |1 flow cytometer.

3.8.4 Antiproliferative effects of The-0504 in vitro

Human colorectal (HT29) and pancreatic (MiaPaCa2 and HPAF II)
cells were obtained from American Type Culture Collection; PaCa44 cells
were kindly provided by Prof. A. Scarpa (Verona University, Verona, Italy).
Cancer cells were passaged every 4 days using RPMI Medium. Media was
supplemented with 2 mM glutamine, 10% of FBS and antibiotics. To perform
the in vitro proliferation assays 5,000 cells per well were plated in 96-well
culture microplates. After overnight incubation, cells were treated in triplicate
with 10 pL of serial dilutions of free Genz-644282 or The-0504 for 72 h. Then,
the medium was replaced with fresh medium w/o phenol red supplemented
with XTT (2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-
Carboxanilide) reagent (Sigma-Aldrich), according to manufacturer’s
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instructions. Finally, cells were incubated at 37°C and the developed staining
measured at 450 nm by a microplate reader (VERSAmax, Molecular Devices).
The percentage of cell viability was estimated by comparing cells treated with
free Genz-644282 or The-0504 to mock treated cells.

3.9 Animal Models

Animal studies were performed by Dr. Giulio Fracasso (University of
Verona) for MIT-based experiments and by Dr. Gianluca Sala (University of

Chieti) for Genz-644282-based experiments, according to protocols approved

by:

- the Institutional Animal Care and Use Committee of University of
Verona and authorized from the Italian Ministry of Health (Protocols
no. 128/2014-B) and were performed in accordance with the principles
laid down in the European Community Council Directives (MIT
experiments).

- the Institutional Animal Care and Use Committee of the University of
Chieti and authorized by the Italian Ministry of Health (Protocol no.
457/2018-PR, 20 June 2018) (GENZ-644282 experiments).

3.9.1 Therapeutic evaluation of HFt-MP-PASE-MIT in vivo

For the xenograft model, 5-week-old female CD1 nude mice (Charles
River Laboratories) were injected subcutaneously in the right flank with 4 x
10° PaCa44 cells resuspended in 200 pl of PBS. When subcutaneous tumor

reached a volume of about 80-100 mm?®, mice were randomized in groups of
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four mice and injected e.v. in the tail vein with saline, MIT or HFt-MP-PASE-
MIT. The treatment dose of 1.4 mg/Kg was normalized to MIT concentration
and mice were treated twice a week for three consecutive weeks for a total of
6 injections. Tumor volume was measured with a caliper and mouse weight
was monitored. Moreover, mice were observed for signs of distress or pain
twice a week for all the duration of the experiment. A tumor volume > 1,500
mm? was chosen as endpoint after which mice were sacrificed. Overall survival

was also evaluated.

At the end of the experimental plan of HFt-MP-PASE-MIT, animals were
sacrificed by CO2 overdose, inhalated via face mask and primary tumors were
explanted. Moreover, liver, lungs, kidneys and spleen were excited from each
animal. All the explanted samples were fixed with buffered formalin 4% for 4
h, dehydrated in a gradient of ethanol (from 70% to 100%), and by two
passages in xylene 100%. Then samples were paraffin-embedded and cut with
a microtome to obtain sections of 5um thickness. For the histological
evaluation, the slices were stained with hematoxylin/eosin (Bioptica, Milan,
Italy) and examined with light microscopy using an Olympus BX-51
microscope, equipped with a KY-F58 CCD camera.

3.9.2 Therapeutic evaluation of The-0504 in vivo

Preliminary evaluation of The-0504 therapeutic activity was carried-
out using human pancreatic HPAF 11 cancer cells. Female, 4-6-week-old CD1
nude mice (Charles River Laboratories; Calco, LC, Italy), were injected
subcutaneously in the right flank with 3 x 108 cells, previously resuspended in

200 pL of PBS. When subcutaneous tumors reached a volume of about 80-100
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mm?, mice were randomized in groups of six animals and injected i.v. with 200
puL of PBS, Genz-644282 or The-0504. Genz-644282 was formulated in
sodium lactate buffer as previously reported (Kurtzberg et al., 2011). The
treatment dose normalized to Genz-644282 concentration was 1.5 mg/Kg.
Mice were treated six times, twice a week for three weeks. Tumor volume was
measured using a caliper. Mice were monitored for bodyweight and clinical
signs. A tumor volume of about 1,000-1,500 mm? was chosen as the endpoint
after which mice were culled. Overall survival was also evaluated. The study
period was set at 50 days from the beginning of therapy.
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4. RESULTS AND DISCUSSION

4.1 Human HFt/CD71 complex

Literature is continuously supplemented with successful applications
of the HFt/CD71 complex as a bio-vehicle for targeted delivery of leads/drugs;
nevertheless, the epitopes of recognition of human HFt with TfR1 are
unknown. The possibility of the existence of different epitopes for HFt and Tf
for hTfR1 has been largely proved by a scarce competition between the two
ligands for CD71 (Li et al., 2010, Sakamoto et al., 2015). In 2017 de Turris’s
group reported that the BC loop in the HFt subunit appears to be fundamental
for this interaction (de Turris et al., 2017). During my PhD, | had the
opportunity to participate in the work that led to the resolution of the structure
of the HFt/CD71 complex (Montemiglio et al., 2019). We used single-particle
cryo-electron microscopy to solve the structure of H-chain ferritin bound to
human CD71 ectodomain to 3.9 A resolution, unveiling the structural
determinants that govern their recognition. The final refined and validated
cryo-EM map, with CD71 and HFt crystallographic structures fitted in,
obtained by the Montemiglio’s group, is indicated in Figure 14.
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Figure 14. CD71/HFt complex final cryo-EM map (resolution 3.9 A) with crystallographic
structures fitted in (yellow: CD71, pdb 3KAS; purple: HFt, pdb 3AJO). The close-up view is
in Figure 16.

In vitro, the combination of HFt with CD71 at different stoichiometric ratios,
temperatures and incubation times results in protein aggregation. This is
probably due to the presence of multiple binding sites on both HFt (24 identical
subunits) and CD71 (2 subunits), that when combined form insoluble
precipitates. In order to have monodisperse particles, we isolated a soluble
sample of CD71/HFt complex by means of a pull-down experiment (Li et al.,

2010): issues of aggregation are thus overcome (Figure 15).
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Figure 15. HFt-CD71 pull-down assay analyzed by SDS/PAGE. Lane 1: Beads + HFt. Lane
2: Beads-8HisCD71 + HFt. Lane 3: Molecular weights.

