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1. Abstract

Despite the efforts performed in the field of cancer research, data concerning the
incidence of this pathology in North America and Europe reveal that tumors still
represent the second cause of death. In fact, the effectiveness of many drugs is often
seriously affected by lack of specificity in hitting the therapeutic target, determining
the onset of toxicity issues.

In this context, Nanomedicine aims to make a decisive contribution. Nanoparticle
(NPs)-based drug delivery systems can enhance the physicochemical properties of a
wide variety of drugs used in oncology to limit off-site side effects and improve their
therapeutic efficacy, increasing drug accumulation in target tissue. Thus, through the
development of nanocarriers capable of selectively recognizing and interacting with
tumor cells and/or tissues, potential groundbreaking applications in the diagnosis,
treatment and prevention of cancer could become feasible.

In my PhD project, I exploited the unique features of a NPs based on recombinant
heavy-chain ferritin nanocages (HFn). HFn nanocages represent a promising protein-
based class of NPs for drug delivery widely investigated by virtue of (1) their natural
tumor homing and limited accumulation in off-target organs which leads to reduced
off-target toxicity; (2) their biocompatibility; (3) their structure that allows the
encapsulation of different types of drugs or fluorescent tracers; (4) their versatility to
be modified at the surface both exploiting chemical and genetical strategies.

My work has been divided into three main studies aimed at implementing innovative
strategies based on HFn nanocages both for diagnostic and therapeutic approaches in
oncology.

In Study 1, I presented the exploitation of HFn nanocages as nanodevices for
fluorescence image-guided surgery (FGS). This technique is gaining interest due to its
potential to improve tumor margin visualization and real-time identification of tumor
deposits, maximizing the benefits for patients. However, no tumor-targeted probe
effectively capable of localizing tumor tissue is available to date. For this reason, we
proposed a HFn-based nanotracer for the delivery of indocyanine green (ICG), which
is the main fluorescent dye currently used in clinics for FGS. A novel variant of HFn
was developed, extensively characterized in vitro and loaded with ICG for in vivo
experiments demonstrating potentiality as tumor-targeted nanotracers for the

identification of tumors.



In Study 2, HFn nanocages were exploited for the encapsulation of a chemotherapeutic
drug, doxorubicin (DOX) obtaining FerOX nanoformulation. FerOX has been
investigated by virtue of its natural tumor homing and limited accumulation in off-
target organs which leads to reduced off-target toxicity of drugs herein incapsulated.
In particular, the object of this study was to assess the efficacy of FerOX as an
alternative formulation capable of preserving the proliferative potential of human
lymphocytes and the potential impact in the generation of an adaptative immune
response after treatment.

In Study 3, we focused on the use of HFn nanocages conjugated to the monoclonal
anti-HER?2 antibody trastuzumab (TZ). By exploiting the ability of HFn to cross the
blood brain barrier (BBB), we achieved the delivery of TZ as a prophylactic treatment

to tackle brain metastasis in HER2-positive advanced breast cancer.



Abbreviation list

ABD Albumin Binding Domain

ADC Antibody-drug conjugates

BBB Blood Brain Barrier

BC Breast cancer

BM Brain metastasis

CD Circular Dycroism

CEA Carcinoembryonic antigen

CM Central memory cells

CRC Colorectal cancer

CT Computed tomography

DC Dendritic cells

DEAE Diethylaminoethanol

DOX Doxorubicin

DLS Dynamic Light Scattering

EGFR Epidermal growth factor receptor
EM Effector memory cells

EPR Enhanced permeability and retention
ER Estrogen receptor

ERBB2 Human epidermal growth factor
ETX Endotoxin

ET Endocrine therapy

EU Endotoxin units

FC Flow cytometry

FDA Food and Drug administration
FerOX DOX loaded HFn nanocages

FGS Fluorescence Guided Surgery

FISH Fluorescence In Situ Hybridization test
FMT Fluorescence molecular tomography
Fn Ferritin

FPLC Fast protein liquid chromatography




GMP Good manufacturing practice

HER2 Human epidermal growth factor receptor
HFn H-ferritin nanoparticles

HFn-ICG ICG-loaded HFn nanoparticles
HFn-PAS H-ferritin nanoparticles PASylated
ICCD Immunogenic cancer cell death

ICG Indocyanine Green

IEC Ione exchange chromatography
IPTG Isopropyl-p-D-1-tiogalattopiranoside
iv. Intravenous administration

LAL Limulus Amebocyte Lysate test

LB Luria Bertani

LFn L-ferritin nanoparticles

mADb Monoclonal antibody

miRNA miRNA

MFI Mean fluorescence intensity

MMPs Matrix metalloproteinases

MRI Magnetic resonance imaging

NAC Neoadjuvant chemotherapy

NIR Near-infrared

NPs Nanoparticles

oD Optical density

)| Optical imaging

PAS Proline, alanine and serine sequence
PBMC Peripheral Blood Mononuclear Cells
pCR Pathologic complete response
PD-L1 Programmed death-ligand 1

PDO Patient derived organoid

PEG Polyethylene glycol

PET Positron emission tomography

PgR Progesterone receptor

PTX Paclitaxel




RES Reticuloendothelial system

SEC Size exclusion chromatography
SDS-PAGE Sodium Dodecyl Sulphate - Poly Acrylamide Gel Electrophoresis
siRNA Small interfering RNA

TEM Transmission Electron microscopy
TDE Terminally differentiated effector cells
T-DM1 Trastuzumab Emtansine

T-Dtx Trastuzumab Deruxtecan

TfR1 Human transferrin receptor 1

TME Tumor microenvironment

TZ Trastuzumab

UHPLC/MS-MS

Ultra-high performance liquid chromatography-tandem mass spectrometry

uCT

Micro computed tomography




General introduction

2. General introduction
2.1 Breast Cancer

Worldwide, Breast Cancer (BC) represents one of the most life-threatening and
common types of cancer affecting women '. Female BC has now surpassed lung tumor
as the most frequently diagnosed cancer with an approximate number of 287.850 new
cases of invasive BC among women in North America in 2022 2. Although great effort
has been made in the early detection and treatment of BC, this malignancy
unfortunately continues to have a large impact on the global number of cancer deaths
3. In the last years, nearly 685.000 deaths were globally attributed to BC, leading to the
dramatic facts that one in eight women will develop BC during their lifetime and that
about 1 in 39 will die from this disease .

Although survival rates have markedly improved over the past two decades, the
incidence of this disease continues to rise worldwide. Thus, global efforts are needed
to counteract its impacting burden, especially in transitioning countries.

One of the most challenging aspects in tackling BC is attributable to its high
heterogeneity . BC takes shape as group of neoplasms exhibiting different
histological, prognostic, clinical features, and displaying a high degree of diversity,
not only among different patients (intertumor heterogeneity) but also within each
individual tumor (intratumor heterogeneity). Indeed, BC comprises multiple
biological entities which involve genomic alterations, gene expression, and the tumor
microenvironment (TME). All these factors together, lead to diverse clinical behavior,
different disease trajectories, treatment options, and ultimately can adversely

influence patient’s outcomes *.

2.1.1 Classification of Breast Cancer

BC classification is of paramount importance in guiding therapeutic decisions and
finally achieving better patient’s responses. Historically, BC are clinically stratified in
subtypes according to the immunohistochemical expression of estrogen receptor (ER),
progesterone receptor (PgR), and human epidermal growth factor (ERBB2) receptor
(HER2) ¢".



General introduction

Based on this classification, four broad clinical groups of BC have been identified:
Luminal A, Luminal B, HER2-positive, and triple-negative (TNBC), which is
characterized by the lack of expression of any of the above receptors 5.

Luminal A tumors are characterized by ER+ and/or PgR+ (=20 %), the absence of
HER?2 overexpression and a low expression of cell proliferation marker Ki-67 (less than
14%). This subtype accounts for ~40-50% of BC cases and is associated with low grade
and proliferation and a comparably good prognosis with less incidence of relapse and
higher survival rate.

The second subtype, Luminal B BC, displays an ER+ and/or PgR+ (but generally
lower than Luminal A; <20 %) and a higher Ki-67 value (typically > 14%). This subtype
accounts for ~30% of cases and may be associated with a poorer prognosis.

The HER2-positive group comprises 10-15% of BC cases and is characterized by ER-
, PgR-, and HER2 positive setting and is considered a more aggressive and fast-
growing '°. The two of most common tests for the determination of the HER2 status
include immunohistochemistry, which gives a score of 0 to 3+ that measures the
amount of HER2 proteins on the surface of cells in a breast cancer tissue sample, and
the Fluorescence In Situ Hybridization test (FISH). Accordingly, a score of 3+ and FISH
positive testing determine unambiguously the HER2-positive status of a patient. This
subtype can be often related to drug resistance and associated with a higher incidence
of brain metastasis and worse clinical outcomes .

TNBC, also known as basal-like BC, is characterized by the lack of ER and PgR, and
an HER2 scoring of 1+ or 2+, without gene amplification. This subtype, often occurring
in women under 40 years of age, constitutes ~15-20% of BC cases and is associated
with an aggressive behavior and tendency to recur, leading to a worse prognosis

compared to other molecular subtypes of BC 2.
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Figure 2.1 Schematic representation of BC subtypes ®

2.1.2 Treatment options for Breast Cancer

Decades of research had a profound impact over the treatment of patients with BC,
contributing to a tremendous evolution over the past century. Nowadays, treatment
options for BC, originally strictly related to the surgical approach, have moved
forward a multidisciplinary treatment which include endocrine therapy,
chemotherapy, radiotherapy, targeted therapy, and immunotherapy.

The treatment of BC and the associated therapeutic decisions are mainly determined
by stage at diagnosis. For early BC, generally related to stages 0, I, I, and III, the main
goal of therapy is to eradicate the tumor from the breast and regional lymph nodes
and prevent metastatic spreading. For metastatic BC, therapy is mostly proposed with
palliative intent .

To date, the available treatments for nonmetastatic BC include local modalities i.e.
surgery and radiotherapy and systemic therapies that can be preoperative

(neoadjuvant), postoperative (adjuvant), or both .

Luminal-like Triple negative
(ER or PgR positive, or both; (ER and PgR and HER2 HER2 positive
HER2 negative) negative)
Offer BRCA testing (also
without family history—
Lymph node involvement; grade; Ki67; in case of therapeutic
multigene signature or uPA/PAI-1 test consequences)

Indication for chemotherapy if tumour stage =T1b NO:

Luminal A or low risk Luminal B or high risk preferably neoadjuvant
(only in pNO-1) (always in pN2-3) U

\l J\/ Anthracycline and taxane- Chemotherapy
containing chemotherapy +trastuzumab
Endocrine therapy Chemotherapy (offer to add neoadjuvant (and pertuzumab)*
= endocrine therapy platinum) +endocrine therapy

Figure 2.2 Classification of the main BC subtypes and related therapeutic approaches >
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Among the presented tumor subtypes, Luminal BC are often considered as more
treatable by virtue of their lower aggressiveness and intrinsic features. Indeed, about
two-thirds of patients with BC present a hormone receptor positive disease (Luminal
A and B) and could benefit from endocrine therapy (ET). ET carried out with the use
of Tamoxifen and aromatase inhibitors is efficient in counteracting estrogen-promoted
tumor growth, however some cases may require the incorporation of chemotherapy
(especially in Luminal B subtype) (Figure 2.1) . Standard ET consists in the oral
assumption of anti-estrogen medication taken daily for 5 to 10 years that proved to
substantially reduce (approximately by 50%) the 5-year risk for recurrence in
comparison with no ET ®.

For what concerns TNBC, chemotherapy is considered the only systemic therapy

with demonstrated efficacy and in particular neoadjuvant therapy has become a
particularly recommended option. Although TNBC has been traditionally considered
a ‘targetless’” BC for which no targeted therapies are currently approved, intense
ongoing research has brought new therapeutic opportunities. Of note, the dose-dense
regimens and platinum-based therapies in the neoadjuvant setting have been
proposed for TNBC patients *. Moreover, new therapies including PARP inhibitors,
immune-checkpoint inhibitors and immunotherapy for example for programmed
death-ligand 1 (PD-L1) hold great promise '*'7. Overall, anthracycline and taxane-
based chemotherapy are the standard of care followed by surgery but managing the
related adverse events while balancing efficacy continues to be a challenge '>.
Very often, in the face of a better pathologic complete response (pCR) after
chemotherapy, patients with TNBC are prone to suffer a recurrence which can cause
the development of visceral and brain metastases. Indeed, in many cases, mechanisms
of resistance may occur during treatment thus making the treatment inadequate in the
battle against cancer *.

Finally, the development of HER2-targeted therapies for patients with HER2-
positive BC represented a milestone for the treatment of BC. The first and most
relevant example is the humanized monoclonal antibody (mAb) Trastuzumab (TZ)
approved by the Food and Drug Administration (FDA). Its mechanism of action
consists in binding the extracellular domain of HER?2 receptor to alter its downstream
signaling, inhibiting cell cycle progression and consequently arresting tumor growth
20’21.

The first-line treatment for HER-2-positive BC patients generally includes three steps:

first, neoadjuvant chemotherapy is administered to reduce the tumor size before

11
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surgical resection, consisting in a taxane-based chemotherapy and dual HER2
blockade with mAb TZ and Pertuzumab '*. Subsequently, surgery is performed to
remove the tumor, followed by adjuvant therapy which may include chemotherapy,
radiation therapy and targeted therapy to ensure the complete elimination of any
remaining tumor cell, thus limiting recurrence onset . The clinical outcomes of the
early and metastatic HER2-positive patients proved the significant effectiveness of
targeted therapies for preventing recurrences and death reflected by a pCR rate of
65%-70% and extended rates of event-free survival and disease-free survival.
However, very frequently, disease progression and relapse due to the onset of several
TZ resistance mechanisms can occur . To limit TZ resistance, the use of the mAb
Pertuzumab which is able to target a different domain of the HER2 receptor was
proposed. Moreover, an interesting solution employed involves the possibility of
directly conjugating TZ with anticancer drugs (antibody-drug conjugates, ADCs), thus
conferring an intrinsic HER2-targeting ability to the drug and reducing the toxicity of
chemotherapy alone. This is the case of Trastuzumab emtansine (T-DM1, Kadcyla®),
one of the commercially available ADCs developed, starting from TZ. T-DM1 was
approved for the adjuvant therapy of HER?2 positive early BC not in pCR after taxanes
and anti-HER2 neoadjuvant therapy . However, patients treated with T-DM1
experienced severe hepatotoxicity, thrombocytopenia and lung toxicity. Similarly,
another TZ- based ADC, Trastuzumab Deruxtecan (T-Dxd, DS-8201, Enhertu®) was
reported to lead to interstitial lung disease and the adverse reactions caused by its
administration are currently under investigation in ongoing clinical trials *.

Patients diagnosed with HER2-positive BC are also more commonly affected by
brain metastases (BM) which negatively influence survival and quality of life 1*”. The
advent of HER2-targeting agents has prolonged survival in patients with advanced
disease, but the prevention and management of BM still represents a clinical challenge
%2 Indeed, TZ improves survival of BC patients, but it has low central nervous system
penetrance, being ineffective in treating BM. Thus, it is essential to find proper
therapies more effective and less toxic to control, and ultimately prevent, brain
involvement in HER2-positive BC.

In light of this, despite the tremendous advantage brought by targeted therapies,
several challenges limiting HER2-targeted therapy efficacy, i.e. the evolution of drug
resistance and the development of BM still need to be addressed. In this context,
tumor-targeted drug delivery and tumor-targeted sensitizers are regarded as the most

promising approaches to achieve enhanced therapeutic effect of anticancer drugs.
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Emerging evidence has pointed out the potential of nanomedicine and nanoparticles
(NPs) as valuable tools for these purposes and to solve the major issues commonly
emerged in BC treatment.

In this regard, a review including an update on the most promising NPs-based
approaches developed in the last decade for HER2-positive BC therapy has been
published with the title “HER-2-Targeted Nanoparticles for Breast Cancer Diagnosis

and Treatment” and provided as Appendix 1.

This review was aimed at providing broad insight into the different types of HER2-
targeted NPs developed in the context of HER2-positive BC therapy and diagnosis.
Firstly, we focused on the different targeting strategies that have been explored, their
relative outcomes and current limitations that still need to be improved.

The first and most relevant example of HER2-targeted therapy is TZ. However, several
patients often experience disease progression and relapse due to the onset of TZ
resistance and adverse reactions even when treated with recently developed ADCs
like T-DM1 and T-Dxd. Another HER-2 targeted therapeutic strategy involves the
blockade of the main cellular pathways hyperactivated in HER2-positive BC, such as
PI3K/AKT/mTOR and MAPK pathways, by using specific inhibitors such as
Everolimus. Also, tyrosine kinase inhibitors such as Neratinib, Lapatinib and
Tucatinib are employed in HER2-targeted therapy, although mechanisms of resistance
often can arise. Recently, an immunotherapeutic approach has been proposed by
employing mAb such as, Atezolizumab, Pembrolizumab and Nivolumab, used as
Programmed Death-1 (PD-1) inhibitors to restore antitumor immunity. Despite the
available HER-2 targeted therapies presented, a significant fraction of patients relapses
or progress due to escape or resistance mechanisms.

In this context, nanotechnology promises to overcome some of these clinical
challenges combining these therapeutic solutions with the development of novel
HER2-guided nanosystems for effective treatment of BC.

Therapeutic antibodies and their derivatives such as nanobodies, antibody-fragments,
peptides, aptamers and ankyrins have been used to functionalize different types of
NPs to drive tumor recognition, NP accumulation, and internalization, resulting in

increased performance (Figure 2.3).
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Figure 2.3 Strategies for HER-2+ BC therapy. Reprinted with permission from ».

NPs functionalized with the above-mentioned HER2-targeting ligands have been
exploited to deliver: (I) different kinds of therapeutic agents (i.e. DOX, Lapatinib and
Paclitaxel) or (II) nucleic acids or gene silencing molecules (i.e. siRNA and mRNA).
Moreover, NPs have been functionalized with photothermal agents to promote local
radiation and achieve tumor ablation.

Several NPs have emerged also as promising candidates for HER2-positive BC
detection and screening, as they can be loaded with contrast agents and used as highly
sensitive tools for early cancer diagnosis and as theranostic tools if co-loaded with
active drugs.

Among all the nanotechnological solutions proposed so far, it is still impossible to
identify the winning strategy able to be used as a targeted nanodrug for HER2-positive
BC. Indeed, the choice should depend on the final intended application and NP of
election. Nevertheless, there is a growing body of evidence indicating that the design
of improved NPs is a promising direction in the future and their high translational

potential will be explored in depth in the following chapters of this thesis.
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2.2 Nanotechnology and Nanomedicine

As introduced in the previous paragraph, some innovative therapeutics have been
developed exploiting nanotechnology. Before further discussion about these
applications in the medical field, it is mandatory to introduce nanotechnology.
Nanotechnology represents a multidisciplinary field of research and innovation that
deals with materials at the nanoscale. According to the US National Nanotechnology
Initiative, nanotechnology can be defined as the understanding and control of matter
at a length scale of approximately 1- 100 nanometers *.

Indeed, at the nanoscale materials are endowed with unique physical, chemical, and

biological properties that differ from those of the same material at a larger size,
allowing new and innovative applications.
The concept of nanotechnology was first introduced by the Nobel prize Richard
Feynman in 1959, during a famous speech at the California Institute of Technology
(Caltech). In his lecture “There’s a plenty of room at the bottom” he theorized the
possibility of controlling matter and creating molecular-scale devices, thus
anticipating numerous fields of scientific research and technical application *.
Feymann’s theories achieved concrete meaning a few years later in 1974, thanks to the
article "On the Basic Concept of Nano-Technology" published by Norio Taniguchi of
Tokyo Science University. Taniguchi defined nanotechnology as the “process of
separation, consolidation, and deformation of materials by one atom or one molecule”
2. The different possible synthesis of nanostructure was described essentially in two
approaches: the top-down approach consists in the downsizing of bulk material to get
nanosized particles, while the bottom-up approach envisages starting from molecules
or atoms to build up nanostructures.

In 2004, the Royal Society and Royal Academy of Engineering defined nanoscience
and nanotechnologies as “the study of phenomena and manipulation of materials at
atomic, molecular and macromolecular scales, where properties differ significantly
from those at a larger scale” and “the design, characterization, production and
application of structures, devices and systems by controlling shape and size at
nanometer scale”, respectively *. Subsequently, the introduction of Transmission
Electron Microscopy (TEM), Atomic Force Microscopy and Scanning Tunneling
Microscopy made it possible to reach the atomic resolution thus giving a strong

impulse in this investigation field.
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Research in the nanotechnology field guided the development of NPs which are
particles with sizes mainly ranging from 1 nm to 100 nm (Figure 2.4) 3. Their
distinctive size-dependent properties are due to the different ratio between the
number of atoms inside the structure and those on the surface. Therefore, the higher
surface-to-volume ratio displayed by NPs exponentially increases their chemical and
biological reactivity and can be exploited for functionalization. Thus,
nanotechnologists have taken advantage of the unique physicochemical and biological
properties of nanostructured materials and adapted chemical characteristics,
dimensions, shape, structure, morphology and surface properties, for specific

purposes.
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Figure 2.4 Size distribution at the nanoscale.

Nanotechnology research has developed rapidly in the last 20 years with a number
of publications exponentially increased, achieving a progressive expansion of the field
of investigation, from medicine to mechanics, electronics, energy and the environment.
As evidence of this, PubMed research of the keyword “nanoparticle” reports over
31.000 articles related to various aspects of nanotechnology.

The application of nanotechnology in biomedical sciences and healthcare has defined
a promising interdisciplinary research field termed as “nanomedicine”, aimed at the
application of nanomaterials for diagnosis, monitoring, control, prevention, and

treatment of diseases .

2.2.1 Nanomedicine: lights and shadows

Nanomedicine research area extends from in vitro and in vivo diagnostics to therapy,
including drug delivery, drug targeting, regenerative medicine and drug discovery,
with the aim of improving human health *.

Very often nanomedicine takes advantage of NPs which potentially can cross

biological barriers and specifically interact with target molecules locally releasing
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therapeutic drugs ¥. In addition, certain NPs with therapeutic purpose can be
employed also for the diagnosis of diseases, thus becoming theranostic agents.

This field is in great expansion, indeed, according to the recent Trend in Nanomedicine
report published by Mordor Intelligence, the nanomedicine market is expected to
grow from USD $219,850 million in 2020 to $461,252 million by 2026 *. Over the past
few decades, the FDA has approved commercialization of more than 50 nanomedicine
applications and products. Among these products, liposomal drugs and polymeric
conjugates are the two dominant classes, which represent more than 80% of the total
amount ¥. Moreover, in the last years, due to the global pandemic virus, the
coronavirus disease 2019 (COVID-19), the nanomedicine scenario has developed fast.
In 2020, Moderna and Pfizer- BioNTech COVID-19 vaccines were authorized for
emergency use in the US and they both used lipid nanoparticles as delivery systems.
In figure 2.5 which shows the chronological approvals of NPs based on particle type,
lipid-based and inorganic NPs emerge as the most clinically authorized NPs. Figure
2.6 reports the approvals in the clinic of NPs based on indication over time. The most
represented applications are cancer, anemia and imaging but several new NPs are
being introduced for different clinical uses considering the annual raise of the total

number of clinical trials *° (Figure 2.5-2.6).
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Figure 2.5 Chronological clinical approvals of NPs based on particle type *°
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Figure 2.6 Chronological approvals in clinic of nanoparticles based on indication *

It is common knowledge that nanomaterials can address some of the most
challenging problems of medical diagnosis and therapy and have the potential for
improving the quality and duration of life. However, there are still many challenges
to be faced in transforming the concept of nanotechnology into a practical and realistic
application from which patients can effectively benefit. The adoption of nano-based
therapies and diagnostics have been shown to bring significant therapeutic benefits
for several biomedical applications. However, their clinical application has not
progressed as rapidly as preclinical results and the number of nanomedicines available
to patients is below projections for the field.

To fully grasp the opportunities offered by nanomedicines, it is necessary to
understand and solve the main issues that may hamper their translation to the
commercial sector and ultimately to the clinic. The major challenges that still need to
be solved to bring the use of NPs "from the laboratory bench to the patient's bed”

include:

* Biological reasons: one hurdle is the discrepancy between the efficacies obtained in
preclinical studies and the outcomes from clinical trials, mainly due to the lack of
understanding of the differences in physiology and pathology between animal model
and humans. Thus, it is important not only to increase the number of in vivo studies to
better investigate the fate and functionality of nanomedicines in the body, but also to
include animal models of pathology. For example, to investigate NPs employed as
delivery systems for cancer treatment, animal models that closely recapitulate the
heterogeneity and anatomical histology of human cancers are required “**’. Added to

this, multiple physiological barriers such as tumor penetration, tumor heterogeneity,
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relative hypoxia, and endosomal escape represent further impediments for successful

oncological applications *.

e Controllable and reproducible production: the great variability of the main
physicochemical characteristics of nanomaterials (structure, composition, size, surface
properties, porosity, charge and tendency to aggregation) makes it difficult to carry
out an exhaustive characterization of NPs, before and after the administration. For the
successful development of therapeutic NPs, it is necessary to have a complete
understanding of the characteristics of NPs, including chemical reactivity and stability,
and the determination of optimal physicochemical parameters for batch-to-batch

reproducibility.

e Safety challenges and regulatory issues: it is mandatory to assess potential issues
related to toxicity when administering NPs. Currently, no specific regulations for
nanomedicine products are available since they have been monitored by applying the
same rules as for conventional medicines. However, it is important to consider that the
safety evaluation suitable for nanomedicine would be greatly different from bulk
drugs due to variation in size and they may react differently according to their
properties. This led to the recent development of nanotoxicology with the generation
of protocols and procedures for the evaluation of the toxicity of nanostructured
materials %44, Scalable manufacturing and cost-effectiveness: another challenge to
clinical development involves the scaling up of nanomaterials. Scalable
nanomanufacturing requires the complex balancing of many aspects including
scalability, reliability, controllability, efficiency, quality, yield and affordability.
Moreover, chemistry, manufacturing, and controls of nanotherapeutics may require
the establishment of new good manufacturing practice (GMP) processes with
additional modifications of existing wunit operations. Overall, large-scale
manufacturing is more complicated when NP formulation involves multiple steps or
complex technologies. For example, the production of nanoparticles decorated with
biological targeting ligands or loaded with two or more therapeutics, comprise
multiple functional units and require considerable efforts from the technology-transfer
point of view. This could dissuade pharmaceutical companies from investing in large-
scale production of nanopharmaceuticals and, more specifically, of nanocarriers. It is
therefore essential that the clinical benefits of nanopharmaceuticals should be

significant and can justify the huge development and production costs **¥.
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Considering additional challenges related to the development and clinical translation,
to give priority to the development of simpler nanomedicine platforms could be a

reasonable decision .