4.1.1 Structural analysis of the binding region

The CD71-HFt binding region is here described. HFt binds CD71 in a

“virus-like” fashion, covering an overall area of <1900 A2.

Figure 16. CD71/HFt binding region with crystallographic structures fitted in the cryo-EM
map (yellow: CD71, pdb 3KAS; purple: HFt, pdb 3AJO), colored according to the text.
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CD71 interacts through four specific regions on the apical domain, highlighted
in different colors: i) the BI-II loop and the BII-1 strand (S195, E197, S199,
1202: green); ii) a residue on the PII-8 strand (K374: magenta). These are
specific on CD71 for HFt: we refer to them as “exclusive contacts”. Additional
residues are: iii) six amino acids on the BII-2 strand (R208-L212 and N215:
orange); iv) residues E343, K344 and N348 on the all-2 helix (purple). We
refer to these as “common contacts” on CD71, since they represent the key
structural determinants for binding. The HFt binding counterpart regions are
three: i) the external BC loop (R79, F81, Q83, K86, K87); ii) the N-terminus
of the A-helix (T5, Q14, D15, E17-A19, N21, R22, N25); iii) the C-terminus
of the C helix (E116, K119, D123). An exhaustive list of HFt/CD71 pairwise
contacts is given in the Figure 18: a summary is here briefly depicted. The
interactions between exclusive contacts and HFt are: i) CD71 BII-1 strand and
HFt A helix (Figure 17 left); ii) CD71 BI-II loop and HFt C helix (Figure 17
left); iii) K374 CD71 with Q14 and D15 (Figure 17 right).

y/ Q197

&/ Bl loop

S195 ) 4

Figure 17. Contacts involving CD71 epitopes that are exclusive for HFt binding.
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Notably, the CD71 amino acids belonging to “common contacts” coincide with
those leading a gain or loss of interaction with pathogen binding proteins upon
mutations (Gruszczyk et al., 2018, Radoshitzky et al., 2008).

*CD71 Group Location H-Ft Group Location Dis(t:{;l £8 S
common
Electrostatic interactions (hydrogen bonds, salt bridges)
Ser195 0G loop pI-1-BII-1 Aspl23 ODI helix C 44 exclusive
Serl95 oG loop BI-1-BlI-1 Aspl23 0OD2 helix C 3.7 exclusive
GInl197 OEl1 loop PI-1-pII-1 Lys119 NZ helix C 33 exclusive
GIn197 NE2 loop pI-1-BlI-1 Glull6 OE2 helix C 438 exclusive
Ser199 0G strand BII-1 Aspl5 ODI helix A 48 exclusive
Ser199 oG strand pII-1 Aspl5 0oD2 helix A 5.0 exclusive
Arg208 NH1 loop BII-1-BII-2 Thr5 N N-term 3.7 common
Arg208 NH2 loop BII-1-BII-2 Thr5 (0] N-term 4.0 common
Arg208 NH2 loop pII-1-BII-2 Arg79 NH2 loop BC 3.6 common
Val210 (0] strand BII-2 Asn2l ND2 helix A 3.0 common
Asn215 ODI1 loop BII-2-BII-3 Arg22 NHI helix A 33 common
Asn215 ODI1 loop BII-2-BII-3 Arg22 NH2 helix A 33 common
Asn215 ND2  loop BII-2-BII-3 Glull6 OE1 helix C 23 common
Asn215 ND2 loop pII-2-BII-3 Glull6 OE2 helix C 4.0 common
Lys344 NZ helix all-2 Asn25 ODI helix A 3.6 common
Gly347 (0] helix all-2 *Lys87 NZ *loop BC 3.6 common
Asn348 OD1 helix all-2 *Lys87 NZ *loop BC 3.0 common
Asn348 ND2 helix all-2 GIn8&3 OEl loop BC 35 common
Lys374 NZ strand pII-8 GInl4 OEl helix A 34 exclusive
Lys374 NZ strand BII-8 Aspl5 ODI1 helix A 5.0 exclusive
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L3 .
exclusive/

*CD71 Group Location H-Ft Group Location TN

A) common

Hydrophobic interactions

11201 CDl1 strand BII-1 Alal8 CB helix A 42 common
11201 CG2 strand BII-1 Alal8 CB helix A 4.5 common
Leu209 CD1 strand BII-2 Glnl4 CG helix A 45 common
Leu209 CD2 strand BII-2 Arg79 CG loop BC 38 common
Val210 CGl1 strand BI1-2 Glnl4 CB helix A 48 common
Val210 CG2 strand BI1-2 Glul7 CB helix A 44 common
Val210 CG2 strand BII-2 Glul7 CG helix A 4.4 common
Val210 CG2 strand BII-2 Alal8 CB helix A 44 common
Tyr211 CDI1 strand BII-2 Asn21 CB helix A 37 common
Tyr211 CEl strand BII-2 GIn83 CB loop BC 4.7 common
Tyr211 CE2 strand BII-2 GIn83 CG loop BC 3.6 common
Tyr211 CE2 strand BII-2 GIn83 CD loop BC 44 common
Tyr211 CD2 strand BII-2 GIn83 CD loop BC 45 common
Tyr211 CG strand BII-2 Phe81 CD2 loop BC 49 common
Leu212 CB strand BII-2 Alal8 CB helix A 3.6 common
Leu212 CB strand BII-2 Arg22 CB helix A 42 common
Leu212 CD2 strand BII-2 Alal9 CB helix A 43 common
Leu212 CG strand BII-2 Arg22 CG helix A 47 common

Figure 18. Complete list of CD71/HFt contacts.

*: The colors follow the code of Figure 16.
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4.1.2 Structural analysis and design of the binding region of mutants

After the identification of the interacting region, we wanted to identify
between all 17 HFt residues (DATA not shown) the crucial determinants for
HFt/CD71 complex. So, amongst HFt residues involved in common contacts
(T5, Q14, D15, E17-A19, N21, R22, N25, R79, F81, Q83, K86, K87, E116)
we selected only those that are not conserved between human HFt and ferritins
unable to bind CD71 (i.e. human LFt (Li et al., 2010) and Archaeglobus
Fulgidus Ferritin (AfFt) (de Turris et al., 2017): they are Q14, D15, R22, F81,
Q83 (black boxes in Figure 19). To prove their importance, we produced three
multiple mutants of HFt: i) mutant A, lacking the polar residues at the N-
terminal of the A helix (Q14A, D15A, R22A) ii) mutant B, lacking F81 and
Q83 on the external BC-loop (F81A, Q83A) iii) mutant C, combining A and B
(Q14A, D15A, R22A, F81A, Q83A).

4—‘ A helix |j !f' hel:nd.' [ C halix ‘:.—

10 20 30 a0 0 100 110 120
HFEt TTASTSOVEQNY EAAT INLELYAS QRGGRIF E DIKRKPDCDDWESGLNAM VHOSLLELHKLATDEN
LFt —-===8S0TRONY V) VNLYLOQAS QRGGRA E- DIKRPAEDEWGKTEDAM LNOALLDLHALGSART
AfFt = - ASI {VEAL INAEIYSA  ERGGRVK H’- VEEFP-PSEWDSPLAAF VTERIHELVEMAMOEE
Hum=-AfFt ——-—=—=-=- ARSI IVEAL INAEIYSA ERGGRT "EE DIKRP-DSEWESPLAAF VIERIHELVEMAMDER

Mutant A TTASTSQVREQNY EAART INLELYAS ORGGRIFILODIKKPDCDDWE SGLNAM VNOSLLELHKLATDEN
Mutant B TTASTSOVRONY EAAT JINLELYAS QRGGRIA H ADIKKPDCDDWESGLNAM VNOSLLELHKLATDEN
Mutant C TTASTSOVRONY EAART INLELYAS QRGER 'a"i DIKKPDCDDWESGLNAM VNQSLLELHKLATDEN

Figure 19. Ferritins (Human H and L chains, AfFt, HumAfFt, Mutants A, B, C) sequence
alignment of regions contacting CD71. Elements of secondary structure are shown on the top.
Colored background highlights the HFt contact regions with CD71. Conserved residues
(respect to HFt) are in black, non-conserved in blue, mutated in red. Black boxes are residues
crucial for CD71 binding. (Alignment made with Clustel Omega, figure with ENDscript
(Robert and Gouet 2014))
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Figure 20. Gel filtration chromatographic profile of ferritins utilized in this study. A main
peak at retention times typical of the human ferritin wild type (28.2 min) is present, thus
proving that all mutants retain the 24-mer assembly of the human wild type ferritins. In
addition, a pre-peak at about 25 min is also observed in the H-chain constructs. This was
previously ascribed to the presence of cysteine residues (2 per subunit, 48 for 24-mer) on the

surface of the H-chain ferritins that are absent in the L-chain proteins 2.

4.1.3 Characterization by Surface plasmon resonance (SPR)

Surface Plasmon Resonance (SPR) measurements were done to
measure the kinetics (association, kon, and dissociation, koff, rates) and the
affinity of the ligand-analyte interaction (KD), using wild-type or mutant HFts
as analytes and CD71 as ligand. The reaction between an immobilized ligand
(L) and an analyte (A) can be assumed to follow a pseudo first order Kinetics;
during the association phase, the complex [LA] increases as a function of time

according to the following equation (Fracasso et al., 2016):
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d T;A _ K, [LI[A] — & [LA]
n ;
(2:1 binding model) ‘

(heterogeneous analyte binding model)
d[LA] _ 2k  [L][A] -k, [LA] -k ,[LAJ[L] + 2k ,[LLA

dt

From the fit of the curves, it is thus possible to obtain a measure of kon, koff

and KD of the reaction.
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Figure 21. SPR sensograms of the interaction between the immobilized his-tagged CD71
receptor and HFts (wild-type and mutants), used as analytes. Fits are the black lines; fitted

parameters are in Table 1.

The wild-type HFt-CD71 binding affinity (KD= 17.9 nM) is compatible with
the one already existing in literature (Fracasso et al., 2016). Instead, this
parameter is reduced of about two orders of magnitude in mutants A and B and
abolished in mutant C. In particular, a critical drop of the kon value is increased
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across mutants B and C, suggesting that mutations at the BC loop have a

dominant role in impairing the CD71/HFt interaction: this is likely due to the
loss of contact of HFt F81 and Q83 with CD71 Y211 and HFt Q83 with CD71

N348.
Table 1: Kinetic and thermodynamic parameters for SPR experiments:
Top: heterogeneous analyte fit. Bottom: simple 1:1 binding mode
Protei o - g } <on
rnatgte Ko OT's™) ko1 ) Kot M)y (M5 ) Koz (WD
HFt  (4782007)%10°  (340:006*10° 71202  (1.692004*10° (2512006102  0-156=0.007
M“:‘“‘ (1,120 2)%10° (6.520.9)*10" 570170 (1.420.1)*10° (2.7 0.1*10° 19203
M“];’"“ (1.520.3)%10° (3.340.2)*10™ 220480 (L7:02)*10°  (2.760.04)*10° 158418
Mutant Not feasible
C

iﬁ;ﬁ Fons (V') ko (™) Kor (aM)
H-Ft (3.7420.08)*10* (6.72+0.08)*10™ 17.9+0.6
M“r‘“t (1.740.2)*10° (1.8£0.2)10° 14050
)'I“It:'"t (6.6£0.7)*10" (8.9+40.8)*10° 13030
M“(t_a“t 1200 £100 (1.55£0.03)*10° 1300100
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Human LFt, which lacks Q14, R22 and F81, is unable to bind the CD71
receptor (Li et al., 2010). Notably, presents differences in seven positions (S5,
T14, S22, L81, D116, A119, A123) over the total contacts required for the
recognition of the receptor (see the alignment in Figure 19 and Figure 20).
We found that LFt to HFt mutations at these positions (mutant D) confer
binding capability to CD71 with an affinity similar to the one observed for HFt
(Figure 22).

1500
m H-Ftwt
L-Ft wt /\
1000 Mutant D

RU
500

0 500 1000 1500 2000 2500
time (s)

Figure 22. Single kinetic SPR assay. SPR sensograms of the interaction between the
immobilized his-tagged CD71 receptor and HFt wt (red line), LFt wt (grey line) and mutant D
(cyan line), used as analytes. Analyte concentration is increased in five consecutive steps from

18.75 pg/mL to 300 pg/mL. Source data are provided as a Source Data file.