2.2 Classification of nanoparticles

To date, a plethora of NPs with different characteristics based on their nature,
dimension, shape and specific application have been proposed and investigated. A
possible classification of NPs is based on their physical and chemical properties which
include organic, inorganic and hybrid NPs *.

Organic NPs are characterized for being made up of “soft” or blending materials.
Organic NPs developed for drug delivery can be produced from a large variety of
substances including lipids (liposomes and micelles) and polymers (polymeric NPs,
polymeric micelles and dendrimers). Organic NPs potentially display less toxicity in
comparison with metallic NPs and some properties which make them optimal delivery
systems and the ideal choice for medical applications. This group of NPs also includes
biological NPs which are occurring NPs that can be constituted of organic materials.
They are assembled from molecules or atoms synthetized in a biological system. These
NPs display structure uniformity, low toxicity, the ability to evade the immune system
and the capability to vehiculate pharmaceuticals, which makes them particularly
compelling for biomedical applications ¥. Among them, the most broadly studied are

exosomes, lipoproteins, viral NPs and ferritin NPs.

Inorganic NPs are more chemically stable and characterized by a higher mechanical
strength compared to organic NPs. They include those derived from metals (e.g., gold,
silver, copper), semiconductors (e.g., quantum dots), and oxides (e.g., iron oxide).
Metallic NPs which are obtained from metal precursors, possess unique opto-electrical
properties that make them widely investigated both for diagnostic and therapeutic
purposes. For example, gold nanoparticles can exert a thermal heating function or
certain inorganic NPs can respond to external stimuli such as magnetic fields or near-
infrared (NIR) light to enhance magnetic imaging. Inorganic NPs demonstrated their
suitability as contrast agents, fluorescence probes, nanocarriers for drug delivery, and
in the energy conversion for photothermal and photodynamic therapies especially in
cancer. On the other hand, they are reported to have reduced biocompatibility and

there are still many challenges to solve related to their toxicity. Indeed, many issues
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such as the accumulation of nanoparticles in organs like the liver and the spleen, for
prolonged periods strongly limited their use in clinical trials.

In this context, the development of hybrid nanosystems showing intermediate
characteristics between organic and inorganic may allow researchers to develop better

carrier systems opening room for new biomedical applications .
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2.2.2 Applications of nanomedicine

Recently, the implementation of NPs has expanded into a broad range of clinical
applications. It is expected that nanomedicine will lead to the development of
improved devices, drugs, and other applications, ensuring early diagnoses and/or
treatment of many diseases with high efficacy, specificity, and personalization *'. In
particular, NPs hold great promise to overcome the limitations of conventional drug

delivery and navigate biological barriers **.
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The main applications for which NPs have a significant role include:
e Imaging and diagnosis
e Drug delivery
e Vaccine development

o Gene therapy

A key focus in nanomedicine takes advantage of NPs as contrast agents for
anatomical imaging and diagnosis. Molecular imaging allows non-invasive
visualization of cellular functions and biological processes in the human body for the
diagnosis of diseases at early stages. The most representative imaging modalities
include computed tomography (CT); magnetic resonance imaging (MRI); positron
emission tomography (PET) and optical imaging (OI).

To date, various iron oxide NPs have been developed as contrast agents for MRI due
to their high biocompatibility and excellent magnetic properties. NPs probes of high-
atomic-number materials like iodine or gold have been extensively investigated to
overcome the limitations of current CT contrast agents. In addition, NPs can be
functionalized with isotopes for PET applications and with fluorescent dyes or with
other compounds for different OI °%. In comparison with conventional probes, NPs
possess controllable physical properties, versatility for surface modification and
longer circulation time. Moreover, they lend themselves for various combinations also

for multimodal imaging and therapy .

NPs have also a strong relevance as drug delivery agents or nanocarriers. Drug
delivery using NPs has the potential to overcome many disadvantages of conventional
drug delivery by offering improved bioavailability and pharmacokinetics. Overall,
they offer enhancement of the pharmaceutical properties (i.e., stability, solubility, in
vivo half-life and tumor accumulation) of therapeutic molecules.

NPs are often functionalized by exploiting different strategies to minimize clearance
and limit the systemic diffusion of the drug. In addition, different functionalization
strategies designed to maximize the binding affinity of NPs to the target lesions can
facilitate the specific accumulation of the compound accumulation in the target site,
with a consequent reduction of side effects and toxicity to off-target organs. Thus, by
providing a targeted and sustained drug release, drug-related toxicity could be

reduced, limiting frequent dosing and improving patient compliance *.
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After reaching the target tissue, NPs should have the ability to kill or discriminate
diseased from healthy cells, with a controlled release mechanism of the cargo
molecule. NPs can also respond to certain stimuli such as changes in pH or
temperature, or they can be designed to be slowly degraded in the body (in the case of

biodegradable polymers) or eliminated by renal filtration *.

Recently, nanotechnology has been incorporated into vaccine development. Indeed,
the investigation of the immune responses that can be induced and modulated by NPs
led to the study of vaccine formulations based on the use of NPs ..

Researchers consider NPs valuable tools both as delivery systems to achieve enhanced
antigen processing and as an immunostimulatory adjuvant to induce and boost up
immune response. Indeed, thanks to their nano-size and tunable structure they can
mimic structural features of pathogens like natural viruses.

Potential nano-systems that work as vaccines to enhance corresponding immune
responses and overcome limitations of traditional vaccine adjuvants include
polymeric NPs, liposomes, immunostimulatory complexes, virus-like particles,
protein NPs and emulsions. Among them, a popular vaccine platform is the protein-
based nanocage Ferritin which has been studied to deliver vaccine antigens for various
models of infectious diseases such as influenza, HIV, or COVID-19 644, Based on the
antigen loading strategy employed, NPs-based vaccines can encapsulate vaccine
antigens or nucleic acid cargos within their core or be functionalized with vaccine
antigens on their surface.

Of note, the terrific efforts lavished to obtain vaccines for COVID-19 gave a strong
impulse to nano-vaccine development. The first two COVID-19 vaccines introduced in
clinics were lipid NPs delivering mRNA encoding engineered viral spike (S) protein
developed by Moderna and BioNTech / Pfizer. Both demonstrated efficacy greater than
90% against Wuhan-Hu-1 SARS-CoV-2 after two vaccine doses. To date, more than 26
nanoparticle-based vaccine candidates which encompass diverse formulations have

advanced into human clinical trials ¢,

NPs have demonstrated remarkable success also as nucleic acid delivery carriers for
gene therapy purposes *2. To date, gene therapy can be achieved by introducing
exogenous nucleic acids such or antisense oligonucleotides which delivery is typically
carried out by viral vectors with several limitations with respect to safety. On the

contrary, by virtue of their tunable features, superior ability to target cells and tissues
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and reduced potential adverse effects, NPs could potentially represent a promising
solution. NPs have been explored for a wide range of diseases, such as cancer, cystic
fibrosis, diabetes, haemophilia and HIV. For systemic delivery of nucleic acid-based
therapeutics such as antisense DNA, mRNA, small interfering RNA (siRNA) or
microRNA (miRNA), both lipid-based vectors and polymer-based vectors have been
intensively investigated in experimental animals and in clinical trials %. Recently,
several nano-delivery approaches integrated with CRISPR—Cas technology have been

proposed as a new generation of high-efficiency delivery tools for gene editing ®.

2.2.3 Nanoparticles for cancer treatment

Cancer therapy is one of the applications that could benefit the most from

nanotechnology. Cancer nanomedicine seeks to overcome many shortcomings of
conventional cancer diagnostics and therapies. Indeed, either conventional
chemotherapeutic drugs or immunotherapies are non-tumor-targeted therapeutic
approaches, thus not able to accurately discriminate malignant cells from healthy
tissues, giving rise to multiple undesired side effects *'.
Currently, the advances in nanotechnology, together with the improved
understanding of cancer biology and nano-bio interactions, have fostered the
development of a variety of nanocarriers, designed to improve the therapeutic efficacy
while reducing off-target toxicity of the encapsulated anticancer agents through tumor
specific targeting.

NPs are usually designed to exert their delivery function for cancer treatment with
two different types of targeting: passive targeting and active targeting **.

With passive targeting, the fate of the nanocarrier is determined by their
morphological, chemical and physical features and by the anatomical and
physiological characteristics of the target site . Generally, nanocarriers are delivered
systematically and accumulate in the tumor site as a consequence of the enhanced
permeability and retention effect (EPR). This passive targeting phenomenon takes
advantage of the abnormal vascularization of the tumoral area, due to both increased
number of new vessels which are highly disorganized and dilated (600-800 nm), and
the limited lymphatic drainage that facilitates prolonged retention of these NPs in
tumors.

From the first nanomedicine approved by FDA, Doxil® (PEGylated liposomal
doxorubicin), new nanotherapeutics received approval and have now entered routine

clinical use for cancer, all of which rely on EPR-mediated passive tumor targeting.
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Nevertheless, it is increasingly known that the EPR effect is highly heterogeneous and
characterized by substantial variability among patients, tumor types, and within the
same patient between primary tumors and metastases. Hence, several new targeting
strategies have been proposed to enhance the accumulation of nanomedicines in low-
EPR tumors, including cell-mediated tumor targeting, tumor vasculature targeting
and locoregional delivery.

Active targeting instead, is aimed at increasing the binding specificity with target
cells or tissues. It involves the functionalization of the surface of NPs by exploiting the
reactivity of some end groups for the conjugation with specific proteins, peptides,
mADbs and cell-specific ligands. This application typically involves the tuning of
surface functionality with one or more targeting moieties able to interact specifically
with antigens or receptors that are either uniquely expressed or overexpressed on
diseased tissues and cell surfaces "°”* (Figure 2.8).

It is considered active targeting also the exploitation of physical stimuli such as
temperature, pH, and magnetic field *®. The TME is another key feature that can
influence targeting. Hyperproliferative tumor cells are characterized by a high
metabolic rate which produces an acidic environment. This hallmark can be exploited
by pH-sensitive nanosystems designed to be stable at physiological pH but able to
release the drug after degradation in presence of a lower pH. Other unique features of
the TME such as the presence of tumor metalloproteinases or higher levels of certain

enzymes, can be exploited to achieve a targeted release of the drug *.

Surface and Targeting
material properties

Carbohydrates

(glucose, galactose,
Self mannose, dextran)
peptides

\\\““ E)&d %ntibodies

PEGylation &\87 Responsiveness Cell surface
R Endogenous triggers: receptors
* Acidic/hypoxic (@)
< environment
Cell D=3 * Enzyme levels Vitami
coating S » Metabolic shifts O (Vlitzr:'llil;SD
Exogenous triggers: !
« Light S folate)
Density and feound )Qo
* Force (physical )Q Aptamers
toughness or magnetic) (peptides)

Architecture
. -
sie( )OO
shape () ) )
Charge @ Q o

Figure 2.8 Surface and material properties, architecture, targeting moieties and responsiveness are all attributes
of nanoparticles (NPs) *.
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Another promising targeting strategy is the development of biomimetic NPs via cell
membrane coating. Indeed, the employment of blood cell or cancer cell membranes is
attracting enormous interest to camouflage NPs and extend nanoparticle residence
time in vivo or to enhance efficient tumor-targeted drug delivery, respectively.
Moreover, once NPs have been internalized into target cells, nanomedicines still need
to be accurately delivered to their sites of action inside tumor cells, which are typically
located within nucleus, mitochondria, and lysosomes, to maximize therapeutic
efficacy while preventing multidrug resistance.

NPs are considered interesting tools for cancer treatment also for their
multifunctionality, in fact they can be loaded at the same time with different molecules
for both therapeutic and diagnostic purposes. Indeed, theragnostic NPs integrating
imaging and therapeutic within one single nano-platform, potentially allow precise
diagnosis of disease and concurrent treatment, holding therefore great promise
towards personalized nanomedicine "

NPs currently tested for cancer diagnosis and therapy belong to the inorganic or
organic category. Regarding inorganic NPs, iron oxide, gold, silica NPs and quantum
dots are mainly used for imaging and thermal ablation purposes; while polymeric
NPs, liposomes, dendrimers, micelles, and protein-based NPs are more frequently
implemented as drug delivery systems 7.

The first nanomedicine product for cancer approved in 1995 was Doxil, which
showed great efficacy in reducing cardiotoxicity compared to free form DOX.
Thereafter, several NPs-based anticancer drugs received approval for cancer
treatment. More recently, other liposomal formulations entered the clinic such
Onivyde (liposomal irinotecan) and Vyxeos (liposomal daunorubicin plus cytarabine)
which received FDA approval in 2017 for therapy-related acute myeloid leukemia. Of
note, all the formulations approved to date are based on liposomal formulations with
the exception of Abraxane® (albumin-bound paclitaxel nanoparticle) approved for
lung, breast and pancreatic cancer, and NanoTherm®, an iron oxide nanoparticles

formulation approved only in Europe to treat glioblastoma (Table 2.1) 7.
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S.No. Product Drug Nanotechnology platform Cancer type Approval
Zinostatin Styrene maleic anhydride . . . .
1 stimalamer  neocarzinostatin (SMANCS) Polymer protein conjugate Primary unresectable hepatocellular carcinoma 1994 (Japan)
2 Doxil (Caelyx) Doxorubicin hydrochloride Pegylated liposome Ovarian cancer and AIDS-related Kaposi's sarcoma 1995 (FDA)
3 DaunoXome Daunorubicin Liposome HIV-related Kaposi sarcoma 1996 (FDA)
4  Lipo-Dox Doxorubicin Liposome Kaposi's sarcoma, breast and ovarian cancer 1998 (Taiwan)
5 Myocet Doxorubicin Liposome Breast cancer 2000 (EMA)
6  Mepact Muramy! trllpeptlde phosphatidy! Liposome Non-metastatic osteosarcoma 2009 (EMA)
ethanolamine
7  Lipusu Paclitaxel Liposome Breast cancer, non-small-cell lung cancer 2013 (EMA)
8 NanoTherm Fe,0, Nanopgnlcles of superpantama_gneno Glioblastoma, prostate, and pancreatic cancers 2013 (EMA)
iron oxide coated with amino silane
. - . Gel containing 5-aminolevulinic acid, . .
9  Ameluz 5-Aminolevulinic acid E211, SoyPC, and PG Superficial and/or nodular basal cell carcinoma 2011 (EMA)
10 Depocyt Cytarabine Liposome Lymphomatous malignant meningitis 1999 (FDA)
11 Genexol-PM Paclitaxel Polymeric micelle Non-small cell lung cancer 2006 (South Korea)
12 Nanoxel  Docetaxel Polymeric micelle Breast and ovarian cancers, NSCLC, and AIDS- 506 (1 iq)
related Kaposi's sarcoma
13 Margibo Vincristine Liposome Leukemia 2012 (FDA)
14  Onivyde Irinotecan Liposome Pancreatic cancer 2015 (FDA)
15  Vyxeos Daunorubicin and cytarabine Liposome Acute myeloid leukemia (AML) 2017 (EMA)
16 Oncaspar L-Asparaginase PEGylated conjugate Acute lymphoblastic leukemia 2006 (FDA)
17 DPH107 Paclitaxel Lipid nanoparticles Advanced gastric cancer 2016 (Korea)
Hafnium oxide nanoparticles
18 NBTXB3 stimulated with external radiation Hafnium oxide nanoparticles Locally advanced squamous cell carcinoma 2019 (CE Mark)
(Hensify) to enhance tumor cell
death via electron production
19 Apealea Paclitaxel Polymeric micelles Ovarian, peritoneal and fallopian tube cancer 2018 (EMA)
20 Ontak Denileukin difttox ;Zf;:‘b'“a”‘ DNA derived cytotoxic o 2nequs T cell lymphoma 1999 (FDA)
21 Eligard Leuprolide acetate Polymeric nanoparticles Advanced prostate cancer 2002 (FDA)
22 Abraxane Paclitaxel Protein carrier Various cancers including metastatic and pancreatic c: 2005 (FDA)

23 Kadcyla DM1

Trastuzumab, covalently linked to
DM?1 via the stable thioether linker

HER2+ breast cancer

2013 (FDA, EMA)

mcc

Paclitaxel formulated as albumin
bound nanoparticles. Powder for
dispersion for infusion

Metastatic breast cancer, metastatic adenocarcinoma

Paclitaxel
of the pancreas, non-small cell lung cancer

24 Pazenir 2019 (EMA)

Table 2.1: Approved nanomedicine drugs in the market for cancer treatment *

At present, at least 20 cancer nanomedicines are approved worldwide, and more
than 80 novel cancer nanomedicines are being tested in over 200 clinical trials. Among
them, most clinical-stage anticancer nanotherapeutics are still mainly based on passive
targeting tumor accumulation. Indeed, despite the active targeting of NPs may
potentially enhance the cellular uptake and lead to increased drug accumulation at the
target tumor site, recent results reveal that the actual effect is limited.

The nanomedicine community is wondering about potential reasons for the limited
clinical translation of targeted NPs, since none of the actively targeted NPs have
advanced past clinical trials despite efforts of successful pre-clinical studies *.

A recent survey reported a failure rate for 52% and 86% for Phase II and Phase III trials,
respectively. The large part of failures encountered in phase II (71.4%) and phase III
(100%) trials were due to insufficient therapeutic efficacy because of the inadequate
capacity of nanomedicines to bypass physiological barriers. Among the challenges that
strongly affect therapeutic benefit and clinical success of actively targeted NPs, various
factors such as tumor heterogeneity, hypoxia, endosomal escape, and other
physiological barriers, including clearance by the mononuclear phagocytic system,

could be additional obstacles .
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Thus, the impressive imbalance between the increasing number of preclinical studies
reporting the development of more complex nanomedicines, and the particularly
challenging path for the development of nanomedicine products approved for clinical
use, has become the focus of intense debate *”°. As a consequence, considering that the
success rate of clinical translation of many nanomedicine solutions, often too
complicated, remains relatively low, the strategy of taking advantage of simpler
nanomedicine platforms could be a winning choice. In this context, leveraging
biocompatible nanostrategies endowed with high natural tumor homing and efficient
drug delivery capacity, could tackle the translational controversies of traditional

nanomedicines and close the gap for real clinical application.

Among these nanocarriers and in particular protein-based nanocarriers, ferritin NPs
(Fn) stand out by virtue of their capability to specifically target cancer tissues and
reduce side effects with a high clinical translational potential and a strong impact in
many biomedical applications related to cancer treatment and image-guided surgery.
The most relevant aspects regarding the implementation of Fn NPs will be discussed

hereafter in this thesis.
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2.3 Ferritin nanoparticles

In recent years, protein-based NPs have been studied extensively, due to their unique
architecture, exceptional biocompatibility, and functionalization versatility 7% In
particular, Fn NPs, often referred to as Fn nanocages, are attracting growing interest
due to their tremendous potential for targeted delivery of drugs to cancer cells. The
most prominent applications that take advantage of Fn as a nanoplatform encompass
chemotherapy, immunotherapy, imaging, diagnosis, and vaccine-development.
Although there are no currently approved drugs based on Fn, three vaccines against
influenza have entered phase I clinical trials, and one has provided positive results ”.
Overall, Fn nanocages stand out from other nanocarriers thanks to their

biocompatibility, low toxicity and immunogenicity and natural tumor-homing .

A recent review entitled “Protein-Based Nanoparticles for the Imaging and
Treatment of Solid Tumors: The Case of Ferritin Nanocages, a Narrative Review” 8/,
whose I have been listed as co-author has been published and provided as Appendix
2. This review was aimed at discussing the leading features of Fn and the most recent
applications of this promising nanotechnology in oncology, with a particular emphasis

on the imaging and treatment of solid tumors.

2.3.1 Structure and properties of Fn

Fn describes a family of globular multimeric proteins responsible for the intracellular
storage of iron and iron homeostasis. It is ubiquitously expressed in archaea,
eubacteria, plants, invertebrates, and mammals, with the only exception of yeasts.
Mammalian Fn is mainly localized intracellularly in the cytosol, nucleus and
mitochondria, while extracellular ferritin is found in serum, synovial and
cerebrospinal fluid. Due to its ability to bind and sequester intracellular iron, Fn
ensures intracellular iron concentration maintenance and protection from oxidative
stress through the Fenton reaction ®.

Human Fn is a large protein of 450 kDa constituted by 24 subunits self-assembling
in a cave sphere quaternary structure. It defines a highly stable nanocage of 12 nm in
diameter, which encloses an internal cavity of 8 nm in diameter. Each cage is
assembled from two subunit types, the heavy (H chain; 21 kDa) and light chains (L
chain; 19 kDa) 3. The three-dimensional structure of each ferritin monomers is highly

conserved among species and is made up of two couples of antiparallel a-helices that

29



General introduction

fold in a four-helical bundle ® The H subunit contains the catalytic centers which is
involved in the oxidation of Fe** to Fe*", while in the L subunit the amino acid residues
of the ferroxidase center are replaced with others that stabilizes further the protein
828586 The N-terminal ends of each subunit are exposed on the ferritin surface, while
the C-terminal ends fold into the inner cavity. The ratio between H and L subunits is
determined by Fn’s primary role in tissues. For example, in the heart and brain, the H
subunit is more abundant for a more pronounced antioxidant activity, while, in the
liver and spleen, the presence of L subunits predominantly allows an enhanced iron

storage function ¥.

(B)

8nm

12nm

Figure 2.9 The structure of HFn nanocage. A) Structure of human HFn. The 24 subunits were showed in cartoon
representations and eight different colors. B) The Fn subunit monomer structure, with five a helixes. (C) The cage-
like diagram of Fn, with inner cavity and outer surface of diameter 8 nm and 12 nm, respectively °'.

Structural features of Fn lead to unique properties, which award it to outstanding
properties. The presence of several salt bridges and hydrogen bonds that link subunits,
allows it to tolerate pH and temperature variations even far above the physiological
ones (temperature >80°C; extreme pH values). Moreover, Fn remains stable in
presence of denaturing agents such as urea and guanidinium chloride. Consequently,
it displays the ability to fold into a quaternary structure in a pH-dependent reversible
process. Indeed, nanocages can disassemble in extremely acidic (pH 2-3) or basic (pH
10-12) conditions but reassembles once pH returns to neutrality in a shape memory
fashion.

Fn also displays the specific recognition of the human transferrin receptor 1 (TfR1,
also named CD71) and subsequent internalization through receptor mediated
endocytosis. It has been shown that the expression of TfR1 in proliferating cells, such
as cancer cells, may be up to 100-fold higher than in normal cells, awarding Fn to tumor

homing capability %-°.
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2.3.2 Fn nanocages as delivery systems

By taking advantage of these unique structural, physicochemical features and
versatility, nanotechnologists have exploited nanocages constituted only by H-chains
of Fn (HFn) as delivery systems especially for cancer applications 7.

Their cave sphere structure allows the loading of different types of compounds, like
chemotherapeutics or fluorescent dyes that have been obtained through different
loading strategies. pH or urea-mediated disassembly-reassembly or internalization
mediated by metal affinity are biochemical methodologies used to load different
cargoes into HFn. Moreover, HFn nanocages lend themselves also to surface
modification with targeting moieties, such as antibodies, fragments of antibodies or
peptides to achieve an even more specific tumor interaction. Surface modification can
also facilitate drug loading and half-life of HFn thus ensuring improved drug release
at tumor sites.

To date, a plethora of therapeutic drugs, e.g., paclitaxel, curcumin, daunomycin,
epirubicin, etc., have been loaded into the inner cavity of HFn nanocages *?'*. Among
the HFn-based nanoformulates developed, one the most studied in the literature
involves the encapsulation DOX. Indeed, it has been extensively demonstrated that
DOX nano-formulation in HFn is able to improve efficacy and accumulation to the
tumor and, above all, is decisive in reducing its cardiotoxicity as well as the serious
side effects associated with this type of treatment. Another therapeutic strategy
involves the employment of HFn as an important carrier for boosting immunity and
enhancing treatment effect by blocking immune checkpoint.

In addition, HFn are promising candidates for effective brain tumor therapy, due to
their intrinsic targeting capability toward TfR1 and ability to cross the BBB **°.

By taking advantage of their tumor-specific delivery, HFn can be useful also for
tumor imaging, including MRI and fluorescence-guided oncological surgery. In
addition, photodynamic and photothermal therapy in cancer treatment are considered
promising fields for HFn application. Thus, the opportunity of co-encapsulating
different drugs into HFn to combine both imaging and therapeutic functionality in a

fully biocompatible nanosystem raises even further interest *.

Despites their favorable and interesting features, HFn nanocarriers still have many
limitations. In the first place, it is necessary to provide HFn with enhanced circulation

time and reduce clearance by the reticuloendothelial system (RES). In this direction,
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several modification strategies applicable to HFn to provide higher tumor

accumulation and enhance its therapeutic effect are currently under investigation.

2.3.3 Novel strategies to improve bioavailability and in vivo circulation of HFn

In the past decade, hundreds of nanodrug delivery systems based on HFn have been
proposed. Indeed, their versatility and interesting properties put HFn ahead of
conventional materials in clinical translation for imaging and drug delivery purposes.
Several studies demonstrated that HFn-based nanocarriers can not only improve the
bioavailability of soluble drugs and drive a specific accumulation at the tumor, but
also to mitigate the side effects of toxic drugs on healthy tissues *. However, some key
challenges need to be addressed including the relatively low stability and short in vivo
half-life of HFn for their reliable implementation as drug nanocarriers in the process
of clinical translation.