4.1.4 Further considerations on HFt-CD71 binding

Importantly, up to now no other complexes associated with HFt have
ever been singled out, nor the CD71 apical domain (present in all mammalians)
has ever had a known physiological role. In this framework, changes due to

Single Nucleotide Polimorphisms (SNPs) within CD71 apical domain may
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protect from viruses or parasites entry, but cannot be considered neutral with
respect to HFt uptake. Along this line, CD71 species-specific variants must
conveniently match HFt co-evolved variants in order to conserve its
physiological functions. For example, mouse CD71 (mCD71) apical domain
is rather different from the hCD71 one in key residues for HFt binding. Indeed,
mouse HFt (92% of identity with the human one (Li et al., 2010)) in mice is
known to be internalized by TIM-2, that is not expressed in humans (Chen et
al., 2005; Todorich et al., 2008). In literature it is still not clear whether TIM-
2 is the only receptor suitable for mouse HFt or if mCD71 plays a similar role
to its human counterpart. [f mCD71 didn’t bind mouse HFt, then iron uptake
phenomenon by humans and mice organisms would be quite different, as
already hinted (Li et al., 2010): proving this validation will be of great interest
for iron-delivery mechanisms and to validate mice as animal models for iron-

concerned researches.

4.2 Production of the HFt-MP-PASE fusion protein and the HFt-MP-
PASE-MIT complex

The fusion protein HFt-MP-PASE was obtained via recombinant
protein technology and purified (purity > 95%) from the cellular soluble
fraction at high yield, similar to HFt-MP-PAS (about 150 mg per liter of E.
coli cell culture at lab scale) (Falvo et al., 2016). The drug Mitoxantrone (MIT)
was encapsulated inside HFt-MP-PASE cavity following the
disassembly/reassembly procedure reported in Falvo et al., 2018 (Scheme 1).

This procedure resulted in the encapsulation of about 47 molecules (47 * 5.0)
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of the drug inside the HFt-MP-PASE cavity, with a protein recovery of about
90% (Falvo et al., 2018).
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Scheme 1. Cartoon displaying the synthesis of HFt-MP-PASE-MIT. For clarity purposes, only

4 out of the 24 modified HFt N-termini are shown.

4.2.1 In vitro cytoxicity on PaCa44 cells of HFt-MP-PASE-MIT

Our previous results demonstrated that HFt-MP-PASE-MIT nanocages
in vitro are efficient in Killing different tumor cell lines with the same
efficiency as free drug forms (Falvo et al., 2018). To confirm our observation,
we first aimed in this study to test the cytotoxic capability of our generated
HFt-MP-PASE-MIT on human pancreatic (PaCa44) cancer cell line given that
this cell line was also used in our in vivo experiments. We evaluated the
potency of our nano-formulation using XTT assay while collecting the data
from three different experiments. As depicted in Figure 23, PaCa44 cells
exposed to HFt-MP-PASE-MIT or free MIT for 48 h showed quite similar drug
sensitivity with an 1C50 drug response of 0.47 £ 0.07 uM and 1 £ 0.12 uM for

loaded and free MIT concentrations, respectively. It is noteworthy that GEM,
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a drug currently used in Pancreatic Cancer (PC) therapy, showed a

considerably lower drug killing efficacy with IC50=13.5 + 1.25 mM.
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Figure 23. Cytotoxic potential of free or loaded-MIT using XTT assay. PaCa44 pancreatic
tumor cells were treated 48 h with serial dilution of HFt-MP-PASE-MIT, MIT or GEM. The
percentage of cell viability was measured by XTT assay, and means £ SEM were calculated

from three independent experiments.

4.2.2 Flow Cytometric Analysis of Necrosis or Apoptosis

In order to identify key cellular markers of ‘cell death’ or apoptosis, we
have measured the expression level of phosphatidylserine using flow
cytometry. The Annexin V-FITC kit was employed with propidium iodide (PI)
to differentiate apoptotic from necrotic cells. Annexin V has high binding
affinity for phosphatidylserine proteins translocated from the inner side of the
plasma membrane to its outer leaflet; while necrotic cells lost their cellular
integrity and thereby are permeable to PI dye that in turn intercalates with the

nuclear DNA and is visible by red fluorescence. We treated PaCa44 cells with
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0.5 uM of our nano-formulation or free MIT for 48 h; GEM (4 mg/ml) that is
equivalent to 15.2 mM was used as control. Results of Annexin V binding and
Pl uptake were quantified and summarized in Table 2. HFt-MP-PASE-MIT
and MIT showed quite similar levels of early apoptosis 11.30% * 1.00 and
13.25% = 1.85, respectively. Also, the amount of cells in late apoptosis was
quite similar reaching 4.95% + 0.45 and 6.35% = 1.05 for encapsulated and
MIT-free form, respectively. Moreover, the level of cell death for necrosis was
superimposable. GEM showed a similar percentage of cells in early and late
apoptosis 10.01% + 0.20 and 7.60% + 0.50, but at a drug concentration of 15.2

mM, that is about 4 Log higher with respect to MIT concentration.

Drug _ Early_ Late Viable Necrosis
concentration apoptosis apoptosis Cells
GEM 10.01% + 7.60% = 58.00% + 24.25% +
15.2 mM 0.20 0.50 2.60 2.25
MIT 13.25% + 6.35% + 56.65% * 23.80% *
0.5 uM 1.85 1.05 1.45 0.60
EX;]'E\{'EA'IT 11.30% + 4.95% + 60.10% +  23.70% +
1.00 0.45 4.90 3.50
0.5uM

Table 2. PaCa44 cell apoptosis detected by flow cytometry after 48 h of treatment.