In recent years, several actions have been proposed with the aim of addressing the
relatively short half-life that characterizes HFn to maximize its intrinsic capability to
target specific tumor sites. These strategies, which include chemical and genetical
modifications, mainly involve surface functionalization methods to optimize the
employment of HFn nanosystems *.

Chemical modifications of HFn nanocages include the conjugation with Poly-
ethylene Glycol (PEG) molecules. Indeed, this strategy, named PEGylation, has been
extensively employed to improve systemic circulation time and decrease
immunogenicity, thus boosting the efficiency of drug and gene delivery to target
tissues. Another strategy via PEG chemical conjugation allowed to obtain HFn nano-
assemblies which were reported to display improved blood pharmacokinetics and
circulation time. Also, a biomineralization method obtained through calcium
phosphate coating of HFn nanocages has been succesfully developed.

Among the genetical modifications of HFn nanocages, the PASylation strategy is one
of the most compelling. This modification is based on the genetic fusion of
biopharmaceuticals such as proteins, peptides, and low- molecular-weight drugs with
a sequence rich in proline (P), alanine (A), and serine (S), designed for the first time by
Schlapschy. This PAS domain has the property to be unfolded and mimics the activity
of polyethylene glycol shell on the nanoparticle surface, making the nanoconstruct
stealth for immune system cell, while gaining advantages in biocompatibility and
biodegradability as well as in increasing circulation time ®. This strategy has been

applied to HFn by genetically fusing PAS sequences to the N-terminal portion of HFn
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subunits. In the face of relatively easy production, this functionalization strategy is
reported to help overcome many of the current difficulties in the use of HFn-based
assemblies for in vivo applications .

Another studied solution was modification of the outer surface of HFn with Albumin
Binding Domain (ABD), expected to offer an increase in circulation time by exploiting
the high affinity of ABD for human serum albumin, the most abundant protein found
in plasma. Lastly, a different approach studied to mask the surface of nanocages with
the aim of improving their stability is the XTENylation. XTEN represents a class of
unstructured polymers that confers larger hydrodynamic volumes to the nanocage,

resulting in slower renal clearance.

An overview of the most significant modification strategies explored to improve
bioavailability and pharmacokinetics profiles of HFn-based nanosystems has been
discussed in our Review “Novel Bioengineering Strategies to Improve
Bioavailability and In Vivo Circulation of H-Ferritin Nanocages by Surface
Functionalization” ACS Omega 2023, 8, 8, 7244-7251 and reported as appendix 3.

Starting from the clinical scenario herein described, the present thesis has the objective
of investigating innovative strategies based on HFn nanocages both for diagnostic and
therapeutic approaches in oncology.

In particular, this work is structured into three main studies focused on BC-related
applications. In Study 1, we focused on the diagnostic potential of HFn as a nanotracer
for image guided mammary surgery upon loading with the fluorescent dye
indocyanine green (ICG). In Study 2, I expanded the study of HFn-based
chemotherapeutics considering the impact of FerOX, as a DOX safer nanoformulation
for BC treatment to reduce undesired off-target toxicity in BC treatment. Finally, in
study 3, we explored in vivo the ability of HFn to mediate the delivery of the biological
drug TZ across the BBB to tackle the development of BM associated with BC.
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3. Study 1: ICG-loaded HFn nanocages for

Image-guided surgery applications
3.1 Introduction

The clinical scenario of several types of cancers including BC has profoundly
changed recently. Further to the impressive advances in screening programs that allow
earlier BC diagnoses, surgeons have changed their approach from an extensive and
demolitive surgery to a more conservative one **. These features, coupled with the
fact that cancer surgery is still highly relying on surgeon visual inspection and
palpation of the operating field to determine the extent of the tissues to be removed,
can lead to a high risk of cancer's misidentification. Indeed, a direct and safe approach
to accurately define the tumor and/or metastasis loco-regional extension is not
available yet *. In this scenario, is emerging the demand of a strategy to provide a
tailored and less extensive surgical approach, focused to prevent unnecessary damage

to surrounding healthy tissues.

3.1.1 Fluorescence guided surgery in oncology

With the purpose of achieving more accurate surgical approaches, fluorescence
guided surgery (FGS) is gaining growing interest in oncology thanks to its potential to
radically improve the decision-making on cancer and offer a step towards a tailored
surgery *. This technique attracted rising attention since it can provide real-time
fluorescence images of the operating field, potentially improving tumor visualization
and identification of metastatic deposits . Indeed, a more precise anatomic
localization of cancer tissues during resection would be crucial for the success of any
surgical planning and decisive in maximizing benefits for patients '*'. For example, in
BC a lower-than-expected tumor burden might allow to avoid total mastectomy and
radiotherapy boost or, on the contrary, a greater tumor mass might imply a less
conservative surgical approach or the use of adjuvant strategies.

The clinical application of FGS requires preoperative or intraoperative
administration of fluorescent agents to the targeted tissues and the use of a sensitive

imaging device. This allows the excitation of the fluorescent agent with a laser beam,
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and subsequently the visualization of the fluorescence emission intensity during

surgery under a fluorescence camera '*.
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Figure 3.1 The basic principles of fluorescence-guided surgery

The incorporation of fluorescence-guidance could help navigate tumor margin
resection, diagnosis of secondary tumors, and regional lymph node tumor positivity.
However, to date, this imaging modality typically provides only qualitative data.
Indeed, many factors such as camera-to-target distance, camera angles, and ambient
light from the operating room can negatively affect interpretation of images and is
prone to large inter-observer variability. Thus, is becoming urgent the need for
quantification or at least standardization of reporting criteria, viewing protocols and
an objective fluorescence threshold based on the fluorescence signal pattern .

In addition, to address limitations of FGS use in oncology and achieve higher
sensitivity and specificity, a homogenous distribution of fluorescence signal deriving
from target cells should be accomplished '®. Indeed, while interventions such as
angiography, tissue perfusion assessments and lymphangiography can be performed
using non-targeted fluorescent dyes, FGS for solid tumors often demands tumor
specific probes to adequately discriminate diseased from healthy tissue.

Different approaches involving fluorescently labeled antibodies, peptides, particles,
and other molecules related to cancer hallmarks have been developed for the
illumination of target lesions '®. Well known cancer cell targets, such as
carcinoembryonic antigen (CEA), epidermal growth factor receptor (EGFR), vascular

endothelial growth factor, epithelial cell adhesion molecule, and integrins could be
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exploited for the development tumor-targeted specific probes. An example is the CEA-
targeting agent SGM-101 (Surgimab S.A.S., France) investigated in phase III for
patients undergoing colorectal cancer (CRC) surgery, after successful detection of
malignant lesions in patients undergoing CRC surgery in phase II . Therefore,
improving the tumor targeting ability of fluorescent agents is an important step for
FGS widespread implementation, with increasing evidence of patient safety and

surgical efficiency .

3.1.2 Indocyanine green

Among different probes that may assist FGS, the most commonly used is ICG. ICG
is a safe, water-soluble organic near-infrared (NIR) fluorescent agent. Since its
approval for clinical use obtained by the FDA in 1959, it was introduced as a medical
diagnostic tool for NIR fluorescence imaging '®. ICG emits at 830 nm when excited by
a NIR light source at 800 to 810 nm wavelengths and its fluorescence signal can be
detected by special devices equipped with cameras sensitive to the NIR-spectrum.

Following intravenous administration (i.v.), ICG interacts with plasma proteins and
acts as a vascular agent allowing tissue perfusion and lymphatic drainage assessments.
Moreover, thanks to its user-friendly properties and favorable penetration depth ',
this fluorophore has been widely employed in clinics for angiography and in various
surgical fields, including vascular-, gastrointestinal-, and reconstructive surgery.

ICG guided FGS is commonly used to reduce complications in visceral surgery such
as bile duct injuries in laparoscopic cholecystectomy and the assessment of real-time
visceral perfusion ™.

More recently, ICG has been employed as an optical contrast agent in surgical
oncology ° and reported as a photothermal and photosensitizer agent suitable for
photothermal and photodynamic therapy in cancer treatment ''. More than 150
clinical trials involving the use of ICG have been conducted using ICG for FGS in
several types of cancer, including breast, gastric, colon, prostate, skin, and non-small
cell lung cancers "*'. In addition, ICG has been employed for cancer-related surgical
applications, including sentinel lymph node mapping, lymphography, angiography,
and anatomical imaging during surgery "'*!".

Unfortunately, despite its interesting features, ICG suffers from intrinsic issues such
as concentration-dependent aggregation and low photostability. Moreover, once i.v.

injected, it has a rapid degradation and clearance from the body *. In addition, due to
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its low contrast, rapid elimination, and poor tumor retention, its optimal usage is still
far from being standardized and reliable for the intraoperative detection of tumors and
further theranostic applications. Thus, the development of new tumor-specific
experimental fluorophores and conjugates based on ICG must be accomplished to

fulfill the promises of its employment in FGS .

3.1.3 New ICG-based strategies

Considering the above-mentioned major limitations of ICG-guidance, including its
lack of tumor specificity, many researchers proposed the exploitation of new ICG-
based strategies to boost ICG properties for oncological applications. In this direction,
nanotechnology has been widely used for improving ICG’s poor stability and in vivo
half-life to enhance tumor specific accumulation by passive or active targeting features
displayed by NPs ¢ (Figure 3.2). For instance, ICG has been loaded or conjugated to
different types of NPs (polymer-based NPs, lipid-based NPs, silica NPs) '”!!® and also
protein-based NPs have been proposed and functionalized for cancer theranostic

purposes '*.
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Figure 3.2 A) Some examples of the ICG-NPs obtained with different materials and conjugation techniques. B)
Main applications of ICG-NPs in cancer treatment '
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An assortment of ICG-NPs has been mainly proposed for bioimaging applications as
agents for tumor identification. Among them, it is worth highlighting folic acid-
conjugated NPs, Hyaluronic acid-conjugated NPs and antibody-conjugated NPs .
Two types of NPs, silica-based NPs, named C-Dots, and the pH-activatable ICG-
encoded nanosensors, both targeted to avP3 integrin (which is significantly
upregulated in the tumor vasculature), are currently being investigated in clinical trial
120 In addition, different types of ICG-incorporating liposomes have been assessed by
virtue of their fluorescence enhancement contribution for sentinel lymph node
imaging.

Aside from NPs, other strategies to deliver ICG have been explored. These include
the conjugation of ICG with antibodies. A frequently used antibody is the anti-EGFR
mAD, also called panitumumab, thus obtaining panitumumab-ICG conjugate '
Another tracer developed for detection of the sentinel lymph node is the hybrid ICG-
[99mTc]Tc-albumin nanocolloid which combines the benefits of both technetium-
based radiotracer ([99mTc]Tc-albumin nanocolloid) and fluorescence-guidance (ICG)
121.

Despite the several efforts in this field, different challenges need to be addressed such
as non-selective targeting to cancer cells and the poor retention at tumor level . A
possible solution to these drawbacks is the implementation of HFn nanocages which
combine the specific tumor targeting capability with the potential to improve the

properties of ICG ',
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3.2 Aim of the study one

Nanotechnological strategies represent a possible option to solve ICG’s issues. In
particular, HFn nanocages meet the requirements for a therapeutic application in
terms of biocompatibility and tumor targeting. Starting from this, we reasoned to
develop a HFn-based tracer suitable for oncological FGS aimed at improving ICG’s
properties and ensuring tumor specific recognition.

The first aim of this study was the assessment of the feasibility of an ICG-loaded HFn
nanoformulation (HFn-ICG) as tumor specific nanotracer for FGS approaches. After
developing and characterizing its features in vitro ', in this study we demonstrated
that HFn-ICG acts as an efficient tracer for the identification of the primary tumor mass
in comparison to the free dye ICG in a model of murine BC. Moreover, by investigating
the accumulation of ICG using mass spectrometry on tumor and organs homogenates,
our purpose was to decipher if the major role of nanoformulation could be in driving
a tumor specific targeting, or rather in protecting ICG’s fluorescence.

The second aim of this study was to obtain a nanotracer proficient in the
unambiguous detection of cancer cells even when they are not easily identifiable, like
in metastases. Indeed, to also achieve the identification of metastatic deposits, a fine
tuning of the nanocage’s surface properties become crucial to maintain the already
excellent tumor accumulation and retention, while increasing its in vivo half-life. To
reach this purpose, we proposed the PASylation of HFn already studied in literature
123124 a5 an effective strategy to develop a HFn-PAS-ICG nanotrecer to also recognize
metastasis. Starting from these considerations, we have designed the variant HFn-PAS
by genetically inserting at the N-terminus HFn sequence, a PAS sequence of 40 amino
acids followed by a cleavable linker recognized by tumor metalloproteinases (MMP)
1314 Thus, this strategy is reported to offer enhanced stability to the nanocage thanks
to the presence of the PAS shield, but once the nanocage reaches the TME, PAS
sequences are selectively removed by MMPs. There, the unmasked HFn can freely
interact with TfR1 overexpressed in cancer cells, triggering tumor specific
accumulation. After obtaining HFn-PAS nanocages via recombinant production in E.
coli and purification by means of an optimized protocol, my aim was to extensively
characterize in vitro HFn-PAS. Finally, we focused on investigating their tumor
accumulation capability in murine models of BC and CRC, with the purpose of
obtaining an in vivo ICG-based nanotracer able to universally identify tumor extension

for tailored surgical resections.
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3.3 Materials and methods

Production of HFn and HFn-PAS

HFn and HFn-PAS nanocages were produced and purified as recombinant proteins
in the E. coli strain BL21(DE3) following an established protocol **.
The cDNA encoding for HFn was synthesized and subcloned into the vector pET11a
by Genescript, obtaining the resulting plasmid pET11a_HFn.
The variant HFn-PAS has been obtained inserting in the N-terminal portion of HFn
monomer (1) a PAS sequence, i.e. a sequence rich in Proline, Alanine and Serine
(ASPAAPAPASPAAPAPSAPAASPAAPAPASPAAPAPSAPA) of 40 aminoacids that
confers to the nanocage enhanced stability and circulation time in vivo and (2) one
selective sequences responsive to proteolytic cleavage by different MMPs (Figure 3.3)
13 Subsequently, the cDNA encoding for HFn-PAS was synthesized and subcloned
into the vector pET1la by Genescript, obtaining the resulting plasmid pET1la
PAS_MMPS_HEFn.
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Figure 3.3 Scheme of the novel nanocage HFn-PAS before and after selective proteolytic cleavage by tumor
metalloproteinases present in the tumor microenvironment

The obtained plasmids were employed to transform the E. coli strain BL21(DE3) by
heat-shock method. The transformed strains were then used to produce HFn and HFn-
PAS, respectively. Briefly, the transformed strains were grown at 37 °C in
Luria—Bertani (LB) medium with Ampicillin (100 pug/mL) until OD (Optical density)
600nm = 0.6. To determine the most suitable induction parameters, different
concentrations of isopropyl p-D-1-tiogalactopiranoside (IPTG) and different
incubation times have been assessed. For the expression of HFn, IPTG has been added

to obtain a final concentration of 0.5 mM for 2.5 h in incubator at 37°C in constant
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agitation (100 rpm), while the expression of HFn-PAS required the induction with
IPTG at 0.5 mM for 3.5 h at 37°C in constant agitation (100 rpm).

At the end of induction time, the cells were collected and centrifuged at 4000 g, for
15 minutes at 4°C. Then, cells were washed and resuspended in lysis buffer (3 mL/g
of cells; 20 mM TRIS-HCI pH 8.00, 1 mM PMSF (phenyl-methyl-sulfonyl-fluoride),
protease inhibitors complete EDTA free (50 X, 1 tablet in 50 mL), 1 mg/mL lysozyme,
20 mM MgCI2). Then, the DNase (40 U/g of cells) was added to the solution and
incubated at 4°C in ice for 30 minutes. To prepare the crude extract, cells were
sonicated for 6 cycles of 10 seconds applying an ultrasonic output of 50W (Bandelin
ultrasonic homogenizer) in an ice bath and centrifuged at 10.000 g for 30 minutes at
4°C. The obtained supernatant was heated for 15 minutes at 70 °C allowing a partial
purification by taking advantage of HFn stability and then centrifuged at 10.000 g for

30 minutes at 4°C.

Purification of HFn and HFn-PAS

The purification protocols used for HFn and HFn-PAS were different. Indeed, for
HFn the supernatant obtained from the production step (heat treated) was loaded onto
a diethylaminoethanol (DEAE) Sepharose anion exchange resin, pre-equilibrated with
2-(N-Morpholino) ethanesulfonic acid potassium salt (K-MES) 20 mM, pH 6.0. The
elution for HFn purification was carried out with an increasing stepwise gradient of
NaCL

For what concerns the purification of HFn-PAS, several modifications have been
included, considering its different physico-chemical features in comparison to HFn. In
the optimized procedure the supernatant was subsequently ultracentrifuged at 35.000
rpm, for 1 h at 6 °C to remove protein aggregates and then precipitated using
ammonium sulfate at 65% saturation (w/v) stirring at room temperature (RT) for 2 h.
The pellet was resuspended and dialyzed overnight against 20 mM TRIS HCl pH 8.00
to allow solubilization (Figure 3.4 A). Then two different purification methods to

obtain the final protein were assessed.
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Figure 3.4 A) Scheme of HFn-PAS purification protocol to obtain the heat-treated sample; B) Scheme of the two
chromatographic methods assessed to collect the final purified protein

The first purification method involved a strong ion exchange chromatography (IEC)

in which the resin HiTrap Q Sepharose High Performance (GE Healthcare) and TRIS-
HCl1 20 mM pH 8.00 buffer were used (Figure 3.4 B). The resin with 2 mL bed volume
was packed in a 1.0 x 10 cm column, using therefore 1 mL of resin for each gram of
bacterial pellet. Then, the resin was washed with 10 volumes of mQ water and
equilibrated with 20 volumes of 20 mM TRIS HCI pH 8.00.
The supernatant dialyzed in the previous step (heat-treated) was loaded into the
column and the flow-through was collected. No washing step was applied since the
sample has a very weak interaction with the resin and elutes rapidly through the
column. The elution was performed with an increasing stepwise gradient of NaCl. A
solution of 20 mM TRIS-HCI pH 8.00 was used to collect Fraction 1 (2 CV). Solutions
of 20 mM TRIS-HCl pH 8.00 supplemented with 0.1 M NaCl, 0.2 M NaCl, 0.3 M NaC(l,
0.4 M NaCl and 0.5 M NaCl were used to collect respectively Fractions 2, 3, 4, 5 and 6
(2 CV each).

The second chromatographic method applied to the final purification of HFn-PAS,
involved the use of size exclusion chromatography (SEC) allowing the separation of
proteins according to their size and molecular weight (Figure 3.4 B). The fast protein
liquid chromatography system (FPLC NGC 10 Bio- Rad) was coupled with the ENrich
10/300 GL gel-filtration column (Bio-rad) equilibrated with PBS. A volume of 800 uL
of heat-treated sample were injected in the loading loop (1 mL) operating the system

at the flow rate of 0.5 mL/minute with a maximum pressure of 600 psi. Fractions of
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0.5 mL were collected by monitoring the chromatogram from the integrated
ChromLab Software (Biorad).

The fractions were analyzed by Sodium Dodecyl Sulphate-PolyAcrylamide Gel
Electrophoresis (SDS-PAGE) using 12% (v/v) polyacrylamide gels. Protein
concentration was determined by both using the Comassie Plus Protein Assay Reagent
(Thermo Fisher Scientific) and measuring absorbance at 280 nm with NanoDropTM

2000 Spectrophotometer (Thermo Fisher Scientific).

Purification of HFn and HFn-PAS from endotoxin contamination

An endotoxin (ETX) removal protocol based on the use of 1% Triton X-114 was
conceived and performed on HFn to obtain injectable formulation for in vivo studies
125 Purified fractions were incubated with 1% Triton X-114 at 4 °C on a tube rotator (20
rpm) for 30 min and then incubated for 10 minutes at 37 °C. Then, the tubes were
centrifuged at 17000 g for 15 minutes at 25 °C. The supernatant was collected, and the
treatment repeated three times for HFn and four times for HFn-PAS. Finally, Triton X-
114 was removed by gel filtration. To test the ETX content after the purification
protocol, the Limulus Amebocyte Lysate (LAL) kinetic turbidimetric assay provided

by Charles River Microbial Solutions was performed.

In vitro characterization of HFn and HFn-PAS nanocages: morphology and size

TEM was used to evaluate the morphology of HFn and HFn-PAS and to examine
their structural integrity. A 20 uL drop of suspension was spotted on the Formvar grid
and left drying at RT stained with uranil-acetate 1% for 30 seconds at RT and dried
overnight at RT.

Dynamic Light Scatterin (DLS) measurements of the nanocages produced were also
performed using a Zetasizer Nano Instrument (Malvern Panalytical) with a scattering
angle of 173°, at 25 °C. A disposable cuvette (optical path length: 1 cm) was used for
the measurements of size, while folded capillary zeta cells were used for Z-pot.

Circular Dicroism (CD) analysis was carried out to investigate the characteristics of
the secondary- structure contents of HFn and HFn-PAS. All the CD analysis were
conducted in PBS after subtracting the buffer background signal in a 0.1 cm quartz
cuvette, using a J-815 CD spectrometer (Jasco). DLS and CD analysis were performed

in collaboration with the group of Prof. Francesca Baldelli Bombelli (PoliMi).
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In vitro characterization of HFn-PAS nanocages: cleavage of PAS sequences

To verify the removal of PAS sequences from HFn-PAS nanocages in the presence of
MMP2/9 proteinases, an enzymatic cleavage assay was performed using three types
of collagenase from Clostridium histolyticum: collagenase I, collagenase III and
collagenase A. HFn-PAS solution was mixed with each of the collagenases separately
with a ratio 4:1 (HFn-PAS:collagenase) and incubated at 37 °C overtime. Samples have
been collected at 5 minutes, 15 minutes, 1 h, 2 h and 6 h and analyzed by SDS-PAGE
using 12% (v/v) polyacrylamide gel and proteins were detected with Coomassie blue

staining.

In vitro characterization of HFn-PAS nanocages: stability after storage
The stability after storage at -20°C was evaluated until 6 months by thawing the
samples after 1, 2, 4 and 6 months and analyzing them by SDS-PAGE.

In vitro binding assay

The ability of these HFn-PAS to bind 4T1 murine BC cells was assessed by flow
cytometry (FC). To assess PAS removal contribution to the binding to BC cells, we
performed an in tube-Cell Binding Assay at 4 °C. 4T1 Cells (5 x 10°) were collected and
incubated for 2h at 4 °C in blocking buffer (PBS, 0.3% BSA) supplemented with 20 and
100 pg/mL of FITC-labeled HFn-PAS before and after MMPs induced cleavage. After
incubation, cells were washed three times with PBS, suspended in 0.5 mL of PBS, and
analyzed using a CytoFLEX flow cytometer (Beckman Coulter). 20.000 events were
acquired for each analysis, after gating on viable cells and on singlets. A sample of

untreated cells was used to set the appropriate gates.

Development of HFn-ICG and HFn-PAS-ICG

ICG has been nanoformulated exploiting the ability of HFn to disassemble and
reassemble its quaternary structure in response to changes in pH as reported in our
previous publication *. To accomplish the loading of ICG in HFn-PAS nanocages was
used the pH gradient. A mixture of HFn-PAS (0.5 mg/mL) dissolved in 0.15 M NaCl
was brought to pH 2.0 adding HC1 0.5 M, for 15 minutes at RT and 100 rpm shaking,
to disassemble the protein cage. Then, the pH was brought back to neutrality (pH 7.5)
with the addition of NaOH 0.1 M. In the meantime, ICG powder Verdye (25 mg;
Diagnostic Green GmbH) was solubilized in bidistilled deionized water (5 mL; 5
mg/mL) and added to the HFn solution at a final dye concentration of 1 mg/mL. The

mixture was incubated for 2 h at RT and 180 rpm shaking to allow complete refolding
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of the HFn quaternary structure. The resulting HFn—ICG nanoparticles were then
concentrated by means of Amicon Ultra-4 centrifugal filter devices and the non-
encapsulated ICG has been removed by gel filtration using a Zeba Spin Desalting
column. To quantify the amount of ICG loaded inside HFn-PAS an already established

procedure was followed '*.

In vivo evaluation of HFn-ICG biodistribution and tumor targeting

The animals were managed according to procedures approved by the Italian
Ministry of Health (Protocol Number 611/2019-PR, 6 August 2019). All procedures
involving animals and their health were conducted in accordance with the 3R
principles to minimize the number of mice used and their collateral suffering. The
animals were housed in specific pathogen-free conditions and were kept in cages with
free access to water and food. Six animals for each experimental time point were
recruited. Seven-week-old female BALB/c mice were injected into the mammary fat
pad with 1 x 10° 4T1-Luc cells. Two weeks later, mice were intravenously injected in
the tail vein with ICG or HFn—ICG at a concentration of 3.8 mg/Kg. Then, mice were
sacrificed by cervical dislocation at 6 or 24 h to follow the biodistribution of the two
administered formulations. Immediately after the sacrifice, we performed an accurate
autopsy by means of the KARL STORZ NIR/ICG endoscopic system (Figure 3.5).
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Figure 3.5 Scheme of the experimental design. 4T1-tumor bearing mice were intravenously injected with ICG and

HFn-ICG at 3.8 mg/Kg. The accumulation at the tumor mass was observed by means of the KARL STORZ
NIR/ICG endoscopic system and optical imaging detecting fluorescence with IVIS Lumina IL.