4.2.3 Kinetics of cell intoxication

A previous report by our group demonstrated that HFt-MP-PASE-MIT
is rapidly internalized by CD71 and traffic intracellularly via the endosomal
pathway. Then, loaded-MIT escapes from these organelles and arrives at the
nuclear level, where MIT produces DNA breaks and cross-links. Instead, free

MIT enters via passive diffusion across the plasma membrane and its
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distribution is then between nucleus and cytoplasm (Falvo et al., 2018). The
rate of drug uptake can directly reflect the kinetics of tumor cell killing and is
pivotal in studying the efficacy of chemotherapeutic agents. In order to
examine the kinetics of tumor cell death, PaCa44 cells were treated with HFt-
MP-PASE-MIT or MIT alone, and subjected to XTT assays at different time
points. Using an MIT normalized dose of 1 UM we observed that HFt-MP-
PASE-MIT killed 1 Log of tumor cells (i.e. 90% of tumor cells) in 96 h. MIT
eliminated the same amount of cells in a quite similar time of 100 h (Figure
24). When a ten-fold dilution of the drug was used, 0.1 uM, a slight difference
was noticeable in the kinetic killing curves. HFt-MP-PASE-MIT killed 90%
of tumor cells in 110 h while MIT cytotoxicity showed same killing rate at 128
h (data not shown). Moreover, the lag phase, the time elapsing before cell
death, was quite over-lapping between the two drugs (i.e. 10 h for MIT and
10.5 h for HFt-MP-PASE-MIT). When the same parameter was analyzed in
the killing kinetic curves obtained after treatments with a MIT concentration
of 0.1 uM, HFt-MP-PASE-MIT showed a shorter lag phase compared to its

free counterpart (20 h and 27 h, respectively; data not shown).
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Figure 24. Kinetic curves of cell killing by HFt-MP-PASE-MIT and MIT. PaCa44 pancreatic
tumor cells were treated for different time points with an equivalent MIT dose of 1 uM and
viability was assessed by XTT assay. Linear regression was applied to fit the experimental
data (r>=0.97 and r?=0.95 for MIT and HFt-MP-PASE-MIT, respectively). Three independent

experiments were performed + SEM.

4.2.4 Uptake in tumor cells

Given the comparable curves in the cell killing kinetics for both MIT
forms, it was challenging to examine the rate of drug uptake especially given
that encapsulated MIT molecules possess larger size and possibly different
charge. To tackle our concern, we set to study the uptake of 0.5 uM of drugs
by PaCa44 cells at 37°C at different time points (i.e. 20-40-60-90-120
minutes). It is worth noting that the fluorescent emission of MIT can be
captured in the APC channel using flow cytometry. As summarized in Table
3, at all time points, HFt-MP-PASE-MIT demonstrated a superior uptake into
the cells with more MIT (about 35%) accumulated in the target cells when the

drug is loaded on the nanosystem.
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20 40 60 90 120
minutes minutes minutes Minutes minutes

HFt-MP-
PASE-
VT 13307% 13325%  130.49%  142.02%  138.37%
Us +7.21 +7.37 +6.71 +7.00 +0.74
MIT

Table 3. Percentage of the differential cellular uptake of 0.5 uM HFt-MP-PASE-MIT versus
MIT at 37°C detected by flow cytometry at different time points.

4.2.5 Therapeutic efficacy in vivo

The in vivo efficacy of our nanosystem was assessed in a subcutaneous
PC mouse model. PaCa44 cells (4 x 10°) were injected in the left flank of 5-
week-old female CD1 NUDE mice (n=4). After 16 days, when established
tumors had gained a volume of about 80-100 mm3, mice were randomized and
assigned at one of the four groups (i.e. saline, free drug and encapsulated drug).
Treatments were performed twice a week for three consecutive weeks by
intravenous injection in the tail vein. The treatment doses were normalized to
MIT dose (i.e. 1.4 mg/kg). The dose was established considering an Maximum
Tolerated Dose (MTD) for MIT of 9 umol/kg (i.e. about 4 mg/kg). So, we used
about 1/3 of the MTD at each treatment for a total amount of about 8 mg that
is the double of the MTD. Throughout the experiment, mice were weighted
and observed twice a week for signs of distress or pain and finally they were
sacrificed when the tumor gained a volume > 1,500 mm?. Tumors in control
mice grew progressively, showing a tumor doubling time of about 5 days
during the exponential growth phase (Figure 25A). Only a very limited growth
delay was observed in the group treated with MIT alone, but without any
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statistical significance. In contrast, we observed a high difference in tumor
growth when mice were treated with HFt-MP-PASE-MIT. After an initial
superimposable growth of tumor compared to mock treated animals, tumor

volume started to significantly decrease when the 4th dose was administered.
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Figure 25. Efficacy of HFt-MP-PASE-MIT in vivo. A) Growth curves representing the media
of the tumor volume for each of the treated groups: HFt-MP-PASE-MIT, MIT or saline
(CTRL, control); n=4. Arrows indicate the six days of treatment administration. B) Tumor
volume of the three different groups measured at day 38 after tumor cell injection. *p<0.05.
C) Tumor volume of the three group of treated mice (HFt-MP-PASE-MIT, MIT or saline) at
day 48 after tumor cell injection (n=4) *p<0.05, **p<0.01.
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One week post-treatment (i.e. day 38), there was a significant difference
between tumor volume of control (V=1,653.8 + 428.5 mm?®) and HFt-MP-
PASE-MIT treated mice (V=313.2 £ 54.6 mm3, p = 0.019) (Figure 25B). At
day 48, when the last mouse of the control group was sacrificed, the media of
tumor volume between MIT (V=1,703.1 £ 189.2 mm3 and HFt-MP-PASE-
MIT (V=423.6 £ 164.4 mm3) groups varied significantly (p=0.0075) (Figure
25C).

Using the Kaplan-Maier plot, mice treated with HFt-MP-PASE-MIT achieved
amedian survival time (OS50%) of 65 days, which is considerably greater than
0S50% of 28 days and 33 days of control mice and MIT groups, respectively.
Moreover, it is important to highlight the statistically significance of this
increased survival (i.e. data of the Log Rank Test, HFt-MP-PASE-MIT vs.
MIT p= 0.006, HFt-MP-PASE-MIT vs. control p=0.006 and MIT vs. control
p= 0.531) (Figure 26). Based on the p values, untreated and MIT treated
groups did not show a significant improvement in the survival of mice. In
contrast, encapsulated-MIT in HF-MP-PASE-MIT exhibited remarkable
prolonged survival periods of almost additional 33 days compared to MIT

treated groups.
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Figure 26. Kaplan-Meier survival plot. Mice with established s.c. tumor of PaCa44 cells were
treated twice a week for three consecutive weeks with HFt-MP-PASE-MIT, MIT or saline
(n=4) *p <0.05, **p <0.01.

Furthermore, it is important to underline that some of the mice treated with
HFt-MP-PASE-MIT (i.e. 2/4, 50%) were sacrificed before reaching a tumor
volume > 1,500 mm?, our abortion criteria, because the high cytotoxic activity
of the drug on the tumor had created eschars (not shown). Therefore, these

mice were sacrificed to not create excessive pain in the animals.