This allowed us to detect the fluorescent signal observable in blue in correspondence
to ICG or HFn-ICG fluorescence accumulation. The tumor and the major organs, i.e.,
the liver, stomach, gut, kidneys, spleen, hearth, lung, brain, and lymph nodes were
collected and imaged with an IVIS Lumina II imaging system. Ex vivo scans of organs

were performed with the following acquisition parameters: Excitation filter: 745 nm,
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emission filter: ICG, exposure time: 2 s, binning factor: Medium, f/Stop: 2, Field of
View: D %, The image processing to subtract the tissue autofluorescence background
from the ICG signal, and the analysis and quantification of fluorescence signal has
been performed with the Living Image Software 4.3.1 (Perkin Elmer) conjugated with
the Image Math tool. Acquiring an imaging scan with a background filter (i.e., green
fluorescent protein filter), it was possible to separate the ICG signal from the tissue
autofluorescence and perform the correct quantification. Finally, all the tumors and
the analyzed organs were frozen at —80 °C for the preparation of homogenates

intended for mass spectrometry analysis.

Preparation of organs homogenates

Organs collected from in vivo biodistribution study were homogenized (Glas-Col
Tissue Homogenizing System Motor, GLAS-COL) in mQ water (10% w/v), kept in ice-
bath during the homogenization process and then stored at -80 °C for the mass

spectrometry analysis.

Mass spectrometry analysis

The analytical method was developed, and the mass spectrometry analysis performed
by the Environmental Research Center at ICS Maugeri (Pavia) in collaboration with
Dr. Cristina Sottani. To quantify ICG’s content in homogenates of different organs
(tumor, liver, kidneys, spleen, lungs, stomach and intestine) a new analytical ultra-
high performance liquid chromatography-tandem mass spectrometry (UHPLC-
MS/MS) method previously described (Appendix 6). This method, coupled with the
quantification of fluorescent signal obtained by ex vivo optical imaging, was used as an

approach of particular interest for studying the tissue distribution of ICG (Figure 3.6).
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Figure 3.6 Scheme of the experimental design. 4T1-tumor bearing mice were intravenously injected with ICG or
HFn-ICG at 3.8 mg/Kg. Tumors and main organs were harvested and observed by optical imaging detecting
fluorescence with IVIS Lumina. Then, organs were homogenized and subjected to UHPLC-MS/MS analysis for a
comparative and matched analysis with fluorescence determinations.

Evaluation of HFn-PAS-ICG tumor accumulation in a breast cancer murine model
Animals were managed according to procedures approved by the Italian Ministry of
Health (Protocol Number 611/2019-PR) in accordance with the 3R principle. BALB/c
mice were injected into the mammary fat pad with 1 x 10° 4T1-Luc cells. Two weeks
later, mice were intravenously injected in the tail vein with ICG, HFn—ICG or HFn-
PAS-ICG at the concentration of 3.8 mg/Kg to evaluate the improved performances of
HFn-PAS-ICG. The accumulation of the fluorescent signal was monitored in vivo every
24 h until one week by means of the IVIS Lumina II imaging system (Perkin Elmer).
Then after one week, mice were sacrificed, and tumors collected and imaged with an

IVIS Lumina II imaging system (Figure 3.7).
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Figure 3.7 Scheme of the experimental design. 4T1-tumor bearing mice were intravenously injected with ICG,
HFn-ICG or HFn—PAS-ICG at 3.8 mg/Kg and the accumulation at the tumor mass was observed by optical
imaging detecting fluorescence with IVIS Lumina system every 24 h until 1 week.

Evaluation of HFn-PAS-ICG tumor accumulation in a CRC murine model

An experiment to assess HFn-PAS-ICG performances in a murine model of colorectal
cancer was performed at the Institute of Experimental and Molecular Imaging (ExMI)
in Aachen, Germany, in collaboration with the group of Prof. Fabian Kiessling. The

animals were managed according to procedures approved by the German Law
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(Protocol number TV30208G). BALB/cAnNRj mice for each experimental time point
were recruited and 1 x 10° CT26 cells were injected subcutaneously into the right flank.
After one week, HFn-PAS-ICG was injected in each group at the following
concentrations: 1.0 mg/Kg, 3.8 mg/Kg and 6 mg/Kg. Mice were subjected to different
imaging techniques that include fluorescence molecular tomography (FMT) and
microcomputed tomography (uCT) imaging (MiLabs) at2h,4h, 6 h,24 h,48h, 72 h
and 96 h. After 96 h from the injection mice were sacrificed and organs excised for ex
vivo evaluation using a fluorescence molecular tomography device (Perkin Elmer)
(Figure 3.8).
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Figure 3.8 Scheme of the experimental design. CT26-tumor bearing mice were intravenously injected with
HFn—PAS-ICG at the concentrations of 1.0 mg/Kg, 3.8 mg/Kg and 6 mg/Kg. The accumulation at the tumor mass
was observed by FMT.

Statistical analysis

Statistical analyses were conducted using either two-way Anova and Student’s t-test
using the GraphPad Prism version 8.00 for Windows (Graph-Pad Software, USA). All
tests assumed normal distribution and the statistical significance threshold was set at

p<0.05 and all data were expressed as the mean + SD.
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3.4 Results

3.4.1 Production and purification of HFn and HFn-PAS

The first phase of the study involved the recombinant production of the nanocages
in E coli. HFn has been efficiently produced with a yield of 26.00 mg + 5 mg of pure
protein per 1 L of bacteria culture. The 6 collected fractions obtained from the
purification step and subsequently dialyzed, were analyzed by SDS-PAGE. They
display a protein band that migrates in correspondence to the 20 kDa molecular weight
marker, which is the expected size of HFn. The SDS-PAGE reported a good amount of
protein in all fractions except for fraction 6. In addition, an excellent degree of purity

was observed in all the fractions, given that no nonspecific bands appeared (Figure
3.9).
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Figure 3.9 SDS-PAGE of HFn fractions. 12 ug of heat-treated sample (HT), flow-through fraction (F) and wash
(W) were loaded on 12% SDS-PAGE, while 4 ug of protein fractions obtained by ion-exchange chromatography
followed by dialysis were loaded in samples marked as fraction 1 (Fr 1), fraction 2 (Fr 2), fraction 3 (Fr 3), fraction
4 (Fr 4), fraction 5 (Fr 5), fraction 6 (Fr 6). M= molecular weight marker. SDS-PAGE were stained with
Coomassie Blue.

HFn-PAS was purified as soluble fractions after IEC with a yield equivalent of 24.55
mg + 10.2 mg of proteins per 1 L of bacteria culture. A good amount of HFn-PAS was
detected in the flow-through fraction and in fractions 1, 2, 3 and 4, whereas a limited
amount was detected in the remaining fractions. The obtained fractions were analyzed
by SDS-PAGE and displayed a band profile at the expected molecular weight of 27
kDa (Figure 3.10). This first purification method allowed us to obtain a good amount
of protein, even if lower compared to that of HFn. However, the purity of the collected
samples was unsatisfactory since multiple nonspecific bands were visible (Figure 3.10
A). For this reason, we have developed an optimized purification strategy.

The second chromatographic method applied to the purification of HFn-PAS was a
SEC of the heat-treated sample. Notably, the SEC absorbance profile of HFn-PAS

collected in fractions F10 and F11, corresponding to the tenth and eleventh mL of the

elution was found to be highly pure and concentrated obtaining a yield of 12.5 mg +
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10.2 mg of proteins per 1 L of bacteria culture (Figure 3.10 B-C). On the contrary, the
following fractions (F12) were found to be associated with nonspecific protein content
at molecular weights different from HFn-PAS and therefore discarded (Figure 3.10 B).
Thus, the SEC method run with FPLC was chosen as the ideal method for carrying out
the optimized production of HFn-PAS.
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Figure 3.10 A) HFn-PAS characterization after IEC. HFn-PAS flow-through (F), fraction 1 (F1), fraction 2 (F2),
fraction 3 (F3) fraction 4 (F4), fraction 5 (F5) and fraction 6 (F6). B) HFn-PAS characterization after SEC.
Fraction 10 (F10), fraction 11 (F11), fraction 12 (F12). Samples were loaded (20 ug of protein) in a 12% (v/v)
polyacrylamide SDS-PAGE stained with comassie blue. M: protein marker C) Chromatogram of the SEC run
analysed in B) reporting the absorbance protein profile at 280 nm for each mL (F10=10mL, F11=11 mL, F12 =12
mL) of eluted sample. Blue arrows indicate fractions in which pure HFn-PAS was found.

3.4.2 Purification of HFn and HFn-PAS from endotoxin contamination

To confirm whether the purity level achieved was compatible with an in vivo study,
a LAL assay was performed after the application of the ETX removal protocol, already
established in my laboratory '*. The LAL assay is an FDA-approved method for the
detection of ETX is the most common assay used. It is based on the ability of a
particular molecule found in the amebocytes of the Limulus species to react with ETX.
Considering that ETX concentration is generally extremely low if compared to the
concentration of the target protein, the overall amount of ETX is normally expressed
in EU (ETX unit), where 1 EU approximately corresponds to 0.1/0.2 ng.

For what concerns HFn, the LAL test performed on fractions before and after the
execution of the ETX removal protocol, revealed a 30000-fold reduction of ETX, as
reported in Figure 3.11, ETX content in two representative purified samples (#A, #B)
were 0.02 and 0.08 EU/mg. The protein concentration in the two samples was 7.4 and
6.8 mg/mL, corresponding to 0.14 and 0.61 EU/mL, respectively (Figure 3.11). These
values are well below the accepted limit of 1 EU/mL, making this formulation

appropriate for in vivo preclinical applications.

50



Study 1

250000 1 Pre
200000 [ 3 #A
1 #B

150000

()]
£
S 100000 -
w 0.5

0.0 | T [ T |

T
Pre #A #B

Figure 3.11 ETX levels (EU/mg) obtained by LAL test of HFn samples before the purification with 1% Triton X-
114 (Pre) and after ETX protocol of sample A (#A) and B (#b). Results are reported as the average +SD of three
experiments.

The ETX removal procedure was successfully performed also for HFn-PAS. Indeed,
after performing a LAL test on fractions subjected to the ETX protocol repeated for 4
cycles, we achieved an ETX content in terms of EU/mL of 0.8 EU/mL, which is

adequate for in vivo parenteral injection.

3.4.3 In vitro characterization of HFn and HFn-PAS nanocages

After confirming the removal of ETX contamination for both nanocages, a robust
characterization of HFn and HFn-PAS became crucial to proceed with the next steps
towards in vivo studies. The biophysical characterization of the HFn and HFn-PAS was
performed using different biophysical techniques which comprise TEM, DLS and CD.

TEM evaluation was conducted on HFn and HFn-PAS samples to investigate their
size and morphology. The structural integrity of HFn-PAS nanocages was confirmed
by TEM images which clearly evidenced that HFn-PAS retains the native HFn ability

to adopt a spherical cage-like structure and a well-visible internal cavity (Figure 3.12).

A

1 100 nm

Figure 3.12 A) TEM image of HFn; B) TEM images of HFn—PAS; C) magnification of panel B.

Subsequently, the DLS analysis performed allowed us to confidently measure the

size distribution profiles of nanocages. Indeed, DLS measures the hydrodynamic
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diameter of nanoparticles in solution and provides information on the aggregation
state of NPs in solution. The obtained measurements evidenced the slight difference
in size in comparison to HFn in terms of diameter, given the PAS shell steric hindrance
(Figure 3.13 A). Moreover, the homogeneity of the solution was proved by the presence
of a single peak for each sample, confirming the absence of aggregated species (Figure
3.13 A).

To acquire information about the secondary structure and the conformational state
of HFn and HFn-PAS we took advantage of CD. This imaging technique is a rapid and
effective tool to determine whether an expressed, purified protein is folded, or if a
mutation affects its conformation or stability. In this regard, the CD spectrum of HFn-
PAS samples highlighted a conformational difference when compared to HFn ®. Even
if the analyzes to correctly estimate CD spectra with a dedicated software are still
ongoing, the visual inspection of the CD spectrum suggested an increase in random
coil content in HFn-PAS samples (Figure 3.13 B). Indeed, while the spectrum for HFn
is characterized by a strong presence of alpha helix structure, the contribution of
unstructured sequences such as PAS sequences, drives a variation in the CD spectrum
towards a random coil conformation around 210-220 nm (Figure 3.13 B). This insight
enriched our knowledge about the protein secondary structure of HFn-PAS and

provided further certainty on its correct conformation.
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Figure 3.13 A) DLS profiles of HFn-PAS in comparison with HFn wild type; B) CD spectra of HFn-PAS in
comparison with HFn

The enzyme-responsive strategy adopted for the novel nanocage HFn-PAS is based
on the recognition of a cleavable linker responsive to MMP from which derives the
removal of PAS sequences. To confirm the responsivity to proteolytic cleavage we
mimicked the conditions occurring at the TME in the presence of MMP. The removal

of PAS sequences from HFn-PAS nanocages has been assessed by incubating
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separately HFn-PAS with collagenase A, collagenase I and collagenase III (containing
different percentages of MMP-2 and 9) at 37 °C (Figure 3.14). Then, samples collected
at different timepoints were analyzed by SDS-PAGE. In each of the three samples we
have observed the release of 20 kDa HFn core as a result of MMP-mediated cleavage.
Indeed, after 1 h of digestion HFn-PAS migration in SDS-PAGE was essentially the
same as HFn. The efficacy of PAS removal was therefore demonstrated for each one of
the collagenases tested and underlined that the MMP cleavable sites weren't in any

way masked or not accessible owing to the presence of PAS sequences.

A Collagenase A
M Oh 5 15 1h 2h 6h HFn
37 kDa
s
25kDa
20kDa
B Collagenase | C Collagenase IlI
M Oh 5 15 1h 2h 6h HFn M Oh 5 15 1h 2h 6h HFn
37kDa W
37kDa W
25 kDa - 25kDa
20kDa 20kDa

Figure 3.14 Cleavage of PAS domain from HFn-PAS with MMP2/9 proteinases. SDS-PAGE of HFn-PAS before
incubation with collagenases (0h) and after in vitro digestion at 37°C for 5 minutes, 15 minutes, 1h, 2h and 6h
with Collagenase A A), Collagenase 1 B) and Collagenase 111 C) with a ratio 4:1 (ferritin:collagenase). Lane 1:
protein marker (M), Lane 6: positive control HFn.

Moreover, HFn-PAS demonstrated to remain stable up to 6 months after storage at -
20°C (Figure 3.15 A). We confirmed the stability of HFn-PAS after storage up to 6
months as visible from the SDS-PAGE, where the specific band for HFn-PAS was
maintained at every timepoint, without giving evidence of the loss of the PAS
sequence. In addition, after thawing HFn-PAS samples stored at -20 °C for 4 months
we assessed its responsivity to proteolytic cleavage. SDS-PAGE confirmed the
completed cleavage of HFn-PAS after 1h in incubation con collagenase I, thus

reinforcing evidence about the stability of the whole nanocage (Figure 3.15 B).
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Figure 3.15 A) HFn-PAS fractions 1 tested at day 0 (d 0) after 1 (m1),2 (m2), 4 (m4) and 6 months (m6) after
being stored at -20 °C. B) HFn-PAS fraction thawed after 4 months and incubated with Collagenase I with a ratio
4:1 (ferritin:collagenase). at 37°C for 5 minutes, 15 minutes, 1 h, 2 h and 6 h. Lane 1: protein marker (M), Lane
6: positive control HFn.

3.4.4 In vitro binding assay

At this point, to proceed with the subsequent studies, it was necessary to carry out
an in vitro study to evaluate the interaction of the nanocage HFn-PAS with cancer cells.
The ability of HFn-PAS to bind 4T1 murine BC cells was assessed with a binding assay
performed by flow cytometry. As shown in Figure 3.16, 4T1 cells showed lower
interaction with FITC-labeled HFn-PAS (HFn—PAS-F) at both concentrations tested
(respectively 1.5% and 9%). On the contrary, a 4-fold enhancement in percentage of
positive cells were detected in presence of HFn after PAS cleavage. Here, percentages
of positive cells close to 18% for the lower concentration, and 40% for the higher
concentration were observed. Thus, we could point out a dose-dependent recognition,
as demonstrated by the increase in binding percentages when incubating cells with
100 pug/mL of HFn- PAS or HFn after PAS cleavage. These results evidenced that the
PAS shell inhibits TfR1 mediated interaction with 4T1 cells, while after PAS removal

this interaction is restored allowing the specific binding.
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Figure 3.16. Flow cytometric analysis of HFn-PAS. 4T1 cells were incubated 2 h at 4 °C in PBS buffer and 0.3%
BSA with different amounts of HFn-PAS—F (20 and 100 ug/mL) and HFn-PAS—F after PAS cleavage (20 and
100 ug/mL). Cells were processed for FC using untreated cells to set the positive region and the singlet gate. Data
are reported as average = S.D. of three independent experiments and expressed as percentage of cells in the positive
region to HFn—F fluorescence; The dotted line represents the total binding of HFn wt.
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3.4.5 Development of HFn-ICG and HFn-PAS-ICG

So far, the empty HFn and HFn-PAS nanocages have demonstrated sufficient
adequacy to proceed with the nanoformulation phase. Thus, we performed the
encapsulation of ICG within them to obtain the final nanotracer for further studies.
HFn and HFn-PAS nanocages loaded with ICG were obtained with an easy and
reproducible procedure (Figure 3.17) already reported for HFn ' For what concerns

HFn-PAS-ICG, a good loading efficiency was achieved, obtaining an ICG encapsulated

concentration of 1.4 + 0.075 mg/mL, which was 1.4 times higher than the one obtained
with HFn-ICG.

A B

HFn-PAS HFn-PAS + ICG HFn-PAS-ICG

~ ‘ ‘p

Figure 3.17 A) Schematic representation of the pH-dependent disassembly]/ reassembly method used for HFn-PAS
loading with ICG. ICG is represented light green and HFn-PAS is represented in dark green; B) Final product
HFn-PAS-ICG.

At this point, we considered it reasonable to proceed with the in vivo assessment of

HFn-ICG and HFn-PAS-ICG to explore their behavior as tumor-targeted nanotracers.

3.4.6 In vivo evaluation of HFn-ICG biodistribution and tumor targeting

Once obtained a HFn-ICG batch suitable for in vivo parenteral injection, we assessed
its performances as tumor-targeted nanotracer in comparison to free ICG, using an
orthotopic and syngeneic model of murine BC. 4T1-Luc tumor-bearing mice were
intravenously injected with 3.8 mg/Kg ICG or HFn—ICG and sacrificed 2 h, 6 h, and
24 h after injection. After the sacrifice, mice were imaged with Karl Storz endoscope,
which is one of the most used equipment for FGS. It is equipped with a full HD camera
to detect the fluorescent signal associated with ICG. We performed the ex vivo
comparison between the biodistribution of our nanotracer (i.e. HFn-ICG) and free ICG
only at 6 and 24 h because 2 h after injection the signal suffers from strong diffusion,
preventing us from discriminating the anatomical structures. Results obtained with
Karl Storz/ICG endoscopic system demonstrate that HFn can deliver the ICG to the
tumor more efficiently than the free dye *. As visible in Figure 3.18, ICG related
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fluorescent signal in blue was localized in the tumor mass of mice treated with HFn-
ICG at 6 h and it was still detectable after 24 h. Concerning mice injected with ICG, the
fluorescence signal is poor at 6 h, while it is almost absent at 24 h (Figure 3.18 A). In
order to quantify the fluorescence signal detected by Karl Storz endoscope, we have
analyzed the same tumors using IVIS Lumina II system, which confirmed what was
observed in Figure 3.18 B. Moreover, image quantification performed with Living
image software revealed a significant difference in the levels of fluorescence between
HFn-ICG and free ICG at 6 h as well as with ICG at 24 h (Figure 3.18 C).
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Figure 3.18 A) Tumor accumulation of HFn-ICG and ICG free. Fluorescence signal in the tumor was evaluated
in the 411 murine model of BC 6h and 24h after intravenous administration. In this figure are reported the images
obtained by Karl Storz NIR/ICG endoscopic system, where the ICG signal is represented in blue. B) Tumor
accumulation of HFn-ICG and ICG free. Fluorescence signal in the tumor was evaluated in the 4T1 murine model
of BC 6 and 24h after intravenous administration. In this figure are reported the images obtained by IVIS Lumina
1I. ICG signal is represented by a yellow hot scale expressed as total radiant efficiency (x10°), n = 6. C)
Quantification of IVIS Lumina II detected in tumors. Bar chart of the comparison between the fluorescent signals
quantified in tumor samples from mice treated with HFn-ICG or free ICG. Statistical significance “p-value =
0.0345; #p-value=0.0112.
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Then, we collected and analyzed off-target organs by IVIS Lumina II in order to
study biodistribution of ICG upon nanoformulation. We have quantified the signal
associated with ICG as described above. Results reported in Figure 3.19A suggested
that HFn encapsulation modifies the kinetics of ICG biodistribution in the off-target
organs. Indeed, in mice treated with HFn-ICG the amount of fluorescence signal was
superior in all organs and at each time point in comparison to that detected in mice
treated with ICG free (Figure 3.19B) Thus, HFn encapsulation seems to modify kinetics
of ICG biodistribution at the off-target organs and significantly preserve ICG
fluorescence by protecting it from rapid metabolism and degradation, therefore

allowing it to remain in circulation longer to be able to accumulate at the tumor.
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Figure 3.19 ICG biodistribution profile of off-target organs from mice treated with HFn-ICG A) and ICG B).
Histogram shows the mean fluorescence value measured in each organ respectively 6 h and 24 h after injection.

The detailed comparison performed in terms of tumor accumulation, off-target
biodistribution and kinetics of clearance prodromic to in vivo assess tracking capability
of HFn-ICG was published as “Tumor Accumulation and Off-Target Biodistribution
of an Indocyanine-Green Fluorescent Nanotracer: An Ex Vivo Study on an
Orthotopic Murine Model of Breast Cancer” Int. ]. Mol. Sci. 2021, 22, 1601. and
reported as Appendix 4.

3.4.7 Mass spectrometry analysis on organs homogenates

Overall, the first in vivo experiment confirmed the relevance of the encapsulation in
HFn in determining an improved tumor-targeted delivery of ICG which resulted in an
increased visualization of the tumor mass. Therefore, it becomes necessary to uncover
if the nanoformulation could have a major role in driving a specific targeting of the

dye to the tumor, or rather a protective action on ICG’s fluorescence.
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Organs obtained from the biodistribution study were homogenized and used to
extract ICG for its quantification by UHPLC-MS/MS with the aim of investigating the
relevance of the encapsulation in HFn in determining an improved ICG signal at the
tumor. As shown above, the administration of HFn-ICG resulted in an increased
fluorescence signal of ICG, thus it was important to uncover if the nanoformulation
could have a major role in driving a specific targeting of the dye to the tumor, or rather
a protective action on ICG’s fluorescence.

Results obtained by UHPLC-MS/MS quantification on tumor homogenates were
matched and compared with data collected from the ex vivo measurement of
fluorescence detected by IVIS Lumina II.

After 20 minutes from i.v., we observed a higher ICG amount measured by UHPLC-
MS /MS in most of the organs collected from mice injected with ICG free in comparison
to those treated with the same amount of nanoformulated ICG (Figure 3.20 A-G). This
quantification of the dye reflects what is observed in fluorescence analysis by optical
imaging and strongly highlights the non-specific and widespread behavior of ICG.
Indeed, 20 minutes after i.v. ICG spreads faster and permeates the tissues in a non-
specific way. Conversely, ICG nanoformulated in HFn seems to require more time to
permeate tissues as a result of a targeted internalization process. The sole exceptions
involved the liver, in which we observed a higher fluorescent signal associated with
the nanoformulation, and the stomach, where an increased ICG amount was detected
by mass spectrometry. However, to compare more accurately the signals reported by
UHPLC-MS/MS quantifications and ex vivo fluorescence, it was necessary to refer to a
specific accumulation of the dye performing the analyses at longer timepoints. As it
can be observed in Figure 3.20 H, showing the abdominal region of a mouse 20 minutes
after i.v. of HFn-ICG and analyzed by KARL STORZ NIR /ICG endoscopic system, the

fluorescence signal distinguishable in blue is abundantly spread in all districts.
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Figure 3.20 Comparison between ICG concentration measured by UHPLC-MS/MS as ICG total amount and
fluorescence detected as Total Radiant Efficiency in tumor (A), liver (B), intestine (C), kidneys (D), spleen (E),
lungs (F), and stomach (G) homogenates obtained from mice organs 20 minutes after injection with ICG or HF n-
ICG. Student t-test * 0.01<p<0.02, ** 0.001<p<0.003, ***0.00005<p<0.0009. H) Representative image of mouse
injected with HFn-ICG and analyzed after 20 minutes by KARL STORZ NIR/ICG endoscopic system.

Afterwards, we focused on the accumulation of ICG at the tumor over time. As
shown in Figure 3.21 A, UHPLC-MS/MS quantification on tumor homogenates of
mice injected with HFn-ICG, displayed a higher ICG concentration at each tested
timepoint. A similar trend can be observed in relation to the higher amount of
fluorescence signal detected in the same samples, where a significant difference
between the two groups was determined at 1, 2 and 6h (Figure 3.21 B), confirming the
positive contribution of formulation in increased tumor accumulation. Indeed, the
higher visualization of the tumor in terms of fluorescent signal is not only due to a
protective and stabilizing effect on the fluorescence given by the nanoformulation, but
it is mainly attributable to a specific tumor targeted delivery. The good correlation
(r=0.6) between the ICG total amount detected by UHPLC-MS/MS quantification and
the corresponding fluorescence signal for HFn-ICG and ICG (Figure 3.21 C) confirmed
this hypothesis. By contrast, a weaker correlation (r=4) was determined in samples
from mice injected with ICG, evidencing that also a weak ICG stabilizing contribution
of HFn nanoformulation may occur. However, the superior tumor accumulation in
mice treated with HFn-ICG confirmed its major role in driving ICG tumor homing

rather than in the preservation of its fluorescence properties.
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Figure 3.21 Comparison between ICG concentration measured in tumor homogenates by UHPLC-
MS/MS and fluorescence detected at the tumor of mice injected with ICG or HFn-ICG during the
biodistribution study. A) Bar chart showing the total amount of ICG (ng) measured in tumor
homogenates; B) Total fluorescence values detected in tumors. Student t-test * 0.02<p<0.04, **p=0.004;

%%k,

p=0.001; C) Scatter plots of the correlation coefficient between the total amount of ICG and total
fluorescence detected at the tumor for ICG (r=0.4, p=0.01) and for HFn-ICG (r=0.6, p=0.001).

In addition, our results confirmed that HFn-ICG does not alter the biodistribution of
ICG in the organs responsible for its metabolism (i.e., liver and intestine) or in off-
target organs (i.e., spleen, kidneys, lungs, stomach) (manuscript under revision). In
conclusion, this approach offers a method of particular interest for studying the tissue
distribution of ICG and further validates the advantage of the nanoformulation in

guiding a specific delivery of ICG at the tumor.

The results obtained so far corroborate the ability of HFn-ICG to accumulate at the
tumor site and mark cancer cells more efficiently than the free dye. However, in order
to exploit it as a reliable tool for FGS applications, it is necessary to improve aspects
such as stability and plasma half-life. Indeed, the achievement of a proper time
window that could provide improved signal at the tumor concurrently with a
reduction of the aspecific signal represented by the off-target tissues, would be
extremely advantageous for any FGS application.

Thus, our endeavors have been focused on the in vivo investigation of HFn-PAS-ICG
which is expected to be provided with enhanced circulation time and therefore

capability to localize at a tumor for longer.
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3.4.8 Evaluation of HFn-PAS-ICG tumor accumulation in a breast cancer murine
model

After the extensive characterization of HFn-PAS, we decided to proceed with testing
the optimized HFn-PAS-ICG in vivo to investigate its suitability as a nanotracer for the
detection of cancer cells in comparison with ICG free and the previously studied
nanocage HFn-ICG (Figure 3.22).

The in vivo study in a BC model of fluorescence signal at the tumor revealed a
significantly higher accumulation of the HFn-PAS-ICG compared to ICG and HFn-
ICG and a superior retention until one week (Figure 3.22 A). Indeed, as visible both at
24 h and at the last timepoint after 1 week from injection, the fluorescence signal at the
tumor mass is strongly noticeable in mice injected with HFn-PAS-ICG, while for the
other groups almost no longer detectable (Figure 3.22 A). Indeed, the ex wvivo
measurement at the tumor proved a 3-fold higher signal for the nanocage constituted
by HFn-PAS-ICG (Figure 3.22 B-C). In addition, by analyzing the signal to background
ratio, we observed a prominent advantage of HFn-PAS-ICG after 24 h, thus improving
the lesion signal identification and reducing the background noise which is a
fundamental aspect to discriminate tumor cells from healthy tissues and improve
bioimaging in FGS applications (Figure 3.22 D).
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Figure 3.22 A) In vivo accumulation of the fluorescence signal at the tumor for HFn-PAS-ICG, HFn-
ICG or ICG at 24h and 1 week. B) Fluorescence signal in excised tumors after 1 week. C) Quantification
of the fluorescence signal detected in excised tumors ***p<0.0001 D) Signal to background ratio from

24h to 1 week *p=0.01; **0.001<p<0.007; ***0.0005<p<0.0001. The bars are the mean value + SD, n =
6.

Moreover, as shown in Table 3.1, the accumulation of the dye at the tumor measured
overtime in vivo, is progressively reduced in all groups by one order of magnitude
from 10° to 10%. In fact, based on our observations, right after injection the ICG signal

is spread in a non-specific way in all districts, while starting from 6 h is it possible to
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highlight a specific signal at the tumor. Thus, in comparison to HFn-ICG and ICG,
HFn-PAS-ICG stands out for maintaining the signal which is always superior and

prolonged in time.

Group 2h 4h 6h 24h 48h 72h 96h 168h

4.87E+09 | 3.22E+09 | 1.59E+09 | 8.31E+08 | 5.07E+08 | 3.97E+08 | 2.74E+08 | 1.94E+08
+ + + + + + + +
HFn-ICG 1.51E+09 | 3.89E+08 | 3.79E+08 | 1.03E+08 | 1.81E+08 | 1.68E+08 | 1.78E+08 | 1.16E+08
($%9) ($) ($$33) ($%)

Table 3.1 Quantification of fluorescent signal at the tumor detected by IVIS Lumina II reported as Total
Radiant Efficiency. Data are reported as mean value + SD, n = 6. Student t-test HFn-PAS-1ICG vs HFn-
ICG (%) ** 0.046< p <0.024, *** 0.007< p<0.0009. HFn-PAS-ICG vs ICG (#) #*** 0.007 < p < 0.0009,
##4p<0.0009. HFn-ICG vs ICG ($) * p=0.05, % 0.046< p <0.024, **5 0.007 < p < 0.0009, %% p<0.0009.

The promising results obtained so far in this pilot study corroborated the refinement
provided by the introduction of the novel nanotracer HFn-PAS-ICG and strongly

support its study also in other kinds of tumors.

3.9.9 Evaluation of HFn-PAS-ICG tumor accumulation in a CRC murine model

Finally, the feasibility of the nanotracer HFn-PAS-ICG was also studied in a
subcutaneous murine model of CRC, thanks to a collaboration with the Institute for
Experimental and Molecular Imaging (ExMI). By taking advantage of the advanced
imaging devices present in the German institute, we further investigate the behavior
of the nanotracer by comparing 3 different concentrations of the nanocage to select the
best time window in order to obtain the highest accumulation at the tumor and a
complete wash-out from off-target organs. In particular, the combination of FMT with
uCT analysis has been identified as an outstanding approach for the longitudinal and
quantitative in vivo determination of the fluorescence distribution in depths of several
centimeters. Thanks to the complete 3D reconstruction, which is currently ongoing, we
devise obtaining a precise quantification of the biodistribution of HFn-PAS-ICG and,
later, a powerful approach to study the tumor tracking capability in a metastatic
model.

Overall, the preliminary results collected supported the efficacy of HFn-PAS-ICG also
in this model. Indeed, the FMT images (Figure 3.23 A) revealed a visible accumulation

of the nanotracer in correspondence to the tumor masses until 96 h and the signal

62



Study 1

observed in the excised tumor appeared higher in comparison to that at the liver,
suggesting an improved signal to background ratio (Figure 3.23 B). Furthermore, the
3D quantification will allow us to depict the best timepoint for an optimized

accumulation at the tumor to plan following studies on metastatic models.

TUMOR LIVER E

Figure 3.23 A) In vivo accumulation of the fluorescence signal at the tumor for HFn-PAS-ICG at the
concentration of 6 mg/kg at 48h, 72h and 96h obtained with FMT imaging. B) Ex vivo accumulation of
fluorescence signal at the tumor and at the liver at 96h obtained with FMT imaging.

A

HFn-PAS-ICG
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3.5 Discussion and conclusion

With the idea of developing a nanotracer for oncological FGS, we reasoned that
encapsulating ICG into a tumor targeted nanodelivery system could be a valuable
approach to achieve a tailored surgery. Thus, we decided to integrate the features of
ICG with those offered by HFn, whose implementation is particularly interesting for
its relevant translational impact.

In this study we started from the development of the HFn nanocage loaded with ICG
to accomplish the evaluation of its in vivo potential as fluorescent nanotracer.

In vivo ' and ex vivo '* assessments of ICG tumor targeting performed with endoscope
Karl Storz/ICG, revealed that the HFn can deliver ICG to the tumor with higher
specificity and efficiency than the free dye, defining anatomic structure. Indeed, HFn-
ICG displayed improved ICG accumulation in tumor in comparison to free dye, thanks
to HFn-ICG tumor homing with respect to mice treated with free ICG. Moreover HFn-
ICG signal was still visible at 24 h. The quantification performed on IVIS Lumina II
acquisitions, supports the same topic revealing significant differences between the
mice treated with HFn-ICG and ICG. To date, fluorescence evaluations at early time
points (i.e., 2 h after injection) were not effective since the blue fluorescent signal in the
tumor mass was highly diffused avoiding the discrimination of the anatomical
structures. These results in the whole not only support the suitability of HFn-ICG for
tumor tracking, but also suggest that it is necessary to wait some time to achieve the
proper accumulation of fluorescence signals.

Moreover, we have analyzed the accumulation in off-target organs to study the ICG
and HFn-ICG biodistribution, evidencing that the nanoformulation slows down the
tracer’s kinetic. To decipher the role of HFn nanoformulation in influencing ICG’s fate,
we proceeded with UHPLC-MS/MS quantification on organ homogenates. By
investigating the accumulation of ICG using mass spectrometry, we confirmed the
superior delivery of ICG thanks to the nanoformulation which drives a real
accumulation at the tumor instead of only having a role in the preservation of its
fluorescence (manuscript under review).

Nevertheless, these results also evidenced that the performance of this nanotracer
should be improved to exploit it as a suitable imaging tool for the detection of tumors
with unknown localization and micrometastasis and to accelerate its wash-out from
non-target organs to obtain more specific signals in cancer. In fact, we noticed that the

signal associated with HFn-ICG and the tumor signal to background ratio reported in
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vivo was still suboptimal due to short circulation time '*. Indeed, despite incredible
advantages conferred to ICG, HFn has a reduced plasma half-life after systemic
injection, which limits its full potential as a delivery system.

For this reason, we studied a new strategy to raise the circulation time of HFn. The

new improved nanocage HFn-PAS is aimed at achieving increased stability and
improved half-life while maintaining the already efficient tumor accumulation. We
optimized the procedure for HFn-PAS purification, which required different steps and
a massive optimization work. Indeed, despite the apparent slight differences, HFn-
PAS has completely different features than those of HFn. We encountered a reduced
purification yield of HFn-PAS in comparison to HFn probably due to the size of the
protein, which is almost twice the molecular weight of HFn, or to the presence of
sequences lacking secondary structure (i.e., PAS sequences). In any case, the
production of the novel nanocage was successfully achieved and it was possible to
perform a rigorous in vitro characterization of HFn-PAS by different methods (TEM,
DLS and CD). Indeed, collecting precise and valid information on the main
characteristics of HFn-PAS using the correct methodologies, is a key step towards a
precise understanding and / or prediction of its diagnostic efficacies.
Thanks to these results, we proved that our nanocages display the expected structural
morphology and dimensions, in addition to the requirements for injectability in terms
of ETX content. Additionally, the results achieved in the tested in vivo models strongly
support HFn-PAS-ICG reliability as tumor-targeted agents for FGS application.

In the next future, we plan to assess HFn-PAS-ICG as an FGS metastasis tracer within
the project “Targeted NIR nanotracer for Image-Guided surgery: tailored resection
and intraoperativE solid canceRs' stadiation _TIGER” (ID 27107- P.I. Mazzucchelli)
funded by AIRC.

To conclude, several studies are required to better investigate the properties of HEn-
based nanoformulations and to understand how to improve their features to attain a
reliable nanodiagnostic tool for FGS. However, the present research study provides
important insights on its potential as a cancer specific nanotracer effective for several

cancer subtypes where FGS is considered a valuable therapeutic option.
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4. Study 2: Ferritin nanocages loaded with
doxorubicin: a strategy to preserve antitumor

immunity from doxorubicin toxicity

Manuscript in preparation.

4.1 Introduction

The anthracycline doxorubicin (DOX) is the first-line therapy for the treatment of
different cancer types, including leukemia, lung cancer, and is considered as a
mainstay for BC treatment due to its excellent cytotoxic activity. This
chemotherapeutic has a direct cytotoxic effect against cancer cells by interfering with
DNA replication . However, DOX is active also against other rapidly dividing cells,
resulting in severe off-target toxicities.

Besides its direct killing of rapidly proliferating tumor cells, DOX is reported to
induce the immunogenic cancer cell death (ICCD) and promote tumor
immunogenicity as a consequence of the stimulation of dendritic cell (DC) antigen-
presenting function '*3!. Thus, DOX-based chemotherapy facilitates the upregulation
of death receptors and several cancer neoantigens become immediately available to
DCs leading to the induction of anti-tumor immune responses *2. DCs stimulate rare
naive cancer-specific T-cells maturation and clonal expansion, resulting in an induced
adaptive-antitumor immune response, which is crucial to develop a complete
remission and to generate a successful immunological memory able to surveil for
relapses and / or metastasis development .

However, concurrently, this antitumor response is restricted by DOX itself. Indeed,
neutropenia is considered one of the most significant hematological toxicities
associated to DOX chemotherapy, and despite it is mostly a transient effect, they cause
long-lived alterations to immunity."** Therefore, T-cells clonal expansion which is one
of the most proliferative events observed in biological systems it is expected to be
strongly reduced or even suppressed by DOX treatment 1% 1361%7,

So far, the investigation about the effect of an anthracycline’s regimen on dividing T-
cells to improve DOX immune-mediated antitumor activity is fragmentary and the

subject of unsolved questions . Simultaneously, there is growing interest in
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developing refined DOX formulations to mitigate detrimental effects such as severe
cardiotoxicity resulting from unfavorable pharmacokinetics and inadequate targeting
of tumors.

Among novel nanoformulations, those based on NPs showed the ability to enhance
the physicochemical properties of a wide variety of drugs used in oncology to limit
off-site side effects and improve their therapeutic efficacy, increasing drug
accumulation in target tissue >4, The use of ferritin nanocages as carriers for
encapsulating DOX presents a promising avenue in drug delivery. Indeed, ferritin
nanocaged DOX capitalize on the unique structural properties of ferritin which is a
naturally occurring protein capable of self-assembling into nanoscale cages, offering a
controlled and efficient platform for encapsulating DOX. Here we identify FerOX, a
DOX formulation in ferritin nanocages, as an alternative nanodrug capable to preserve

the proliferative potential of T cells ™.

4.2 Aim of the study two

According to previous studies conducted by our group *, the development of HFn
nanocages loaded with DOX (FerOX) has the potential to offer enhanced therapeutic
efficacy and reduced cardiotoxicity in comparison to free DOX.

In this study I aim to characterize DOX uptake and effect on human lymphocytes,
firstly derived from healthy donors, then from BC patients that underwent
neoadjuvant chemotherapy (NAC). Indeed, the paradox regarding the dual effect of
DOX on tumors warrants further examination. First, DOX by directly killing tumor
cells acts as an immunogenic drug and triggers an effective immune stimulus to fight
tumors. However, at the same time, this antitumor response is restricted by DOX itself
which massively prevents lymphocyte’s proliferation.

As a result of that, the second purpose of this study regards the investigation of the
impact on primary human T cell obtained from Peripheral Blood Mononuclear Cells
(PBMC) in terms of uptake and proliferative potential of FerOX, a HFn-based DOX
nanoformulation conceived as a strategy to preserve the proliferative potential of the

T-cell compartment during a DOX treatment.

4.3 Materials and Methods
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Patient recruitment

Thirty patients affected by BC at any stage and candidate to neoadjuvant
chemotherapy with anthracyclines at ICS Maugeri IRCCS between April 2018 and
October 2021 were enrolled in Armageddon protocol (number 2201CE). A written
informed consent to participate in the present protocol was obtained from each patient.
Blood samples from healthy donors and from BC patients before and after (about 3 h)
the first cycle of DOX chemotherapy were collected and used in this study.

Peripheral Blood Mononuclear Cells collection

Blood samples collected in EDTA-coated tubes were treated by Ficoll gradient to
isolate PBMC. Briefly, up to 4.5 mL of blood were gently added to a 15 mL tube
containing 5 mL of RT Ficoll (Histopaque®-1077, Sigma) and centrifuged at RT at 400-g
for 30 minutes in a swinging- bucket rotor without brake. Then, the upper layer of
plasma fraction was carefully removed, the mononuclear cell layer containing PBMC
was transferred to a 50 mL conical tube and rinsed with 35 mL of phosphate buffer
(PBS, Euroclone). PBMC were washed by centrifugation at RT at 400-g for 10 minutes.
In case of red blood cell contamination, a 5 minute treatment in ACK lysis buffer was

performed. PBMC were frozen in Foetal Bovine Serum (FBS, Euroclone) supplemented
with 10% DMSO (Sigma) and stored at — 80 °C until usage.

In vitro Doxorubicin uptake

2:10° PBMC were seeded in 96 multiwell plates in 200 pL of RPMI medium
supplemented with 10% FBS, 1% Penicillin/Streptomycin (Euroclone) and 1%
Glutamine (Euroclone) and treated with different concentrations of Doxorubicin free
(DOX; 0.01, 0.1, 1 and 10 uM) or with the nanoformulation FerOX and the liposomal
DOX formulation already introduced in clinical practice Myocet (1 pM of DOX
equivalent). After 1, 3 and 24 h (h), cells were collected and analyzed by FC (Cytoflex,
Beckman Coulter) to quantify DOX mean fluorescence intensity after staining with
Live/Dead (L34976; Thermo Scientific). Acquisition was performed on 20000 events,
within the selected region of live singlets. Untreated PBMC were used to select the
region of positivity.

To analyze what populations are mainly involved in DOX uptake, 2:10° PBMC were
seeded as reported above and treated DOX free (1 and 5 pM) or with the
nanoformulations FerOX and Myocet (5 uM of DOX equivalent) for 24 h. Then, cells
were collected and stained for Live/Dead, CD3-PECy7, CD4-EF506, CD8a-FITC,
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CD45RA-AF700 and CD197-APC. DOX internalization was quantified by FC. CD4" T-
cells were identified as CD3*/CD4*, while CD8" collected CD3*/CD8* cells. T cells
subpopulation were identified as follow: Central Memory (CM, CD197* CD45RA"),
Naive (CD197* CD45RA"), Effector Memory (EM, CD197- CD45RA’), Terminally
Differentiated Effector (TDE, CD197- CD45RA"). Acquisition was performed on 20000
events, within the selected region of live singlets. Untreated PBMCs were used to select

the region of DOX positivity. Biological replicates n=3-6.

Doxorubicin quantification in PBMCs from BC patients

PBMC collected from BC patients following the guidelines of Armageddon protocol
were analyzed by FACS to quantify DOX mean fluorescence intensity after staining
with Live/Dead (L34976; Thermo Scientific). To identify subpopulations involved in
DOX uptake, cells were stained with CD3-PECy7 (clone OKT3, Thermo Scientific),
CD4-EF506 (clone RPA-T4, Thermo Scientific), CD8a-FITC (clone OKT-8, Thermo
Scientific), CD45RA-AF700 (clone HI100, Thermo Scientific) and CD197-APC (clone
3D12, Thermo Scientific). T cells subpopulations were identified as follow: Central
Memory (CM, CD197" CD45RA"), Naive (CD197* CD45RA"), Effector Memory (EM,
CD197- CD45RA’), Terminally Differentiated Effector (TDE, CD197- CD45RA").
Acquisition was performed on 20000 events, within the selected region of live singlets.

Untreated PBMC were used to select the region of positivity.

FerOX production

HFn nanocages were produced in BL21(DE3) ClearColi® strain and purified by
bacterial endotoxins as previously described '*. FerOX was obtained loading DOX
inside HFn using the pH disassembly-reassembly method already described by our
group 2. HFn dissolved at 0.5 mg/mL in 150 mM NaCl were disassembled lowering
the pH to 2 and incubating HFn under shaking (180 rpm, RT) for 15 minutes. Then,
200 uM DOX was added, adjusting the pH back to 7.5 and incubating the mixture for
2h under shaking (180 rpm, RT). Then, unloaded DOX was removed by centrifugation
(3500g, 15 min) in 100 kDa Amicon membranes (Millipore) and using 7K MWCO
Zeba™ Spin Desalting columns (Thermo Fisher). The quantification of FerOX content
was determined by spectrofluorimetry (FP-800, Jasco) after DOX extraction in

isopropanol chloroform solution 2.

Confocal microscopy
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1-10° PBMC were seeded in 96 multiwell plates in 100 uL of RPMI medium
supplemented with 10% FBS, 1% Penicillin/Streptomycin and 1% Glutamine and
treated with DOX free (0.1, 1 and 10 uM) or with the nanoformulations Myocet and
FerOX (1 uM of DOX equivalent). After 24 h, cells were collected, fixed with 4%
paraformaldehyde (PFA, Sigma) for 10 min at RT. Then, cells were labelled with DAPI
(1:10000) and mounted on coverslips with ProLong™ Gold (Invitrogen, P36935).

Confocal microscopy images were acquired at 1024-1024 dpi resolution with the Leica

confocal microscope SP8 equipped with 405, 488 and 513 nm lasers.

CFSE proliferation assay

PBMC from healthy donors or BC patients were marked with CFSE (1uM in PBS;
C34554, Invitrogen, Thermo Fisher) for 10 min at RT and washed twice with RPMI
medium supplemented with 10% FBS, 1% Pennicilin/Streptomycin and 1%
Glutamine. Cells were then seeded in 96 multiwell round bottom plates (2-10° cells in
200 puL of RPMI medium supplemented with 10% FBS, 1% Pennicilin/Streptomycin,
1% Glutamine). PBMC from BC patients collected before and after chemotherapy were
analyzed by FC 2, 3, 4 and 5 days after stimulation with Concanavalin A (ConA, 5
ug/mL, C0412, Sigma). Biological replicates n=6. PBMC from healthy donors were
incubated with 5uM of DOX equivalent (free DOX, Myocet and FerOX) for 3 h and
analyzed by FC at 2, 3, 4 and 5 days after ConA stimulation. Biological replicates n=3.
Some PBMC from BC patients collected before chemotherapy were used to simulate
an ex vivo treatment and incubated with 5uM of DOX equivalent (free DOX, Myocet
and FerOX) for 3 h and then stimulated with ConA. Three days after ConA treatment,
they were labelled with Live/Dead (L34976, Thermo Scientific), CD3-PECy7 (clone
OKT3, Thermo Scientific), CD4-EF506 (clone RPA-T4, Thermo Scientific), CD19-SB346
(clone HIB19, Thermo Scientific) and analyzed by FC. Biological replicates n=3. The
proliferation index was calculated using the software FlowJo (version 10).
Drug screening on Patient-Derived Organoids

Twelve BC Patient Derived Organoids (PDOs) stored in the in the “Bruno Boerci
Oncological Biobank” at ICS Maugeri IRCCS according to a protocol approved the
ethical committee of ICS Maugeri IRCCS in July 2009 and classified as Luminal A
(n=4), Luminal B (n=4), HER2+ BC (n=2) and Triple-Negative BC (TNBC; n= 2) were
used to assess FerOX biological activity. PDOs cultured as previously described %,
have been sheared 2-3 days before the seeding to obtain smaller and uniform in size
PDOs. Briefly, PDOs were isolated from Cultrex® Ultimatrix Reduced Growth Factor
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Basement Membrane Matrix (BME, Bio-techne, BME0010), by incubation with Dispase
1 ug/mL (Gibco, 17105-041) at 37°C for 1-2 h. Once the BME was dissolved, PDOs were
collected in 15 mL tube and they were washed twice with Ad-DF +++ medium
(Hyclone DMEM-F/12 1:1 supplemented with 10 mM HEPES, 1%
Penicillin/Streptomicin and 1% L-glutamine). The PDOs were counted, diluted in
culture medium, supplemented with 10% BME and seeded 10.000 cells/well in a 96-
wells spheroid microplate (Corning, 4520) at the concentration of 200 cells/uL. After
24 h, 8 different concentrations of DOX, Myocet and FerOX (0.05, 0.1, 0.5, 1, 10, 20, 50,
100 uM) were added in 10 replicates. Untreated cells were used as negative control.
After 3 days of incubation at 37°C and 5% CO2, the Cell Titer Glo 3D Kit (Promega,
G9682) was used, according to manufacturer’s instructions, to measure the ATP
content as an indicator of cell viability. Emitted luminescence was read in microplate
reader (PerkinElmer, Victor Nivo Multimode) and data were analyzed using
GraphPad Prism 8.

TfR1 expression on Patient Derived Organoids

3x10° organoids have been isolated from BME by Dispase 1 ug/mL treatment. Once
collected, PDOs have been reduced into single cells through the shearing procedure
using TrypLe™ Select (1X; Gibco, 12563-029). After three washes with HBSS (HyClone
Hank’s Balanced Salt Solution), SH30268.02), the cells were fixed with PFA 4% for 5-
10 minutes in ice. Fixed cells have been washed thrice with HBSS supplemented with
FBS 2% and stained. Staining has been with anti-TfR1 antibody (1 pg/tube; clone ICO-
92; Thermo Fischer Scientific) in PBS, 2% Bovine Serum Albumin (BSA; Sigma) and 2%
goat serum (Euroclone) for 30 min at RT. Then, cells were washed thrice with PBS and
immunodecorated with Alexa Fluor 488 goat anti-mouse secondary antibody (1
uL/tube; A-11001; Invitrogen; Thermo Fischer Scientific) in PBS, 2% BSA and 2% goat
serum for 30 min at RT. After three washes with PBS cells were analyzed by CytoFLEX
flow cytometer (Beckman Coulter). 20000 events were acquired for each analysis, after
gating on viable cells and on singlets. The region of positivity has been set using cells

immunodecorated only with secondary antibodies.
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Statistical analysis

Statistics was evaluated using GraphPad Prism 8.0a version (GraphPad Software
Inc.). Data are reported as mean + Standard Error Mean (SEM). The level of statistical
significance was set at p < 0.05. Proliferation index and DOX uptake have been
analyzed by paired t-test, while One-way ANOVA has been used to assess DOX
uptake in different T-cells populations. Two-way ANOVA has been used to study ICs
results on PDO considering both the effect of drug and organoid type.