Regarding the nonspecific toxicity of our therapy, we observed that HFt-MP-
PASE-MIT mice experienced a maximal weight loss of about 10% during the
treatments, but then their weight was restored back to normal value (Figure
27) Otherwise, MIT treated mice demonstrated less capability to regain their
original weight. In the same setting, control mice showed an increment in their

weight of no more the 5%.
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Figure 27. Percentage of mouse weight change during the treatment with HFt-MP-PASE-
MIT, MIT or saline (n=4).

4.2.6 Histological evaluation of primary tumor mass

Histological evaluation of parenchyma primary tumor mass was
performed using hematoxylin and eosin stain to verify the treatment efficacy
of HFt-MP-PASE-MIT nanosystem. In fact, as depicted in Figure 28A, tumor
explanted from a representative mouse belonging to the control group showed
very dense parenchyma morphology typical of recta tumors with the presence
of numerous capillaries. While the representative tumor, explanted from mouse
belonging to the group treated with HFt-MP-PASE-MIT, showed numerous
necrosis areas and scarce vascularization (Figure 28C). The treatment with
free MIT, representing a non-targeted drug, is less efficient in reducing primary
tumor viability (Figure 28B). Indeed, MIT administration showed a dense
structure of primary tumor with rare areas of necrosis and a good presence of
capillaries. Similar histological tumor mass profiles were screened for each

group treatment and the selected images display representative morphologies.
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Figure 28. Histology of primary tumor mass. Images show the parenchyma of primary tumors

in all the experimental groups. A) A representative image of primary tumor mass collected
from the control group treated with saline; B) mice treated with free MIT; C) mice treated with
HFt-MP-PASE-MIT.

4.2.7 Histological evaluation of other organs

Histological evaluation of lungs, kidneys, spleen, liver and heart
specimens was performed for all the treated mice, in order to inspect any organ
structural abnormalities and toxicity effects. Histology of different organ
tissues, reported in Figure 29, showed that both MIT and HFt-MP-PASE-MIT
did not exert any toxic effects on the overall architecture and organization of
cells. The selected images portray representative profiles of other tissue
sections; thus, reflecting the overall preserved structure of various organs

unaffected by the type of applied drugs.
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Figure 29. Histological evaluation of the integrity of the organ’s architecture. Several tissues
as kidneys, hearth, lungs, spleen and liver were explanted from mice at sacrifice. The panel
shows light microscope images from mice treated with HFt-MP-PASE-MIT (images
AB,C,D,E), MIT (images F,G,H,I,L) or saline (images M,N,O,P,Q).

4.3 Design, Production and Characterization of The-05 variant of the HFt-
MP-PASE nanocarrier

Our last aim in this PhD thesis was to modify the previously reported
cancer-selective HFt-MP-PASE nanocarrier to enable it to efficiently
encapsulate the potent anti-cancer drug Genz-644282. Due to the presence of
basic moieties in this drug, we decided to enhance the negative charge of the
internal cavity of the HFt component of the nanocarrier. Based on the analysis
of the three-dimensional (3D) HFt structure, which was experimentally
determined by X-ray crystallography and is available from the Protein Data
Bank (PDB) (Lawson at al., 1991), we selected four native HFt residues,
namely Lys53, Lys71, Thrl35 and Lys143 to be mutated into negatively

charged glutamic acid residues (Figure 30).
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Figure 30. Schematic representation of The-0504 (The-05 incorporating Genz-644282
molecule) development. The Lys53, Lys71, Thr135 and Lys143 residues are mutated to
Glutamate (Glu) in the The-05 protein (left), starting from the HFt-MP-PASE construct.
Mutated residues are colored red. Metalloprotease cleavable sequence and PASE polypeptide
are colored light blue and gold, respectively. Genz-644282 drug is colored blue. All other
residues are light green. To allow the internal surface of the protein to be visualized (lighter

colors), only 18 monomers out of 24 are shown. The picture has been generated with PyMol.

The resulting variant, named The-05, was obtained via recombinant protein
technology and purified from the cellular soluble fraction at high yield (about
150 mg/L of E. coli cell culture at lab scale; about 3 g/L at 10 L high-density
fermentation scale). The purity, size, and overall assembly of The-05 construct
were analyzed by gel electrophoresis (SDS-PAGE), size-exclusion
chromatography (SEC), dynamic light scattering (DLS) and transmission
electron microscopy (TEM) experiments. In SDS-PAGE gel electrophoresis,
The-05 migrated at about 35 kDa as single pure band (Figure 31A).

80



75 kDa
63 kDa

The-0504 (280 nm)
The-0504 (345 nm)
------- The-05 (280 nm)

48 kDa

35 kDa

25 kDa

20 kDa

T f T Y T T -
o 10 20 30 40 50
time (min)

Figure 31. Purity of the The-05 nanocarrier before and after Genz-644282 encapsulation. (A)
SDS-PAGE band migration profiles: Lane 1, protein marker; Lane 2, The-05 (10 p g); Lane 3,
The-0504 (10 p g). (B) Size-exclusion chromatography analysis of The-05 and The-0504
detecting simultaneously The-05 protein and Genz-644282 contribution at 280nm (black) and
345nm (red), respectively.

Overall, samples were found to be highly pure and monodispersed in solution
(Figures 31B and 32A). The mean diameter of The-05 was about 18.5 nm as
assessed by DLS (17.8 £ 0.6 nm) and TEM (18.8 + 1.7 nm) analyses (Figure
32). Moreover, microscopy images revealed that the protein retains the ability

of native human ferritin to adopt a spherical structure (Figure 32A).
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Figure 32. Biophysical characterization of the The-05 nanocarrier before and after Genz-
644282 encapsulation. (A) Representative TEM images of negatively stained The-05 (left) and
The-0504 (right), showing the spherical shape typical of ferritin-like proteins. (B) Dynamic
light scattering profiles of The-05 (red) and The-0504 (black).