4.4 Results and Discussion

4.4.1 Human Peripheral Blood Mononuclear Cells internalized DOX in a dose and
time-dependent manner

It is important to investigate the effect of DOX on dividing T-cells to determine
whether DOX's immunogenicity can be better exploited by developing a
nanoformulation that selectively kills tumor cells, and at the same time preserving
antitumor immune response. Hence, we have investigated the effect of DOX on
lymphocytes from healthy donors. Of note, we observed that patient-derived PBMC,
incubated up to 24 h with DOX concentrations starting from 0.01 to 10 uM, displayed
a dose and time dependent internalization profile, as evidenced by mean fluorescence
intensity (MFI) values of DOX positive PBMC population analyzed by FC (Figure 4.1
A). Upon internalization, DOX accumulates in the nucleus (Figure 4.1 B), where it
exerts its cytotoxic action by intercalating into the double-helix and disrupting

topoisomerase-II-mediated DNA repair '*.
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Figure 4.1 DOX internalization in peripheral blood lymphocytes. A) PBMC collected from healthy donors and
treated with different concentrations of DOX (0.01, 0.1, 1 and 10 uM) for 1, 3 and 24 h to assess drug uptake.
DOX uptake has been monitored during time by FC measuring DOX mean fluorescence intensity in DOX" cells.
Untreated PBMC were used to select the region of positivity. B) PBMC treated with DOX at 0.1, 1 and 10 uM
for 24 h and acquired by confocal microscopy. Nuclei were stained with DAPI (blue), while the DOX fluorescence
signal was reported in red. Scale bar = 10 um.
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4.4.2 DOX internalization affects the proliferative potential of human Peripheral
Blood Mononuclear Cells

To assess whether the accumulation of DOX at the nucleus visible in Figure 4.1 B
induces a reduction in proliferation and could thus affect the generation of a successful
antitumor immune response, CFSE-labeled PBMCs from healthy donors were exposed
to DOX before being treated with the Concanavalin A (ConA) mitogen. In absence of
DOX, ConA drove PBMC proliferation in a ConA dose-dependent manner (i.e., 5 and
0.5 pg/mL), as evidenced by the presence of the proliferating PBMC populations with
lower CFSE fluorescence (Figure 4.2 A). On the other hand, in PBMC previously
incubated with DOX, the capability to respond to ConA was strongly reduced (Figure
4.2 B). Indeed, DOX-treated, ConA-stimulated samples showed almost a four-fold
reduction (i.e., 3.84) in the PBMC population with lower CFSE fluorescence in
comparison to that observed in untreated, ConA-stimulated sample (16.6% vs 63.7%;
Figure 4.2A and B). These results confirm that DOX uptake is strictly coupled with an
impairment of proliferative capability in human PBMCs. After incubating PBMC with
5 uM DOX for 24 h, there was a significant decrease in the proliferation index observed
in the overall lymphocyte population (Figure 4.2 C), as well as in CD4* and CD8* T
cells (Figure 4.2 D and 4.2 E) showing a global impairment of T-cells mediated immune
response after DOX treatment. As PBMC are promptly exposed to DOX during
parenteral infusion of DOX-based chemotherapy, we have then evaluated the DOX
uptake and the proliferative potential in match-paired PMBC isolated from BC
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patients before and immediately after (approximatively 3 h after the start of infusion)
the first cycle of DOX based NAC.

FC analysis reported in figure 4.2 F and 4.2 G revealed a DOX* cell population
internalizing DOX after chemotherapy and exhibiting a four-fold elevation in DOX
MEFI. Consistent with results obtained from healthy donors PBMC exposed in vitro to
DOX, also patient’s in vivo DOX uptake resulted in a significant proliferative
impairment in response to mitogenic stimulations, lasting for at least five days (Figure
42 H and 4.2 I). These results confirmed that DOX chemotherapy, while releasing
immunogenic tumor antigens upon tumor cells killing, can also affect adaptive
antitumor immune response, limiting the benefits of ICCD, as already evidenced '. It
is also crucial to underline that the negative impact of DOX chemotherapy on PBMC
population is quick and already detectable after the end of the first cycle of drug
infusion. Indeed, performing the count of collected viable cells before and after NAC,
it is immediately evident that a marked decrease in cell number occurs upon DOX
infusion, as reported in Table 4.1. After infusion, less than half of the circulating
immune cells remain alive, but these surviving cells are not able to proliferate (see
Figure 4.2 F-I), hence can’t exert an effective response anymore. These results together
describe the well-known toxic action of DOX chemotherapy against blood circulating
lymphocytes and further indicate that preserving the immune competence is an urgent

still unmet clinical need 44145,
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Figure 4.2 DOX uptake affects peripheral blood lymphocytes proliferation in vitro and ex vivo. A) Representative
proliferation profile of PBMC collected from healthy donors, labelled with CFSE 1uM and stimulated with
Concanavalin A (ConA, 0.5-5 ug/mL). Cell proliferation resulted in reduced CFSE mean fluorescence intensity
(MFI). B) Representative proliferation profile of PBMC collected from healthy donors, labelled with CFSE 1uM,
treated with DOX 5 uM for 24 h and stimulated with ConA (0.5-5 ug/mL). C) Proliferation index of PBMC after
24h in vitro treatment with DOX 5 uM calculated using the software Flow]o (version 10). Statistical significance:
* p<0.05 (paired t-test) D) Proliferation index of CD4" T- cells after 24h in vitro treatment with DOX 5 uM.
Statistical significance: * p<0.05 (paired t-test). E) Proliferation index of CD8" T-cells after 24h in vitro treatment
with DOX 5 uM. Statistical significance: * p<0.05 (paired t-test). F) Representative profile of DOX MFI in PBMC
collected from BC patients before and after the first cycle of DOX neoadjuvant chemotherapy. G) DOX
fluorescence signals detected by FC in matched PBMC from BC patients collected before and after the first cycle
of DOX chemotherapy (n= 6). Statistical significance: *** p<0.005 (paired t-test). H) Representative profiles of
CFSE MFI signal detected by FC before and 5 days after ConA stimulation in PBMC population collected from
BC patients before and immediately after the first cycle of DOX neoadjuvant chemotherapy. I) Proliferation index
calculated at day 2, 3, 4 and 5 after ConA stimulation in matched PBMC collected before and immediately after
the first cycle of DOX neoadjuvant chemotherapy (n=6). Statistical significance: * p<0.05, *** p<0.005 (paired t-
test).

PBMC/mL of blood Ratio post/pre
Mean + St.dev
PBMC pre-DOX neoadjuvant 1.24-10%+ 6.70-10° -
chemotherapy
PBMC  post-DOX  neoadjuvant | 526.105+ 1.48-10° 0.48 £0.15
chemotherapy

Table 4.1. Count of mean values of viable PBMC collected from 8 BC patients before and after NAC recruited in
Armageddon protocol.
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4.4.3 DOX treatment predominantly targets CD8* T cells

To investigate if DOX has a preferential effect on a specific T-cell population during
chemotherapy, we analyzed DOX uptake in subsets of CD4* and CD8" cells. Despite
the CD3*/CD4" population being the most represented in PBMC collected from BC
patients (Figure 4.3A), CD3*/CD4" and CD3*/CD8" are almost equally represented in
the DOX* population (Figure 4.3 B). In the meantime, the higher DOX uptake is
observed in CD8" population (Figure 4.3 C), that displayed almost a two-fold DOX
MFI, in comparison to CD4" cells, evidencing that CD8" is more prone to DOX
internalization that CD4*. Among DOX*CD4" cells, we observed high frequency of
naive cells (CD45RA'CD197%), followed by Central Memory (CM) and Effector
Memory (EM) cells, while only a little fraction them are Terminal Differentiated
Effector (TDE), as reported in Figure 4.3 D and 4.3 E. Although the high percentage of
CD4* Naive cells observed in DOX* population, they displayed the lowest DOX MFI,
suggesting a lower drug uptake (Figure 4.3F). On the contrary, CD4* CM, EM and TDE
populations showed two-fold higher DOX MFI, evidencing that a higher amount of
DOX has been internalized in these cells. DOX* cells in CD8* population are mainly
subclustered as TDE, followed by Naive and EM cells, while only a little fraction of
them are CM, as reported in Figure 4.3 G-4.3 H. Also in this case, despite the relatively
high percentage of CD8* Naive cells observed in DOX* population, they displayed the
lowest DOX MFI, suggesting a lower drug uptake (Figure 4.3 I). Similarly, those
observed in CD4* population, CD8* CM, EM and TDE populations, showed two-fold
higher DOX MFI, evidencing once again that a higher amount of DOX has been
internalized in these cells 46147,

These results are consistent with that already observed in the literature, where DOX

chemotherapy seems to have a higher negative impact on CD8" T cells '%.
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Figure 4.3 DOX uptake in peripheral blood lymphocytes subpopulations collected from BC patients immediately
after the first cycle of chemotherapy. A) CD8* and CD4* distribution in BC patients’ PBMC collected immediately
after the first cycle of chemotherapy. B) CD8" and CD4" distribution in DOX* population of BC patients” PBMC
collected immediately after the first cycle of chemotherapy. C) Mean DOX fluorescence intensity in DOX* T cells
populations from BC patients” PBMC collected immediately after the first cycle of chemotherapy. Statistical
significance: * p<0.05 (One-way ANOVA). D) Representative dot-plot of distribution of CD4" T cells
subpopulations from BC patients” PBMC collected immediately after the first cycle of chemotherapy. E) CD4" T
cells distribution in BC patients” PBMC collected immediately after the first cycle of chemotherapy. F) Mean DOX
fluorescence intensity in DOX'/CD4* T cells subpopulations from BC patients’ PBMC collected immediately after
the first cycle of chemotherapy. Statistical significance: ** p<0.01, *** p<0.005 (One-way ANOVA. G)
Representative dot-plot of distribution of CD8" T cells subpopulations from BC patients” PBMC collected
immediately after the first cycle of chemotherapy. H) CD8* T cells distribution in BC patients” PBMC collected
immediately after the first cycle of chemotherapy. I) Mean DOX fluorescence intensity in DOX'/CD8* T cells
subpopulations from BC patients” PBMC collected immediately after the first cycle of chemotherapy. Statistical
significance: *** p<0.005, ***p< 0.001 (One-way ANOVA). All assessments have been performed at least on
PBMC:s collected from at least 3 patients.
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4.4.4 DOX formulation in ferritin nanocages (FerOX) preserve DOX activity in a
panel of Patient-derived organoids

The results obtained provided evidence that DOX uptake varies in CD8* and CD4*
subsets in patients, and that this differential uptake impacts the proliferative potential
of T cells. Since the preservation of proliferative competence is critical for T cell-
mediated adaptive antitumor immune response, we decided to evaluate the effect of
alternative DOX formulations on these cells. Therefore, we chose to compare Myocet
which is already introduced in clinical practice and DOX nanoformulation (i.e., FerOX)
91.92.142.148-150 that has been extensively studied by nanotechnologists in the past two
decades but has not yet been introduced into clinical practice "*-'4!. FerOX is a protein-
based nanoformulation of DOX, which exploits the human protein H-ferritin (HFn).
Here, DOX is enclosed in a 12 nm diameter cave sphere structure constituted by 24 H-
ferritin subunits °2. The specific binding of the Transferrin receptor 1 (TfR1), which is
highly expressed in cancer tissues and mediates the internalization of nanoparticles,
facilitated the tumor-targeted recognition of this nanoformulation '°!. Thanks to its
unique biotechnological properties, HFn quaternary structure could be disassembled
lowering the pH until 2.0, and then refolded bringing back the pH to the neutrality
92141 When DOX is added to the solution during this process, the HFn shell is capable
of encapsulating it, leading to the production of FerOX (Figure 4.4 A). FerOX
antitumor activity has been assessed on a panel of 12 BC PDOs to demonstrate its
suitability to treat human cancers in comparison to free DOX and Myocet '**!53, FerOX
showed equivalent anticancer activity to free DOX, as demonstrated in Figure 4B, in a
viability assay conducted to determine the ICs, of all DOX formulations. On the other
side, both FerOX and free DOX exhibited greater efficacy than Myocet in inhibiting the
proliferation of BC-PDO, as shown by the nearly 15- to 20-fold increase in Myocet ICs
(Figure 4.4 B). Moreover, FerOX ICs,values displayed an inverse correlation with TfR1
expression, confirming the capability of FerOX to mediate a specific tumor-targeted

delivery of DOX, as previously described in literature (Figure 4.4 C) 9192141142151,
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Figure 4.4 FerOX production and antitumor activity compared to DOX and Myocet. A) Schematic representation
of FerOX production. HFn mnanocages have been loaded with DOX following the pH-dependent
disassembly/reassembly procedure. B) ICsoof PDOs treated with FerOX, DOX and Myocet. PDO’s viability data
used to calculate ICsy have been obtained by Cell titer Glo assay. Statistical significance: ** p<0.01, *** p<0.005
(Two-way ANOVA). C) Correlation between FerOX ICsy and TfR1 expression of each PDOs (r=-0.6083;
p=0.0310). TfR1 expression has been determined as MFI evaluated by flow cytometry.

4.4.5 FerOX reduces DOX internalization in Peripheral Blood Mononuclear Cells

Subsequently, we evaluated the impact of various nanoformulations on DOX uptake
in PBMCs obtained from healthy donors to determine their potential effects on
preserving T cell immune competence. PBMCs incubated up to 24 h with 1uM of free
DOX, FerOX or Myocet (DOX equivalents) displayed a time dependent internalization
profile, as shown by MFI values of treated cells analyzed by flow-cytometry (Figure
4.5A). DOX-treated PBMC displayed the higher DOX uptake in comparison to those
treated with the same amount of DOX nanoformulated in FerOX (0.8-fold less) or in
Myocet (0.6-fold less) (Figure 4.5 A). In addition, upon internalization, DOX
fluorescence was visible in the nucleus of Myocet and FerOX-treated PBMC only at the
highest drug concentration of 10 uM, while in those cells treated with free DOX it is
detectable even at the lowest concentration of DOX (i.e.,1 uM; Figure 4.5 B and 4.5 C).
These data evidence that free DOX has potential higher toxicity for immune cells
compared with DOX nanoformulations, suggesting that nanoformulation changed
mechanisms and kinetics of DOX uptake. To date, comparing DOX uptake confocal
microscopy images here obtained with PBMC treated with free DOX (Figure 4.5 B)
with those already published in literature with HeLa and MDA-MB 468 BC cells, is

clear that drug uptake in the same and this is consistent with an aspecific uptake
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mechanism??. Indeed, when DOX is nanoformulated, drug uptake is reduced in cells
with low TfR1 expression (i.e., PBMC), as expected in case of TfR1l-mediated
internalization. To date, it is well reported in literature an up-regulation of TfR1
expression upon CD4* and CD8" T-cells activation consequent to mitogen treatment
154155 Since the assessment of DOX-mediated proliferative impairment in PBMCs
requires ConA mitogen stimulation, it would be crucial to characterize FerOX impact
in proliferating PBMCs.
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Figure 4.5 FerOX internalization in peripheral blood lymphocytes. A) PBMC collected from healthy donors and
treated with DOX, FerOX and Myocet (1 uM) for 1, 3 and 24 h to assess drug uptake. Drug uptake has been
monitored during time by FC measuring DOX mean fluorescence intensity in DOX™ cells. Statistical significance
vs DOX ****p<0.001 (Two-way ANOVA). B) PBMC treated with DOX, FerOX and Myocet at 1 and 10 uM for
24 h and acquired by confocal microscopy. Nuclei were stained with DAPI (blue), while the DOX fluorescence
signal was reported in red. Scale bar = 10 um.

Merge

4.4.6 FerOX displays a reduced uptake in T cells, sparing central memory, effector
memory and naive subpopulations

To investigate whether a specific cell subtype exhibits a preferential uptake, the
internalization of DOX was evaluated in various human T cell subpopulations
following in vitro incubation with free-DOX, Myocet, or FerOX nanoformulations. We
found that a population characterized by higher DOX uptake (DOX*) could be
detected in total CD4" (Figure 4.6A) and in CD8" T cells (Figure 4.6B) when exposed to

free-DOX for 24 h in vitro. In contrast, when human CD4* T cells were exposed to
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Myocet or FerOX under the same conditions, we observed a significant 95% and 85%
reduction in DOX" cells, respectively (Figure 4.6A). Similarly, CD8* T cells exhibited a
reduction of 77% and 60% in DOX* cells when exposed to Myocet or FerOX,
respectively (Figure 4.6B). Importantly, when looking at the differential DOX uptake
across different T cells subpopulations, we found that both nanoformulations
significantly limited DOX uptake in CD4" and CD8" CM, EM, TDE and Naive
subpopulations (Figure 4.6C-D). Overall, these findings may hold promise for

preserving the competence of T cells to effectively mount an antitumor response.
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Figure 4.6 Comparison of DOX, Myocet and FerOX in vitro uptake of human peripheral T cells populations. A)
Representative plots (left panel) and frequencies (right panel) of DOX* CD4" T cells analyzed in human PBMCs
after 24 h incubation with 5 uM of DOX, Myocet and FerOX. B) Representative plots (left panel) and frequencies
(right panel) of DOX* CD8* T cells analyzed in human PBMCs after 24 h incubation with 5 uM of DOX, Myocet
and FerOX. Statistical significance vs DOX: *p<0.05; **p<0.01; ***p<0.001 (One-way ANOVA). C) Frequencies
of DOX+ cells among Central Memory (CM), Naive (CD197* CD45RA*), Terminally Differentiated Effector
(TDE, CD197- CD45RA*) and Effector Memory (EM, CD197- CD45RA-) CD4* T cells. D) Frequencies of DOX*
cells among CM, Naive, TDE and EM CD8" T cells. Statistical significance vs DOX: ** p<0.01; ***p<0.001 (Two-
way ANOVA). n =4 [ group, data are represented as mean + SEM.
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4.4.7 FerOX suitability in cancer patients by preserving PBMC proliferative potential

To determine whether the reduced uptake of nanoformulated DOX in PBMCs can
positively influence T cell mediated immune response, we conducted in vitro
experiments where PBMCs from healthy donors were incubated with DOX, Myocet,
or FerOX. These experimental conditions were designed to simulate neoadjuvant
chemotherapy, with a DOX concentration of 5 yM and a contact time of approximately
3 h. In contrast to untreated cells, PBMCs treated with DOX showed a significant
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reduction in proliferation index (Figure 4.7 A). However, there was no statistically
significant decrease in proliferation index observed in PBMCs treated with FerOX and
Myocet, indicating that the lower drug uptake resulting from nanoformulated and
targeted drug delivery can preserve immune competence and lead to a better
antitumor immune response. Analyzing the proliferation of T cell populations upon
treatment with free or nanoformulated DOX, we confirmed the toxic activity of free
DOX against both CD4* and CD8" cells (Figure 4.7 B and 4.7 C). We observed that
Myocet-treated cells also exhibited a decrease in proliferative potential in CD4" T cells,
whereas the proliferation capability of CD4* T cells was unaffected in those treated
with FerOX (Figure 4.7 B). In contrast, when considering only the CD8" population,
the response of Myocet and FerOX-treated cells was consistent with that observed in
the entire PBMC population (as shown in Figure 4.7 C). Both FerOX and Myocet
formulations were found to be safe, with a statistically significant difference in the
proliferation index observed between DOX and FerOX-treated cells (Figure 4.7 C).
Although these results suggest that DOX nanoformulations, particularly FerOX, are
superior in preserving T cell immune competence and facilitating a better antitumor
immune response, it is important to observe that these findings were obtained from
healthy donors and may not accurately reflect the behavior of PBMCs in cancer
patients. Therefore, we repeated similar experiments with PBMC collected from BC
patients under DOX NAC to compare them with the ex vivo treatment with FerOX. We
then compared the proliferation index of PBMCs obtained from BC patients
immediately after the completion of the first cycle of DOX chemotherapy with those
obtained from patients before the start of the first cycle of DOX chemotherapy. We also
examined the effect of ex vivo treatment with DOX, Myocet, or FerOX on the
proliferation index of PBMCs collected from the same patients. As expected, PBMCs
collected from BC patients immediately after the end of the first cycle of DOX
chemotherapy displayed an impairment of proliferative potential similar to that
observed in PBMCs collected from BC patients before the start of the first cycle of DOX
chemotherapy and treated ex vivo with DOX (Figure 4.7 D). The same behavior could
be observed if we analyze only CD4" and CD8" populations (Figure 4.7 E and 4.7 F).
Furthermore, PBMCs treated ex vivo with Myocet and FerOX demonstrated similar
proliferation activity to untreated PBMCs obtained from BC patients. These results
support the safety of these nanoformulations and their minimal negative effect on the

adaptive antitumor immune response (Figure 4.7 D, 4.7 E, and 4.7 F).
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These findings, coupled with the FerOX anticancer activity observed in BC-PDO,
strongly highlights the promising potential of this nanoformulation and supports the
need of conducting additional research to establish the suitability of FerOX for clinical

applications.
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Figure 4.7 FerOX uptake preserves PBMC proliferation in vitro and ex vivo. A) Proliferation index of PBMC
collected from healthy donors, labelled with CFSE 1uM and stimulated with ConA (5 ug/mL) after 3 h in vitro
treatment with DOX, Myocet or FerOX 5 uM to simulate what occurs during the infusion time of DOX
neoadjuvant chemotherapy NAC. Proliferation index was calculated with the software Flow]o (version 10).
Statistical significance: * p<0.05 (paired t-test). B) Proliferation index of CD4* T-cells collected from healthy
donors, labelled with CFSE 1uM and stimulated with ConA (5 ug/mL) after 3 h in vitro treatment with DOX,
Myocet or FerOX 5 uM). Statistical significance: * p<0.05 (paired t-test). C) Proliferation index of CD8"* T-cells
collected from healthy donors, labelled with CFSE 1uM and stimulated with ConA (5 ug/mL) after 3 h in vitro
treatment with DOX, Myocet or FerOX 5 uM. Statistical significance: * p<0.05; ** p<0.01 (paired t-test). D)
Proliferation index of PBMC collected from BC patients before and after DOX NAC, labelled with CFSE 1uM
and stimulated with ConA (5 ug/mL). PBMC collected from BC patients before DOX NAC have been treated in
vitro for 3 h with DOX, Myocet or FerOX 5 uM, to simulate chemotherapy. Statistical significance: * p<0.05; **
p<0.01 (paired t-test). E) Proliferation index of CD4" T- cells collected from BC patients before and after DOX
NAC, labelled with CFSE 1uM and stimulated with ConA (5 ug/mL). PBMC collected from BC patients before
DOX NAC have been treated in vitro for 3 h with DOX, Myocet or FerOX 5 uM, in order to simulate
chemotherapy. Statistical significance: * p<0.05 (paired t-test). F) Proliferation index of CD8" T- cells collected
from BC patients before and after DOX NAC, labelled with CFSE 1uM and stimulated with ConA (5 ug/mL).
PBMC collected from BC patients before DOX NAC have been treated in vitro for 3 h with DOX, Myocet or
FerOX 5 uM, in order to simulate chemotherapy. Statistical significance: * p<0.05;, ** p<0.01 (paired t-test).
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4.5 Conclusions

Further to its direct cytotoxicity against highly proliferating cancers like BC, DOX
has been recently demonstrated to also exert an immunostimulatory effect in several
ways. However, the underlying mechanism of DOX on the sensitization of BC and the
effect on the adaptative immune response has not yet been elucidated and deserves to
be scrupulously investigated to decipher molecular determinants for complete
immune-mediated tumor eradication.

This work, aimed at characterizing the interaction of DOX on primary human T cells
in terms of uptake and proliferative potential, demonstrated a global proliferative
impairment in PBMCs both from healthy donors and DOX treated BC patients. Of
note, results confirmed that the higher negative impact of DOX is observed in the
subset of CD8" cells, in line with what described in literature 4147,

Since the preservation of proliferative potential is crucial for the generation of an
adaptive antitumor response in patients with BC, we evaluated the capability of
alternative DOX based formulations. Thus, we assessed the potential effects on
preserving T-cell immune competence of the DOX nanoformulation FerOX and
Myocet. After confirming the capability of FerOX to mediate a specific tumor-targeted
delivery of DOX in a panel of BC PDOs, we provided evidence about the reduced
undesired uptake of DOX in PBMCs, meanwhile preserving their proliferative
potential. In conclusion, FerOX was found to be particularly competitive in preserving
T cells facilitating the development of a potential adaptative immune response in
comparison with the free drug. In addition, these results complement the superiority
in terms of tumor targeting of FerOX observed by our group in previous studies.
Overall, this study offers novel understanding on the interaction between HFn-based
nanotherapeutic and the immune system and supports the development of new
nanoformulations for the immunomodulation of the tumor immune infiltrate and their

significance for clinical translation in BC and other solid tumors treatments.
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5. Study 3: Ferritin-Trastuzumab
nanoconjugates: a strategy to vehicle

Trastuzumab to the brain and tackle HER2-

positive breast cancer brain metastasis

The results have been published as:

Marta Sevieri,! Serena Mazzucchelli,' Linda Barbieri,®> Stefania Garbujo,? Stephana
Carelli,** Arianna Bonizzi,® Federica Rey,** Camilla Recordati,®” Matteo Recchia,®”
Raffaele Allevi,' Leopoldo Sitia,' Carlo Morasso,’ Pietro Zerbi,® Davide Prosperi,* Fabio

Corsi”, Marta Truffi®

Ferritin nanoconjugates guide trastuzumab brain delivery to promote an antitumor

response in murine HER2+ breast cancer brain metastasis '.

5.1 Aim of the study three

Starting from the idea that HFn can mediate drug delivery across the BBB both for
encapsulated and surface conjugated drugs, this study aims to investigate the potential
of HFn-based nanoconjugates to deliver the therapeutic antibody TZ to the brain and
to exert an antitumor response. Indeed, one of the main unsolved clinical challenges
in the treatment of HER2+ BC is represented by the onset of brain metastasis (BM).
Even if the patient is able to achieve pCR after NAC with TZ, the risk of subsequent
development of BM still remains high. This is mainly due to an inconsistent penetrance
of TZ across the BBB, that prevents the prophylactic treatment of the brain during both
NAC and adjuvant treatment with TZ. Therefore, the achievements of an effective
prophylactic treatment towards HER2 positive BC BM onset is an unsolved clinical
challenge. Despite efforts in the development of more permeable drugs, nowadays
there are no recommended first-line treatments with demonstrated capability to
prevent brain disease, and TZ remains the main therapeutic option in HER2 positive
BC. Therefore, it is of utmost importance to develop novel strategies to prevent brain
involvement in HER2 positive BC, especially using appropriate models to ensure the

achievement of reliable preclinical data for a straightforward clinical translation.
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In 2021, we conceived and produced a nanoconjugate based on the covalent
conjugation of TZ to HFn (H-TZ) . We demonstrated that H-TZ enhanced the trans-
BBB delivery of TZ in vitro, preserving target specificity toward HER2+ BC cells ***. In
the present study, we aimed to test the as-designed nanoconjugate in vivo, by
parenterally injecting H-TZ and evaluating its accumulation and functional activity in
HER?2 positive BC BM-bearing mice.