4.3.1 The-05 was loaded with Genz-644282 and the (The-0504) product

was characterized

The non-camptothecin topoisomerase | inhibitor Genz-644282 was
encapsulated inside the internal cavity of the novel The-05 construct by
adapting the well-established protein disassembly/reassembly method (see
Scheme 1). This procedure resulted in the encapsulation of about 80 molecules

(81.0 £ 6.0) of the drug inside the The-05 cavity, with a protein recovery of
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about 70%. The nanocarrier drug complex made by The-05 and the entrapped
Genz-644282 was named The-0504 (Figure 30). By comparison, the original
HFt-MP-PASE construct, which bears the native Lys53, Lys71, Thr135 and
Lys143 residues on the internal surface, is significantly less effective since it
encapsulates only about 15 (15.0 £ 2.1) Genz-644282 molecules, with a protein
recovery of about 35%. To our knowledge, this is the first report describing the
successful high-density encapsulation of the Genz-644282 drug in a nano-
delivery system. Sample polydispersity and overall assembly were assessed by
SEC, DLS and TEM experiments. No significant differences between samples
were observed before (The-05) and after (The-0504) Genz-644282
encapsulation, indicating that this process does not affect the overall protein
structure and assembly (Figure 31). The mean diameters of The-0504 were
(17.0 £ 0.7 nm) and TEM (19.7 £ 1.5 nm) as assessed by DLS and TEM
analyses, respectively. In addition, the chromatography elution pattern (SEC)
shows co-elution of the protein (280 nm) and drug (345 nm) moieties, proving
the composite nature of the produced material (Figure 31B). SEC profiling did
not highlight any evidence hinting at compound aggregation or drug loss
following The-0504 formulation as lyophilized powder, storage at 2—-8 °C for
four months, and reconstitution in water (data not shown). Longer storage

times are currently under evaluation.

4.3.2 The-0504 shows high in vitro activity against different tumor cell

lines

To assess the ability of Genz-644282-loaded The-0504 to kill cancer

cells in vitro, we performed XTT viability assays on some human cancer cell
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lines of gastrointestinal origin: colorectal (HT29) and pancreatic (PaCa44,
HPAF 1l and MiaPaCa2) cancer cells. Results reported in Figure 33 indicate
that Genz-644282 encapsulated within The-05 nanocarrier maintains its
pharmacological activity and has a cytotoxic activity comparable or even
superior to that of free Genz-644282 in all tested cell lines. The relative
compound concentration yielding 50% cell viability (1C50, nM) of The-0504
and free Genz-644282 are the following: 21.0 + 2.1 (The-0504) and 160.3 +
20.5 (Genz-644282) for HT-29 cells; 14.5 + 1.6 (The-0504) and 26.1 + 2.6
(Genz-644282) for MiaPaCaz2 cells; 100.4 £+ 19.3 (The-0504) and 150.4 + 30.6
(Genz-644282) for PaCa44 cells; 35.9 + 4.1 (The-0504) and 365.4 + 58.0
(Genz-644282) for HPAF 11 cells. This is remarkable, since naked drugs can
freely di use into cells, whereas The-0504 can only deliver the encapsulated
Genz-644282 following rate-limiting receptor-mediated uptake. After these
promising results, we decide to evaluate the preliminary antitumor activity of
The-0504 in vivo.
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Figure 33. In vitro cytotoxicity. XTT assays performed on four cancer cell lines. (A) HT-29
colorectal cancer cells (B) MiaPaCa 2 pancreatic cancer cells; (C) PaCa44 pancreatic cancer
cells and (D) HPAF 1l pancreatic cancer cells.

4.3.3 The-0504 is highly effective against a xenograft model of pancreatic

cancer

Efficacy of The-0504 was evaluated in a xenograft (subcutaneous)
model of pancreatic (HPAF Il cells) cancer. Tumor-bearing animals were
randomized when the tumor was about 80-100 mm? and treated with free
Genz-644282 and The-0504, both at 1.5 mg/kg in Genz-644282, twice a week
for three consecutive weeks by intravenous injections. As shown in Figure
34A, HPAF Il tumor growth was significantly inhibited in mice treated with

1.5 mg/kg free Genz-644282; conversely, in control groups, tumors grew
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rapidly and reached a size >1,000 mm? at days 20—25 after tumor cell injection.
However, tumor growth stalled for a short period of time, and resumed as soon
as treatment was discontinued reaching a size >1,000 mm? at days 40. Tumor
growth inhibition (TGI) value for free Genz-644282 was 53.3%. Strikingly,
The-0504 showed a very high activity with a long-term regression of all
established tumors. TGI value was 94.0%. Of note, 100% of mice treated with
The-0504 were still alive at the end of the study period of 50 days from the
beginning of therapy (Figure 34B), whereas the median survival of Genz-
644282 treated-groups was 38.0 days. In addition, during the course of the
experiment described above, mice were monitored for body weight and signs
of pain or distress. No abnormal behavior or appreciable body-weight loss
were observed in mice treated with The-0504.
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Figure 34. In vivo efficacy. (A) Tumor-growth curves for each mouse group are indicated-
Student’s t-test is used to determine statistical significance. Control vs The-0504 and Control
vs Free Genz-644282: **p<0.005; Free Genz-644282 vs The-0504: * p 0.05. (B) Survival
curves of different animal groups. Mice were sacrificed when the tumor had reached a volume

in the range 1,000-1,500 mm?3. Statistical analysis was performed by log-rank test. Control vs
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The-0504, and Control vs Free Genz-644282: **p>0.005; Free Genz-644282 vs The-0504
mg/Kg: * p <0.05.
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S. CONCLUSIONS

5.1 Human HFt/CD71 complex

The identification of the residues involved in the complex between HFt
and the CD71, an interaction widely exploited for nanotechnological
applications of drug-delivery systems (de Turris et al., 2017; Fracasso et al.,
2016; Zhen et al., 2013; Falvo et al., 2013) but so far unexplained in atomic
details, was obtained during this PhD thesis, in collaboration with the group of
Prof. Vallone (Sapienza University). The final cryo-EM map, obtained at 3.9
A resolution (Figure 14), allowed to fit the atomic structures of the contact
region without ambiguity: HFt and CD71 bind in a “virus-like” manner, i.e.
HFt contacts the apical domain of CD71 (see Figure 10 for comparison).
Notably, this is the first time that HFt in complex with another protein has ever
been imaged and resolved. The HFt binding region (Figure 16 and Figure 17)
is constituted by the external BC loop (R79, F81, Q83, K86, K87) and the N-
terminus of both A and C helices (T5; Q14, D15, E17-A19, N21, R22, N25;
E116, K119, D123). In conclusion, our work provides a sound structural basis
to elaborate on the possibility of developing alternative ferritin-like anti-viral
or anti-parasite therapeutic ligand, be it an antibody or a peptidomimetic
capable of blocking the “common contacts” epitope on CD71 residue, and to

further engineering ferritins as theranostic agents.
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5.2 HFt-MP-PASE-MIT for cancer therapy

The results obtained along this PhD thesis work allowed also to present
promising results from in vitro and in vivo applications of Mitoxantrone (MIT)
drug loaded on HFt modified nanocages as effective means to control the
growth of Pancreatic Cancer (PC) cells. Compared to freely unloaded MIT
molecules, HFt-MP-PASE-MIT demonstrated a superimposable capability to
kill and intoxicate tumor cells despite its large size and mode of entry using a
receptor (CD71) mediated uptake process. Complementary data from in vivo
experiments clearly demonstrated that when MIT is delivered to tumor mass
by HFt nanocage, the growth of subcutaneous induced tumor is much slower,
thereby prolonging the overall survival rate of treated mice (Figure 25). Our
findings demonstrate an in vivo efficacy of our MIT variant that is superior to
any other tested forms (Zhang et al., 2018). All this is achieved without
compromising the overall health status of the mice and the structure of various
body organs. Indeed, the histological analysis of various tissue organs clearly
showed that both MIT and HFt-MP-PASE-MIT do not modify the architecture
and cellular organization of the analyzed organs. In conclusion, HFt-MP-
PASE-MIT offers a reliable and favourable nanoplatform that could be also

effective in delivering various drugs to advance PC cancer therapy.
5.3 The-0504 for cancer therapy

The last aim of this PhD thesis was to design and develop a novel HFt-
based construct that were superior in terms of efficacy for cancer therapy in
comparison to previously developed ones. This novel HFt-based construct was
named The-05 and was characterized by the following features with respect to

the native HFt protein: (a) outer masking (PASE) shell; (b) tumor-selective
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sequence responsive to proteolytic cleavage by MMPs; (c) 96 negatively
charged glutamic acid residues inside the internal cavity for a better drug-
binding and delivery (Figure 30). The-05 is expressed at high yields in E. coli;
self-assembles into a wild-type like 24meric nanoparticle highly
monodispersed; encapsulates stably up to 80 Genz-644282 molecules in the
internal cavity. The-05 was named The-0504 after Genz-644282
encapsulation. Genz-644282 is a drug payload more potent and versatile than
those previously used by our group. An in vitro assay demonstrated that The-
0504 inhibited tumor cell proliferation with a slightly superior efficacy to the
free drug Genz-644282 (Figure 33). Strikingly, The-0504 displayed excellent
therapeutic efficacy in a human pancreatic cancer model in vivo, increasing
animal overall survivals significantly. The in vitro and in vivo properties of
Genz644282-loaded construct fully justify carrying out additional preclinical

studies (in progress) to assess its real potential for cancer therapy.
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Abstract: P: ic cancer (PC) rep an intriguing topic for researchers. To date, the prog-
nosis of metastized PC is poor with just 7% of pati ding a five-y ival period.
Thus, molecul difications of existing drugs should be developed to change the course of the
disease. Our previously g d ges of Mi (MIT) psulated in human
H-chain Ferritin (HFt), designated as HFt-MP-PASE-MIT, has shown excellent tumor distribution
and extended serum half-life iting further i igation for PC Thus in this study,
we used the same f lation to test its cy icity using both 1 vitro and : vivo assays.
L ingly, both psulated and free-MIT drugs demonstrated similar killing capabilities on
PaCa44 cell line. C ly, in vivo t in a sub PaCa44 tumor model of PC

demonstrated a remarkable capability for encapsulated MIT to control tumor growth and improve
mouse survival with a median survival rate of 65 vs 33 days for loaded and free-MIT, respectively.
Interestingly, throughout the course of mice MIT psulation did not present any
adverse side effects as firmed by histological lysis of various murine tissue organs and

body mass weights. Our results are promising and pave the way to effective PC targeted chemo-
therapy using our HFt nanodelivery platforms.
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Abstract Gastrointestinal tumors, including pancreatic and colorectal cancers, represent one of
the greatest public health issues worldwide, leading to a million global deaths. Recent research
demonstrated that the human heavy chain ferritin (HFt) can encapsulate different types of drugs in its
cavity and can bind to its receptor, CD71, in several solid and hematological tumors, thus highlighting
the potential use of ferritin for tumor-targeting therapies. Here, we describe the development and
characterization of a novel nanomedicine based on the HFt that is named The-0504. In particular,
this novel system is a nano-assembly comprising an engineered version of HFt that entraps about 80
molecules of a potent, wide-spectrum, non-camptothecin topoisomerase | inhibitor (Genz-644252).
The-0504 can be produced by a standardized pre-industrial process as a pure and homogeneously
formulated product with favourable lyophilization properties. The preliminary anticancer activity
was evaluated in cultured cancer cells and in a mouse model of pancreatic cancer. Overall results
reported here make The-0504 a candidate for further preclinical development against CD-71 expressing
deadly tumors.

Keywords: nanomedicine; human ferritin; gastrointestinal tumors; non-camptothecin topoisomerase
I inhibitors; drug-delivery; CD71

1. Introduction

Protein-cage molecules based on the H-chain of human ferritin (HFt) have been recently attracting
growing interest in the field of cancer drug delivery, due to their excellent biocompatibility, selectivity
for cancer over normal cells, binding to a large number of different human tumors and ability to

Phanmaceutics 2020, 12, 992; doi 10.33%pharmaceutics12100992 www.mdpi.com/joumal/pharmaceutics
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Human transferrin receptor 1 (CD71) guarantees iron supply by endocytosis upon binding of
iron-loaded transferrin and ferritin. Arenaviruses and the malaria parasite exploit CD71 for
cell invasion and epitopes an CD71for interaction with transferrin and pathogenic hosts were
identified. Here, we provide the molecular basis of the CD71 ectodomain-human ferritin
interaction by determining the 3.9 A resolution single-particle ayo-electron microscopy
structure of their complex and by validating our structural findings in a cellular context. The
contact surfaces between the heavy-chain ferritin and CD71 largely overlap with arenaviruses
and Plasmodium vivax binding regions in the apical part of the receptor ectodomain. Our data
account for transterrin-independent binding of ferritin to CD71 and suggest that select
th may have adapted to enter cells by mimicking the ferritin access gate.
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