The novelty of the study is represented not only by the extremely promising results in
terms of BM targeting and antitumor response, but also by the preclinical model used.
To date, we established a mouse model of BC-derived BM, which combined specific
molecular features of engineered BC cells, overexpressing human HER2 and the
luciferase transgene, with a controlled intracranial implantation, to generate an in vivo-
trackable BM sensitive to TZ. This model has the advantage to (i) overexpress the
human HER? protein thus displaying the specific ligand for TZ activity; (ii) be easily
visualized in vivo by bio-luminescence imaging thanks to the stable expression of
luciferase; (iii) more closely mimic the biological interactions occurring during
metastatization between the BC cells derived from a primary tumor and the brain

microenvironment.
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Figure 5.1 The graphical abstract represents the ability of HFn-based TZ nanoconjugates to vehicle TZ to the
brain and tackle breast cancer brain metastasis in a murine model 1.
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ARTICLEINFO ABSTRACT

Keyl{vérdsi ) Brain metastasis (BM) represents a clinical challenge for patients with advanced HER2 + breast cancer (BC). The monoclonal

5 emt"“ “a“gpamde anti-HER?2 antibody trastuzumab (TZ) improves survival of BC patients, but it has low central nervous system penetrance,
rastuzumal

being ineffective in treating BM. Previous studies showed that ferritin nanoparticles (HFn) may cross the blood brain barrier
(BBB) through binding to the transferrin receptor 1 (TfR1). However, whether this has efficacy in promoting the trans-BBB
delivery of TZ and combating BC BM was not studied yet. Here, we investigated the potential of HFn to drive TZ brain
delivery and promote a targeted antitumor response in a murine model of BC BM established by stereotaxic injection of
engineered BC cells overexpressing human HER2. HFn were covalently conjugated with TZ to obtain a nanoconjugate
endowed with HER2 and TfR1 targeting specificity (H-TZ). H-TZ efficiently achieved TZ brain delivery upon intraperitoneal
injection and triggered stable targeting of cancer cells. Treatment with H-TZ plus docetaxel significantly reduced tumor
growth and shaped a protective brain microenvironment by engaging macrophage activation toward cancer cells. H-TZ- based
treatment also avoided TZ-associated cardiotoxicity by preventing drug accumulation in the heart and did not induce any other
major side effects when combined with docetaxel. These results provided in vivo demonstration of the pharmacological
potential of H-TZ, able to tackle BC BM in combination with docetaxel. Indeed, upon systemic administration, the
nanoconjugate guides TZ brain accumulation, reduces BM growth and limits side effects in off-target organs, thus showing
promise for the management of HER2 + BC metastatic to the brain.

Brain metastasis
HER2 + breast cancer
Drug delivery
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1. Introduction

Breast cancer (BC) overexpressing the human epidermal
growth factor receptor 2 (HER2) represents 15-20% of breast
malignancies and it is particularly prone to form distant
metastases [1,2]. The advent of HER2-targeting agents has
prolonged survival in patients with advanced disease, but the
prevention and management of brain metastases (BM) still
poses unique clinical challenges [3,4]. BM represents a
catastrophic event that portends a poor prognosis and, once
established, lack an effective cure. This is mainly due to an
inconsistent penetrance of anti-HER2 therapies across the
blood-brain barrier (BBB), a highly-selective filter that surveys
the entry of substances to the brain and hinders drug efficacy in
case of BM [5-7]. Despite efforts in the development of more
permeable drugs, nowadays do not yet exist recommended first-
line treatments with demonstrated capability to prevent brain
recurrence, and trastuzumab (TZ) remains the first therapeutic
option in HER2 + disease [8—10]. New generation of antibody-
drug conjugates, which combine HER2-specific antibody
backbone with a potent cytotoxic payload, has shown a
reduction of metastases in advanced HER2 + BC. However,
there was no decrease in the risk of BM as the first site of
relapse [11,12]. Moreover, these potent drugs are associated
with non-negligible toxicity and adverse events that raise
questions on their use [13].

Based on these observations, it is of utmost importance to
develop more effective and less toxic strategies to control, and
ultimately prevent, brain involvement in HER2 + BC, especially
using appropriate models to ensure the achievement of reliable
preclinical data for a straightforward clinical translation.

Human Ferritin (HFn) is a versatile and biocompatible
nanoparticle holding several advantages for cancer application
[14-17]. Among many properties, HFn is able to cross the BBB
exploiting the Transferrin Receptor 1 (TfR1), overexpressed in
the BBB endothelium [18-20]. The trans-BBB permeability of
HFn was successfully demonstrated both by our and other
group research work by using a fluorescent tracer payload as a
proof of principle or drugs loaded inside HFn cavity [21-23].
More recently, we demonstrated that HFn can bind brain
endothelial cells in a dose-dependent manner and favour the
trans-BBB crossing of curcuminoids through a BBB cellular
model [24]. We also demonstrated the feasibility of HFn use as
a vector for the trans-BBB delivery of high molecular weight
compounds, such as therapeutic monoclonal antibodies [25].
Ferritin nanoconjugates based on the covalent conjugation of
TZ on HFn surface (H-TZ) were designed to preserve both
HER2-targeting specificity and the capability of HFn subunits
to bind TfR1. As reported in a previous paper, as-designed H-
TZ were able to translocate across a transwell BBB system in
vitro, preserving their target specificity and antitumor activity
toward HER2 + BC cells in vitro [25].

Aim of this study was to investigate the potential of H-TZ to
enhance the trans-BBB permeation in vivo, and to promote
targeted antitumor response for an effective brain protection. To
this aim, we established a mouse experimental model of BC-
derived BM, which combined specific molecular features of
engineered BC cells, overexpressing the human HER2 and the
luciferase  transgene, with a controlled intracranial
implantation, for the generation of in vivo-trackable BM
sensitive to TZ. After model characterization, we assessed the
capability of H-TZ to reach the brain tumor upon a systemic
administration, and investigated the impact on tumor growth of
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H-TZ combined with the cytotoxic drug docetaxel. As standard
of care, a group of mice was administered with free TZ, equally
dosed, combined with docetaxel. The effect of treatment on
microglia was also analyzed as the brain microenvironment is
an important mediator of effective antitumor response. Finally,
we investigated side effects generally associated to
chemotherapy based on anti- HER2 plus taxanes, to gain
insights into potential toxicity triggered by H- TZ treatment.

2. Methods
2.1. Cell line

The murine breast tumor cell line D2F2/E2, stably
expressing the human HER2 receptor, was originally obtained
from prof. Wei Zen-Wei (Wayne University). Cells were
transduced with RediFect Red-FLuc- Puro Lentiviral Particles
(Perkin  FElmer, Boston, MA, USA) following the
manufacturer’s instructions. The lentiviral particles carry the
luciferase reporter transgene (Luc) fused with a selectable
marker that confers resistance to the antibiotic puromycin.
Transduced cells were selected by applying a selective medium
containing puromycin (1 pg/ mL). Then, selected puromycin
resistant clones were expanded in culture to assay for
expression of luciferase. D2F2/E2-Luc cells were maintained at
37 °C in a humidified atmosphere containing 5% CO2 in high
glucose Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 2 mM L-glutamine, 10% fetal bovine serum
(FBS), 1% non- essential amino acids, 1%
penicillin/streptomycin, G418 (0.8 mg/mL) and puromycin
(250 ng/mL). Cells were passaged at sub-confluence using
trypsin/EDTA and amplified for 2 weeks before implant in
mice. All cell culture reagents were purchased by Euroclone

(Italy).

2.2. Murine model of breast cancer brain metastasis

Nude BALB/c female mice (6—8 weeks old) were purchased
by Charles River Laboratories (Calco, Italy), group housed in
IVC cages with free access to sterile food and water and allowed
to acclimate for one week before tumor implant. Animals were
handled in accordance with an experimental study approved by
the Italian Ministry of Health (aut. N. 6/2017-PR). Mice were
anesthetized using isoflurane and positioned in a stereotactic
apparatus (2Biological Instruments). A linear skin incision was
made over the bregma. Then, D2F2/E2-Luc cells (1 x10°) were
suspended in cold serum-free DMEM medium and injected into
the mouse brain (4 uL total volume, speed rate 2 uL min™!) with
a 10 pL Hamilton syringe under constant isoflurane anesthesia
(1.5%). Stereotactic coordinates were 1 mm right from the
bregma, 3 mm depth from the skull. After injection, the skin
was closed with absorbable stitches, and tramadol (30 mg kg™ !)
was administered by intraperitoneal (IP) injection to relieve
post-operative pain. Mice wellness was monitored daily, and
tumor growth was followed by bio-luminescence imaging
(BLI) at the specified time-points before euthanasia. BLI
signals were acquired with the IVIS Lumina II imaging system
(Perkin Elmer) 5 min after IP injection of D-luciferin (150 pg
kg™ !, Perkin Elmer) with an exposure time of 10 s. Images were
quantified using regions of interest analysis of individual mice
and the signal was expressed as total BLI Counts.

2.3. Preparation of H-TZ nanoconjugate



HFn nanoparticles were produced and purified as previously
reported [26]. HFn were conjugated to the anti-HER2 mAb
trastuzumab (TZ, Ogivri, Mylan) according to a protocol
already described by our group to obtain a 1:1 HFn/TZ ratio per
nanoparticle [25]. Briefly, A PEG-based heterobifunctional
crosslinker (MW PEG 5000 Da), bearing one N-
hydroxysuccinimidyl ester (NHS) and one maleimide (Mal)
group, was used to anchor TZ on HFn in a two steps reaction.
Next, reaction products were isolated by size exclusion
chromatography (SEC-FPLC), which identifies distinct peaks
for the protein complex and each unreacted species. The
reaction product (H-TZ) was characterized by SDS-PAGE,
western blot and dynamic light scattering analysis.

2.4. In vitro cell-binding assays

D2F2/E2-Luc cells (5 x10° cells/tube) were collected and
incubated for 2 h at 4 °C with H-TZ (0.01, 0.1, 1, 10, 100
pg/mL) or with corresponding concentrations of free TZ diluted
in PBS with 0.3% BSA. After incubation, cells were washed
thrice with PBS and incubated for 15 min at RT with anti-
human Alexa Fluor 488 secondary antibody (1 pg/tube,
Invitrogen) diluted in PBS with 2% BSA, 2% goat serum.
Labelled cells were washed thrice with PBS and analyzed in
triplicates using CytoFLEX flow cytometer (Beckman Coulter).
Acquisition was performed on 20,000 events, after gating on
singlets viable cells. Untreated cells immunodecorated with the
secondary antibody only were used to set the region of
positivity.

For the kinetics assay, cells (5 x10%) were seeded in 12-well
plates and incubated for 1 h at 37 °C with 100 pg/mL of H-TZ
or corresponding concentration of TZ diluted in the culture
medium. Cells were then washed thrice with PBS and provided
with fresh culture medium. After 1, 4, 24, 48, 72 h cells were
detached with Trypsin/EDTA, labelled with anti-human Alexa
Fluor 488 secondary antibody and acquired with CytoFLEX as
described above.

2.5. Intracranial injection of TZ

To check efficacy of TZ in murine HER2 + BC BM, 1 pL of
TZ (0.08 and 0.8 mg Kg!, corresponding to 1% and 10% of the
standard parenteral dose, respectively) was mixed with 3 pL of
cell suspension (1 x10° cells) and immediately injected
intracranially using the stereotactic apparatus as described
above. As control, 1 uL of saline was used instead of TZ in a
group of mice. The BLI analysis was used to evaluate the
therapeutic efficiency from 4 to 14 days after tumor cells were
implanted. Mice were sacrificed at day 7 (n = 6/group) and day
14 (n = 6/group) post tumor implant, and brains were then
dissected on ice and processed for analysis.

2.6. Systemic therapy studies

For the systemic therapy study, mice were randomly
assigned into four groups (n = 15 mice per group). The first
group of mice was treated with a combination of TZ (Ogivri,
Mylan) and docetaxel (Dtx, Accord) as a standard of care
treatment scheduled for HER2 + metastatic BC. The second
group received H-TZ (equivalent TZ dose) and Dtx. The third
group received Dtx alone. A fourth group received saline
solution as placebo treatment and was considered the untreated
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control. Free TZ or nanoformulated H-TZ were administered IP
at 8 mg kg™ ! every 3 days for 2 weeks, with the first injection
performed 30 min before tumor implant and then repeated after
4,7 and 11 days. Dtx (15 mg kg™ ') was intravenously injected
via the tail vein at 4 days post-tumor implant. The BLI analysis
was used to evaluate the therapeutic efficiency of different
treatments from 4 to 14 days after tumor cells were implanted.
Nine mice per group were sacrificed at day 7 post-tumor
implant, brains were dissected on ice and either fixed in
paraformaldehyde (PFA, 4%) to assess TZ accumulation into
the tumor (n = 3/group), or snap frozen to extract RNA (n =
3/group),or fixed in formalin to perform histological
evaluations (n = 3/group). The remaining mice (n = 6 per group)
were sacrificed at day 14 post-tumor implant to gain insights
into the potential long term toxicity effects of H-TZ treatment.

2.7. Tumor histology assessment

For histological examination, mice brains were fixed in 10%
neutral buffered formalin for a minimum of 24 h. Three coronal
sections (obtained by using Adult Mouse Brain Slicer Matrix
BSMASO005-1, Zivic Instruments, USA) were routinely
processed for paraffin embedding, sectioned at 4 pm thickness,
stained with hematoxylin-eosin (H&E, Mayer’s haematoxylin,
cat. No. C0302; Eosin G, cat. No. C0362, Diapath, Martinengo,
Bergamo, Italy), and evaluated under a light microscope.

At day 7 p.i. a semi-quantitative grading system considering
distribution (1 = focal; 2 = multifocal) and size (0 = absent; 1
diameter < 500 um; 2 = 500 pm < diameter < 2000 um; 3
diameter >2000 pm) of the tumors in different brain regions
(parenchyma, sub-ventricular zone, ventricles, leptomeninges)
was applied. A histology score (HS) was obtained multiplying
the distribution by the size in each region in the three coronal
sections. Then, for each animal, a total HS was calculated
summing all the HS. Histopathological evaluation was
performed in a blind fashion (i.e., without information about the
treatment groups).

2.8. Immunofluorescence and confocal microscopy

After PFA fixation, brain tissues were embedded in optimal
cutting temperature (OCT) compound (VWR International) and
frozen at — 80 "C. Then, 10 pm-thick cryosections were cut,
washed with PBS, permeabilized with 0.1% Triton X-100 for 5
min and incubated with blocking solution (2% goat serum, 2%
BSA in PBS) for 2 h at RT. TZ was visualized in sections using
anti-human Alexa Fluor 546 secondary antibody (Invitrogen)
diluted 1:300 in blocking buffer and incubated overnight at 4
°‘C. HER2 was stained on adjacent slices with anti-HER2/
ErbB2 (29D8, Cell Signaling Technology, Inc.) diluted 1:200
in blocking buffer and incubated overnight at 4 °C as a primary
detection antibody, and goat anti-rabbit Alexa Fluor 546 as
secondary antibody (Invitrogen, 1:300) for 2 h at RT. Nuclei
were stained with DAPI (0.1 pg/mL for 15 min) and slides were
mounted in ProLong Gold antifade reagent (Invitrogen).

For astrocytes analysis, 4 um-thick FFPE brain tissue slides
were deparaffinized with Xilene (AppliChem), rehydrated with
graded ethanol, equilibrated in PBS, blocked with 2% goat
serum, 2% BSA, 0.01% Triton X-100 for 1 h at RT, incubated
with anti-GFAP antibody (PRB-571 C, Covance) diluted
1:1000 in 1% goat serum, 1% BSA, 0.01% Triton X-100 for 3
h at RT and then stained with goat anti-rabbit Alexa Fluor 546
secondary antibody (Invitrogen, 1:300) overnight at 4 °C.



Nuclei were stained with DAPI (0.1 pg/mL for 15 min) and
slides were mounted in ProLong Gold antifade reagent
(Invitrogen) for microscopic acquisition.

Images of the tumor were acquired at 20 x magnification
with SP8 confocal microscope (Leica) using the Tile Scan
function of the Leica LAS X Navigator. Quantification of the
fluorescence signal was performed on single scans by
measuring the integrated density in single-channel calibrated
images and calculating the mean from multiple images. All
analyzed images had the same area and resolution was of 512 x
512 pixels. Analysis of captured images was performed using
Fiji software.
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graded alcohol series and coverslipped with resinous mounting
medium.

Immunostained sections were digitalized using the
NanoZoomer S60 Digital slide scanner (Hamamatsu, C13210-
01) at the Unitech Nolimits
(UNIMI, Milano) and images were captured by using the
NDP.view2 Viewing software (Hamamatsu, U12388- 01). The
% of Ibal-positive immunostained area and the number of Ibal -
positive cells were evaluated using the ImageJ analysis program
(https://imagej.nih.gov/ij/) in 3 20x microscopic fields
randomly selected within the tumor (intra-tumoral), and
surrounding the tumor (peri-tumoral). A mean value of the
microscopic fields was then calculated for each sample.
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Fig. 1. Murine model of BC-derived HER2 + BM. A) D2F2/E2 BC cells expressing human HER2 were engineered by lentiviral transduction to express luciferase

reporter and puromycin-resistant gene, and injected in the brain of mice by stereotactic injection. B) BLI was assessed in vivo at different time-points up to 14
days post-tumor implant. C) Hematoxylin and eosin staining was performed on FFPE sections from the frontotemporal part of brain dissected from mice at 7 and
14 days post-tumor implant. Scale bar = 1 mm. Expression of HER2 on tumor cells (D, green) and GFAP on reactive astrocytes (E, red) was assessed by
immunofluorescence on brain tumor sections at 14 days post-implant. Nuclei were stained with DAPI (blue). Scale bar = 100 um.

2.9. Immunohistochemistry

For immunohistochemistry (IHC), brain sections underwent
deparaffinization and heat induced epitope retrieval (HIER) in
a water bath for 30 min at 100 °C (Dewax and HIER Buffer H,
Thermo Scientific Lab Vision, cat. No. TA-999-DHBH). The
slides were rinsed in PBS and placed in an autostainer (Lab
Vision® Autostainer 43°S—?D Thermo fischer scientific) after
application of PapPen (Liquid Daido Sangyo Co., Ltd.).
Endogenous peroxidase activity was blocked by incubating
sections with 3% H20: for 10 min. Slides were rinsed, incubated
with PBS containing 10% normal goat serum for 30 min at
room temperature to prevent nonspecific background staining
and then incubated for 1 h at room temperature with the primary
antibody rabbit polyclonal anti-Ibal (marker of microglia,
ab178846, Clone:EPR16588, Abcam). Sections were
subsequently rinsed in PBS and incubated with a biotinylated
secondary antibody (goat anti-rabbit, Vector Laboratories,
USA, cat. No. BA-1000) and labelled by the avidin-biotin-
peroxidase procedure (VECTASTAIN® Elite ABC-Peroxidase
Kit Standard, Vector Laboratories, USA, cat. No.PK-6100).
The  immunoreaction was  visualized with  3,3'-
diaminobenzidine substrate (DAB, Peroxidase DAB Substrate
Kit, Vector Laboratories, USA, cat. No. SK-4105). Sections
were counterstained with Mayer’s haematoxylin (Diapath,
Martinengo (BG), Italy, cat. No. C0302), dehydrated in a
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2.10. Cytokines analysis by qRT-PCR

Mice brains (n = 3/group) were dissected on ice and cut with
a scalpel to obtain the frontotemporal part of the right
hemisphere, corresponding to the brain fragment containing the
tumor (%4 of the total brain). Brain fragments were snap frozen
in liquid nitrogen immediately after dissection and preserved at
— 80 °C. Total RNA was extracted using TRIZOL® reagent
(Thermo Fisher Scientific) following the manufacturer’s
instructions, and then quantified with the Multiskan GO
spectrophotometer (Thermo Fisher Scientific). RNA was retro-
transcribed using the iScriptTM Reverse Transcription
Supermix for RT-gPCR (Bio- Rad) kit following
manufacturer’s instructions. Real-Time PCR was performed
with the CFX Connect Real-Time PCR System (Bio-Rad) using
Optimum qPCRMaster Mix with SYBR® Green (Genespin).
The NCBI's Primer-BLAST tool was used to design primers.
Gene expression was calculated using the 2 %' method.
GAPDH was used as endogenous control. The list of primers
used in this study is reported in Supporting Table S1.

2.11. Heart lysate and western blot



Hearts were dissected from treated mice (n = 3/group) at day
14 post tumor implant, snap frozen in liquid nitrogen and stored
at — 80 °C until usage. Frozen tissues were homogenized in
water (10% w/v), lysed for 30 min at 4 °C in 20 mM Tris HCI
pH 7.6, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1%
glycerol, 1 mM Na3VO4, 10 mM NaF, Protease Inhibitor
Cocktail, | mM PMSF, and centrifuged to discard cell debris.
Protein content was determined by Bradford assay. A total of
35 pg of lysate was loaded on SDS-PAGE (12% acrylamide)
and transferred onto PVDF membrane (Sigma-Aldrich).
Membranes were blocked in TBS supplemented with 5% nonfat
dry milk and 0.1% Tween 20 (Sigma- Aldrich) for 1 h and then
incubated overnight at 4 ‘C with goat anti- human antibody
conjugated with horseradish peroxidase (#GTX26759, Tebu-
bio) diluted 1:2000 in TBS with 0.1% Tween 20. Vinculin was
used as loading control protein. Chemiluminescence reaction
was developed with Clarity Western ECL Substrate (Biorad)
and images were acquired with the Chemidoc System (Biorad).

2.12. Transmission electron microscopy (TEM)

From 3 mice/group, heart tissue was excised after the
sacrifice and fixed in 2.5% glutaraldehyde in 0.1 M phosphate
buffer, pH 7.2 at 4 °C. After rinsing with PBS, specimens were
post-fixed in 1.5% osmium tetroxide for 2 h, dehydrated by
50%, 70%, 90%, and 100% EtOH and embedded in epoxy resin
(PolyBed 812 Polysciences Inc.). Ultrathin sections were cut
with an ultramicrotome (Ultracut E (Reichert-Jung)), stained
with uranyl acetate and lead citrate and examined by TEM
(Tecnai Spirit, FEI). Mitochondria quantification and

mitochondria morphometric measurements were performed
using Imagel software as previously described [27]
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2.13. Assessment of liver and kidneys functionality

Before euthanasia, blood was collected from the retro-orbital
plexus of anesthetized mice and collected in EDTA-coated
tubes (Becton Dickinson). Plasma was isolated by
centrifugation at 2000g for 10 min at RT, followed by a second
centrifugation at 2500g for 10 min at 4 °C to remove platelets.
Liver and kidneys functionality were assessed after 2 weeks of
treatment by measuring the plasma levels of AST and ALT (for
liver), urea and creatinine (for kidneys). The following kits
were used according to the manufacturer’'s protocols:
QuantiChrom™ Urea Assay Kit, QuantiChrom™ Creatinine
Assay Kit, EnzyChrom™ Aspartate Transaminase Assay Kit
and EnzyChrom™ Alanine Transaminase Assay Kit (BioAssay
Systems).

2.14. Statistical analysis

Statistical analysis was done using GraphPad Prism 6 (San
Diego, CA, USA). The Student t-test or the non-parametric
Mann Whitney test were used when comparing two groups in
case of normal and non-normal distribution of the data,
respectively. The Kruskal-Wallis test followed by Dunnet’s
multiple comparison’s tests was applied when comparing more
than two groups. Statistical significance was set at p-value <
0.05.
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Fig. 2. Antitumor effect of TZ injected intracranially. A) In vivo bio-luminescence of tumors treated with placebo or with intracranial TZ at different time-points
post- tumor implant. B) Mean tumor growth curves were drafted based on the BLI counts of TZ-treated (red) and untreated (black) mice, measured at 4, 7, 11 and
14 days post-tumor implant. Data are means * SEM (n = 6/group). *p = 0.011 unpaired t-test. Brains were dissected at day 7 post-tumor implant and tissue sections
were stained with anti-human secondary antibody to visualize TZ (C) or with anti-GFAP antibody to analyze reactive astrocytes (E). Nuclei were stained with
DAPI (blue). Scale bar = 100 um. D) Mean TZ signal intensity was quantified on single-channel images taken within the tumor of 3 mice per group; at least 3 fields
of view, all with the same area, were analyzed per each tumor. Data are means + SEM. * **p = 0.0003 Mann Whitney test. F) Mean GFAP signal intensity was
quantified on single- channel images taken in the peri-tumoral region of 2 mice per group; at least 10 fields of view, all with the same area, were analyzed per each

tumor. Data are means + SEM. * ** *p <(0.0001 Mann Whitney test.



3. Results and Discussion
3.1. Experimental model of BC-derived BM

In order to study the potential of H-TZ nanoconjugates to
promote TZ brain delivery in vivo, we first set up a suitable
experimental model of BC-derived BM. We took advantage of
the murine BC cell line D2F2/E2, which overexpressed human
HER2 and has been previously used by us for therapeutic
studies involving TZ [27]. Before implant in mice, the cells
were engineered by transduction with RediFect lentiviral
particles to make them express the luciferase transgene (Luc)
fused to the puromycin resistance gene as a selection marker.
Stable clones were selected for resistance to puromycin and
stability of bioluminescent signal, and then intracranially
injected via stereotactic technique to generate an orthotopic
model of brain tumor derived from HER2 + BC (Fig. 1 A). This
model has the advantages to (i) overexpress the human HER2
protein thus displaying the specific ligand for TZ anchoring; (ii)
be easily visualized in vivo by bio-luminescence imaging (BLI)
thanks to the stable Luc expression; (iii) more closely mimic the
biological interactions between the tumor and the brain
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microenvironment since the tumor cells originate from the same
species of the host.

After tumor implant, the BLI analysis revealed engraftment
of the cells and rapid tumor growth in the brain of mice between
4 and 14 days post-injection (Fig. 1B). Tumor histology,
assessed at 7 and 14 days post- injection, showed that the tumor
expanded around the injection site and localized in the
frontotemporal part of the right hemisphere invading the brain
parenchyma (Fig. 1C). HER2 expression was clearly detected
by immunofluorescence on the membrane of tumor cells grown
for 2 weeks in the mouse brain (Fig. 1D). Images with higher
magnification displaying in detail the localization of HER2
have been included in the Supporting Information (Fig. S1).
The tumor also induced alteration in the brain
microenvironment, triggering the formation of a glial reaction
around the boundaries of tumor mass. Staining for GFAP
identified a multitude of reactive astrocytes in the brain
parenchyma surrounding the tumor (Fig. 1E). Images with

higher magnification displaying in detail the localization of
GFAP are reported in the Supporting Information (Fig. S2).
GFAP overexpression is typical of the profound remodeling and
shaping of astrocytes in certain pathological conditions in
which homeostasis has been compromised [28,29
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Fig. 3. Systemic treatment with free TZ or H-TZ in combination with Dtx. A) In vivo bio-luminescence of tumors treated with placebo, Dtx, H-TZ+Dtx or TZ+Dtx
at 4 and 7 days post-tumor implant. B) Mean tumor growth curves were drafted based on the BLI counts of untreated mice (black) or mice treated with Dtx (grey),
H- TZ+Dtx (blue), TZ+Dtx (red). Data are means + SEM (n = 15/group). *p = 0.01 unpaired t-test. C) Brains were dissected at day 7 and stained with anti-human
secondary antibody to visualize TZ (green). Nuclei were stained with DAPI (blue). D) Mean TZ signal intensity was quantified on single-channel images taken
within the tumor of 2 mice per group; at least 3 fields of view, all with the same area, were analyzed per each tumor. Data are means + SEM. *p = 0.016; * *p =
0.006 Kruskal Wallis test. E-F) High magnification of single channel images from representative tumors treated with H-TZ+Dtx (E) or TZ+Dtx (F). G)
Immunofluorescence analysis of GFAP (magenta) on brain tissue slices at day 7. Nuclei were stained with DAPI (blue). Scale bar = 100 um. H) Mean GFAP signal
intensity was quantified on single-channel images taken in the peri-tumoral region of 2 mice per group; at least 7 fields of view, all with the same area, were analyzed
per each tumor. Data are means + SEM. *p = 0.008; §p = 0.006 Kruskal Wallis test.



astrocytes have been extensively described also in the context
of BC BM [30, 31]. They are activated by the tumor and in turn
play a prominent role in promoting the growth of cancer cells
by paracrine cytokine signaling [32-34]. Being important
players in BM formation, reactive astrocytes represented a key
step of characterization of our experimental model, further
supporting how it recapitulates the physiopathological interplay
between the tumor and the brain microenvironment.

3.2. Sensitivity to TZ

To prove whether the experimental model of BC-derived
BM was sensitive to TZ, we performed a pilot study by injecting
a small dose of TZ intracranially, simultaneously to the
inoculation of tumor cells. In this setup TZ was locally
administered, so no issue was imposed regarding BBB
permeability, and the direct sensitivity of the tumor to TZ could
be analyzed. To choose an appropriate dosage, we reasoned that
only a very small amount of a drug normally administered via
parenteral
injection can reach the brain [35]; therefore, we tested two
doses of TZ corresponding to 10% and 1% of the dose that is
recommended for therapeutic purpose in mice, i.e. 0.8 and 0.08
mg Kg™!, respectively. Results from a pilot study demonstrated
that both dosages significantly slowed down tumor growth to a
similar extent (see Supporting Fig. S3), hence we chose the
lowest effective dose for the further phase of the study. TZ
administration was performed through a stereotactic injection
together with the tumor cells, to ensure that the drug came into
contact with its target. After 4, 7, 11 and 14 days post-injection,
the proliferation of viable tumor cells was monitored in vivo
through BLI, thanks to stable expression of Luc (Fig. 2A).
Tumors treated with 0.08 mg Kg! of TZ showed a significant
reduction of growth at 7 days post-treatment as compared to
untreated tumors (p = 0.011, Fig. 2B).

To investigate the effects of TZ at a cellular level, mouse
brains were dissected at day 7 and analyzed by
immunofluorescence. The analysis allowed to detect the
presence of TZ bound to tumor cells in the group of TZ-treated
mice (Fig. 2C-D). TZ treatment also triggered a reduced
astrocytic reaction in the brain parenchyma, as a consequence
of the reduced tumor growth (Fig. 2E). Images with higher
magnification are included in the Supporting Information (Figs.
S4-S5). While GFAP overexpression was observed on
astrocytes in the placebo group, a lower intensity of GFAP was
measured in TZ-treated brains, as shown by quantitative image
analysis on brain sections (Fig. 2F). These data proved
sensitivity of the model to TZ, and indicated a 7-day time
window to detect drug efficacy on tumor progression. At 11
days post- treatment, the aggressiveness of the tumor overcame
the pharmacological effect of the drug and the tumor started
growing again, requiring the ethical sacrifice of the animals at
day 14 in both placebo and TZ groups (Fig. 2B). This
observation confirmed the aggressiveness of BM and
underlined the need to intervene early in order to achieve
pharmacological efficacy.

3.3. H-TZ brain delivery and antitumor activity

Considering that local intracranial administration of drugs is
extremely invasive and often not easily translatable to the clinic,
especially in the case of many brain injuries localized in
different areas of the brain, we conceived a bio-nanoconjugate
suitable for the active delivery of TZ across the BBB via a
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systemic administration, thus avoiding intracranial injection.
The nanoconjugate was designed to achieve covalent
conjugation of TZ antibody on the surface of HFn nanoparticles
through a heterobifunctional PEG linker. The nanoconjugate’s
features, including particle size and morphology, were
previously published [25] and reported in Supplementary
Information (Fig. S6). Upon conjugation, the antibody was
readily accessible for HER2 targeting. At the same time, HFn
maintained its natural capability to bind TfR1, a receptor
overexpressed on many solid tumors and on the BBB
endothelium. The capability of H-TZ to successfully cross the
BBB preserving its targeted specificity and antitumor activity
toward HER2 + BC cells was proved in vitro and reported in a
previously published paper [25]. Here, we decided to challenge
it in vivo, assessing the brain distribution of nanoformulated TZ
vs. free TZ upon systemic IP administration in a murine model
of BM.

This experimental design reproduced a first-line treatment
used in clinics for HER2 + metastatic BC, based on anti-HER2
plus ataxane [36, 37]. Since in clinical practice TZ is never used
as a single agent but always administered in combination with
cytotoxic drugs, we decided to combine it with docetaxel (Dtx),
administered 4 days post-tumor implant. Moreover, it allowed
to simultaneously study brain distribution and therapeutic
performance of the nanodrug. Given that the described
therapeutic scheduling never involves the administration of TZ
alone, by respecting the principle of reduction for animal
welfare, we did not consider it necessary to include a group
treated with H-TZ only. Animals were sacrificed 7 days post-
implant to explore drug efficacy in a relevant therapeutic
window.

Results obtained by in vivo BLI revealed that H-TZ+Dtx
treatment induced a significant reduction of the tumor growth 7
days post-tumor implant as compared to both placebo (p = 0.01)
and mice treated with Dtx alone (p = 0.01, Fig. 3A-B). By
contrast, mice treated with free TZ+Dtx did not achieve a
statistically significant effect on the tumor growth (p = 0.21 vs.
placebo; p = 0.49 vs. Dtx), confirming inefficacy of traditional
chemotherapy toward BM. Immunofluorescence on brain
tumor sections demonstrated a clear and bright signal
corresponding to TZ in the brain of mice treated with H-TZ+Dtx
(Fig. 3C). Images with higher magnification are included in the
Supporting Information (Fig. S7). Quantification of the signal
intensity further confirmed that H- TZ reached the brain and
successfully accumulated in the tumor (p = 0.006 vs. placebo; p
=0.016 vs. Dtx) to a greater extent than free TZ did (p =0.27 vs
placebo; p = 0.20 vs Dtx) (Fig. 3D). Some TZ was retrieved also
in the brain of mice treated with the free standard formulation
TZ+Dtx. However, free TZ was detected as a weak pinpoint
signal on very few cells only, as observed in the high
magnification image (Fig. 3E). In case of H-TZ+Dtx, instead,
the signal appeared uniformly distributed on the membrane of
cancer cells (Fig. 3F), suggesting a more stable targeting of
HER?2 + tumor cells by the nanoformulation vs. free TZ.

Immunofluorescence analysis also revealed that treatment
with H- TZ+Dtx triggered a reduced astrocytic reaction in the
brain parenchyma, as indicated by analysis of GFAP marker
(Fig. 3G). For magnified images, refer to the Supporting
Information (Fig. S8).

Signal quantification confirmed that tumors treated with H-
TZ+Dtx were associated to reduced GFAP expression as
compared to placebo and Dtx (p = 0.008). Also, in TZ+Dtx



group a reduced density of GFAP staining was observed on
astrocytes with respect to

placebo (p = 0.006), but not with respect to Dtx alone (Fig. 3H),
further demonstrating a limited contribution of free TZ in
shaping an antitumor response.
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Fig. 4. Histological assessment in H&E stained brain sections at 7 days post-
implant. A total histology score was obtained by semi-quantitative grading
system in different treatment groups. Data are means + SEM (n = 3/group). *p
=0.04 one-tail Mann Whitney test.

Then, we assessed the histopathological features of the brain
tumor by performing H&E staining on multiple sequential brain
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sections. A pathologist, blinded to the treatment conditions of
each animal, analyzed the brain slides to evaluate tumor
histology. The results showed that the lesions recovered in the
brain of mice treated with H- TZ+Dtx were reduced as
compared to placebo and Dtx groups (p = 0.04, Fig. 4). Instead,
the total histology score in TZ+Dtx group was not significantly
different (p = 0.35 vs. placebo and Dtx), confirming inefficacy
of standard free drug administered systemically in the context
of BM.

Overall, these data indicated a relevant contribution of H-TZ
in driving TZ brain accumulation and targeting of cancer cells.
Moreover, they showed that treatment with H-TZ+Dtx shaped
a less aggressive and slower tumor progression, when
administered systemically in the early phase of BM formation.
3.4. Microglia recruitment and effect on neuroinflammation
Highly malignant brain tumors are characterized by large
numbers of microglia/macrophages that influence cancer
progression, being able to suppress or support the malignancy
depending on their activation and polarization state [38,39]. In
this study we investigated whether H-TZ+Dtx treatment had
an impact on the density and distribution of Ibal, a marker
of microglia/macrophages. Ibal-positive area was found
increased in the peri-tumoral regions of mice treated with H-
TZ+Dtx (Fig. 5A), while the number of Ibal-positive cells
remained similar. Quantitative analysis of Ibal immunostaining
is shown in Supporting Table S2. By correlation analysis
between Ibal positivity and the total histology score in matched
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Fig. 5. Investigation of pro- and anti- inflammatory biomarker in mouse brains. A) Immunohistochemistry of Ibal (brown signal) in the peri-tumoral region. Scale
bar = 50 pm. B-E) Real Time qPCR was performed on brain tumor specimens to measure expression of IL-8 (B), IL-10 (C), IL-6 (D), TNFa (E), IL-2 (F) and
IFN-y (G) in the treatment groups. Results are expressed as RNA fold change. Dtx group was used for normalization. Data are means + SEM, each animal was

analyzed in duplicate (n = 6/group).
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animals, we observed that reduced development tumor was
associated with an increase in the Ibal-positive area (r = - 0.85,
p = 0.004). Therefore, enhanced efficacy of the H-TZ+Dtx
treatment was strongly associated with increased activation of
macrophages around the tumor. This is likely due to a
mechanism mediated by the interaction between macrophage
receptors and antibodies bound to the cells. Once engaged by
the antibody, activated macrophages trigger an antibody-
dependent cancer cell killing, contributing to the antitumor
response [40,41]. We thus hypothesized that, by guiding TZ
brain accumulation, H-TZ not only allowed direct interaction
with HER2 signaling, but also triggered a sustained activation
of macrophages toward the cancer cells to shape a protective
microenvironment against the tumor.

To further explore the impact of the treatment on the brain
microenvironment, we measured the expression of cytokines,
important mediators of neuroinflammation. Brains treated with
H-TZ+Dtx were compared with those treated with Dtx alone or
with the combination TZ+Dtx. Protective cytokines, like IL-8
and IL-10, were analyzed because it has been shown that they
can be released by macrophages actively engaged in antibody-
dependent cancer cell killing [42,43]. Their expression in brain
tissues showed a trend toward increase in H-TZ+Dtx group as
compared to TZ+Dtx group (Fig. 5B-C). Despite this was only
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the expression of some proinflammatory cytokines, hence these
results may correspond to the increase of IL-10 found in H-
TZ+Dtx group. TNFa decrease is particularly interesting
considering that this cytokine can be a double edge sword in
cancer pathology, and its decrease was shown to enhance
therapeutic efficacy [44,45]. Moreover, IFN-y was recently
found to promote metastatic lesions in the brain, suggesting that
its decrease could indicate an efficacy of therapy.

3.5. H-TZ anchoring to target tumor cells

Given the higher antitumor response achieved by H-TZ+Dtx
treatment as compared to free TZ+Dtx, we hypothesized that
the nanoconjugate, endowed with a double specificity for HER2
and TfR1, could promote a more stable anchoring to the target
tumor cells, therefore conditioning the tumor more extensively.
To test this hypothesis, we analyzed the performance of H-TZ
in a binding assay with D2F2/E2-Luc cells in vitro. Equal
concentrations of nanoformulated or free TZ were incubated for
2 h at 4 °C with the cells and then analyzed by flow cytometry
to visualize TZ bound on the cells. Both H-TZ and TZ were able
to efficiently bind the cells in a dose-dependent manner, with
more than 99% of the cells found positive at a drug
concentration as low as 1 pg/mL (Fig. 6A). By increasing the
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Fig. 6. In vitro cell binding assay. A) Binding of H-TZ and TZ incubated at 0.01, 0.1, 1, 10, 100 pg/mL with tumor cells. B) Mean fluorescence intensity (MFI) of
H-TZ or TZ bound to the cells. * ** *p = 0.005 unpaired t-test. C) Persistence of H-TZ and TZ on the cells after 1, 4, 24, 48, 72 h post-treatment. Statistics by 2-
way ANOVA. D) MFI of H-TZ or TZ bound to the cells after 48 and 72 h post-treatment. Statistics by 2-way ANOVA. All data are means + SD (n = 3).

a trend with no statistical significance, the increased expression
of IL-8 and IL-10 could be associated to the enhanced Ibal
positivity observed by immunohistochemistry, and further
supported the antitumor activity of H-TZ in the brain. The
expression of the IL-6 proinflammatory cytokine remained
unchanged (Fig. 5D). We decided to investigate the expression
of other proinflammatory cytokines (TNFa, IL-2 and IFN-y)
highlighting relevant differences. We observed a significant
decrease in TNFa expression in H-TZ+Dtx group (Fig. 5E),
along with the decrease in IL-2 (Fig. 5F) and IFN-y (Fig. 5G)
in the same condition. Indeed, IL-10 was found to downregulate
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dose, the mean fluorescence intensity (MFI) of the positive
events increased, meaning that more H-TZ or TZ molecules
attached to the same cell (Fig. 6B). At 100 pg/mL, a higher MFI
was observed for H-TZ as compared to free TZ (p = 0.005). This
result likely suggests advantage of the nanoconjugate, which
can overcome the saturation of single HER2 target by engaging
TfR1 in the binding, thus increasing the upper limit of
molecules per cell. Instead, the MFI for free TZ did not increase
further between 10 and 100 pg/mL, indicating that even
increasing the drug dosage no more receptors could be engaged
in binding.



Then we performed a kinetic assay by incubating the cells
with an equal concentration of H-TZ or free TZ and measuring
for how long they persist on the cell surface (Fig. 6C). The
percentage of TZ-positive cells was maintained high after 1 and
4 h, then decreased down to 24.6% and 9.1% at 48 and 72 h,
respectively. In the case of H-TZ, the percentage of positive
cells also decreased over time, but a significantly higher
percentage of cells, i.e. 38.9% and 38.5%, was still positive
after 48 h and 72 h, respectively. To further document the longer
on-cell persistence of H-TZ over free TZ, we analyzed the MFI
of the events collected at 48 and 72 h. We found that MFI
related to H-TZ was significantly higher than that of TZ (Fig.
6D), suggesting that at the indicated time-points there were on
average more H-TZ particles exposed on the cells as compared
to TZ.

These data demonstrated that H-TZ may trigger a more
stable and lasting anchoring to the cancer cells as compared to
free TZ, thus extending the residence time and the drug load at
the target site. This in vitro observation further supported what
was found in vivo, i.e. a stronger signal of H-TZ stably and
uniformly distributed on cancer cells than free TZ (Fig. 3D).
Moreover, it suggested that the advantage of H-TZ
nanoconjugate may not only rely on active HFn-mediated trans-
BBB delivery of TZ, but also on the persistence of TZ anchored
to the tumor cells, further prolonging its pharmacological
efficacy.

3.6. H-TZ do not induce cardiotoxicity and relevant off-target

effects

Study 3

Once analyzed the therapeutic effect, we explored whether
H-TZ could be associated with long-term systemic toxic effects.
To this aim we scheduled a complete therapeutic cycle, by
repeating the IP injection of H-TZ twice weekly for 2 weeks,
and combining it with a single intravenous injection of Dtx. As
control, free TZ was administered instead of H-TZ in a group
of mice, and combined with Dtx to mimic standard of care
treatment.

We monitored tumor growth by BLI for the entire duration
of the treatment. The tumor growth curve showed that mice
treated with H- TZ+Dtx had a significant reduction of the tumor
growth at day 7
(p = 0.043 vs. placebo and Dtx; p = 0.037 vs. TZ+Dtx) and day
11 (p = 0.039 vs. placebo and Dtx), further supporting the
pharmacological potential of the nanoconjugate. At day 14
post-implant, the benefit of the nanotherapy was not statistically
significant anymore, but an evident trend towards reduced
tumor growth was still observed in the H- TZ+Dtx as compared
to the other groups. By contrast, treatments with TZ+Dtx or Dtx
alone did not achieve effective reduction of the tumor growth at
any of the examined time-point (Fig. 7A), being ineffective
against BM.

At day 14 post-tumor implant, animals were sacrificed and
we investigated the effect of the treatments on major known
drawback associated to TZ-based chemotherapy, i.e.
cardiotoxicity [46]. Heart tissues were analyzed by transmission
electron microscopy to explore the ultrastructural features of
cardiomyocytes at the end of the treatment. The images showed
severe ultrastructural changes in the TZ+Dtx group, with
swollen mitochondria and severe cristae disruption (Fig. 7B).
This phenotype indirectly indicated impaired functionality of
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Fig. 7. Toxicity analysis. A) Tumor growth curve of untreated mice (black) or mice treated with Dtx (grey), H-TZ+Dtx (blue), TZ+Dtx (red). Data are means + SEM
(n = 6/group). Day 7: *p = 0.043 H-TZ+Dtx vs. placebo/Dtx; §p = 0.037 H-TZ+Dtx vs. TZ+Dtx. Day 11: *p = 0.039 H-TZ+Dtx vs. placebo/Dtx, unpaired t-test. B)
Representative TEM images of heart tissues excised at day 14 post-treatment (n = 3/group). It is evident a significant difference in terms of both mitochondrial area
(M) and matrix damage (*) in the TZ+Dtx group in comparison with the other groups. Scale bar = 1 um. C) Analysis of mean mitochondria area expressed in pm?.
D) Analysis of the percentage of damaged matrix mitochondrial area. Data are means + SEM. Quantification of mitochondria area and area occupied by the matrix
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were performed on at least 10 images/group, measuring at least 100 mitochondria/sample. * *p < 0.01; * ** *p < 0.0001 Kruskal-Wallis test. E) Western blot
analysis of heart excised at the end of treatment and lysed to quantify TZ. Vinculin was used as loading control protein.
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Fig. 8. Assessment of liver and kidney functionality. Aspartate to alanine aminotransferase ratio (AST/ALT) (A), Creatinine (B) and Urea (C) levels measured in
the plasma collected from placebo and treated mice were used as biomarkers of liver and kidney disfunction, respectively (n = 8 /group). Statistical analysis

confirmed no significant differences among the groups.

the mitochondria in oxidative phosphorylation and
consequent heart failure in meeting adequate energy demand.
Alterations in mitochondria area observed in the TZ+Dtx
group were significantly marked in comparison to the other
treatments (Fig. 7C), and this is likely due to a compensative
mechanism for deficiency in mitochondrial cristae, which
were replaced by matrix (Fig. 7D). Mitochondrial
ultrastructure was severely compromised by the addition of
TZ in the TZ+Dtx group as compared to Dtx alone. By
contrast, H-TZ+Dtx treatment did not induce further
detrimental effects on either the mitochondria area or the
percentage of matrix, as compared to Dtx alone, indicating a
great potential advantage of the H-TZ nanoconjugate in
protecting toward TZ-induced cardiotoxicity (Fig. 7C-D).
The absence of additive alterations in cardiac mitochondria
was explained by the fact that no TZ accumulation was found
in heart tissue lysates upon treatment with H-TZ+Dtx (Fig.
7E). By contrast, a TZ-specific band was detected by western
blot in the heart of mice treated with TZ+Dtx, suggesting
accumulation of the free drug, but not the nanoformulated
drug, in this organ. Based on these observations, we reasoned
that the nanoconjugate guided the biodistribution of the drug
differently, by achieving enhanced TZ brain delivery and
reducing accumulation in the heart. In another paper from our
group, HFn nanoformulation was found to reduce heart
accumulation and protect against cardiotoxicity associated to
the chemotherapy doxorubicin [47], further supporting our
observation and confirming the advantage of HFn-based
nanodrugs in terms of heart protection.

We further assessed the systemic toxicity profile of H-TZ-
based treatment by looking at liver and kidney
functionalities. In fact, previous data on HFn demonstrated
that a prevalent fraction of nanoparticles that were not
captured by the tumor distributed in the liver and were
rapidly sequestered by the kidneys for urinary excretion [47].
Plasma levels of aspartate transaminase (AST) and alanine
transaminase (ALT), and urea and creatinine were analyzed
as markers of liver and kidney function, respectively. Our
results showed that AST/ALT ratios in all the treatment
groups were comparable to the placebo and in the range of
reference (Fig. 8A) [48-50]. Urea (Fig. 8B) and creatinine
(Fig. 8C) dosage did not show significant alterations upon
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treatment with H-TZ+Dtx as compared to placebo and Dtx
alone, confirming the overall safety of H-TZ nanoconjugate.

Finally, we looked at blood count results to explore any
potential side effect of H-TZ-based cancer treatment
detectable in peripheral blood. No remarkable alterations
were observed in the levels of white blood cells (WBC), red
blood cells (RBC), and platelets (PLT). Hemoglobin
concentration (HGB) was also measured, and did not
highlight a clinical picture of anemia in any of the treated
animals (Supporting Table S3).

No lesions were observed by histopathology in other off
target organs (Supplementary Fig. S9).

4. Conclusions

Achieving a curative treatment of HER2 + BC BM is an
unsolved clinical challenge [51]. The anti-HER2 antibody
TZ improves survival of BC patients and controls the
systemic disease, but it has low BBB permeability, being
ineffective at treating BM [4,52]. Our prior findings obtained
in vitro support H-TZ as a promising approach for the
treatment of brain tumors by virtue of their ability to cross
the BBB and achieve cytotoxic effect against tumor cells
[21,25]. The present study, aimed at investigating the
potential of H-TZ to enhance the trans-BBB permeation in
vivo, demonstrated that HFn is able to actively guide TZ
delivery to the brain upon systemic administration in a
murine model of HER2 + BM. H-TZ bound cancer cells
efficiently and stably, reducing tumor growth in vivo and
shaping an antitumor response in combination with Dtx. H-
TZ-based therapy also triggered activation of microglia
toward cancer cells and induced alterations in the
neuroinflammation, further supporting enhanced activity as
compared to free TZ. These results have translational
relevance, as they demonstrate that active delivery of TZ to
the brain by HFn nanoparticles may exert pharmacological
activity in the context of HER2 + BC BM, which is a great
promise in the field. HFn drives TZ distribution to the brain
and reduces major harmful accumulation in off-target organs,
like the heart, thus reducing side effects and undesired
toxicity generally associated with treatments currently used
in clinics.



In conclusion, we first described the in vivo potential of
HFn-based TZ nanoconjugates able to vehicle effective TZ
to the brain and tackle BC-derived BM without major toxic
effects. As perspective, H-TZ nanoconjugates deserve
attention as they could be exploited for a prophylactic
treatment of HER2 + advanced BC aimed to condition the
tumor and timely shape a protective brain microenvironment.
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Conclusions

6. Conclusions

The present project is intended to propose, from a diagnostic and therapeutic point
of view, a nanotechnological solution with beneficial impact in different neoplastic
pathologies. The three studies described share in fact the use of HFn based nanocages
as a versatile nano delivery system.

Moreover, embracing the scientific translational research approach promoted by the
PhD course in Translational Medicine, the present work directly aims at dealing with
hot topics in the field of precision oncology and surgery.

As described in study 1, HFn-PAS-ICG demonstrated potentiality as a FGS tracer able
to identify cancer localization, with groundbreaking prospective for oncologic surgery
and cancer management, moving FGS from a visualization tool to a
diagnostic/therapeutic technology.

A second important unmet clinical need regards the limitation of off-target toxicities
arising from chemotherapy with anthracyclines, such as DOX. The preservation of the
immune competence in patients affected with BC could be achieved through the
employment of FerOX which, according to results provided in study 2, is reported to
circumvent DOX internalization in lymphocytes, allowing a potential adaptative
immune response in comparison to the free drug.

Lastly, HFn can be successfully exploited to achieve whole-body chemotherapeutic
treatment allowing to develop more effective and less toxic strategies to control, and
ultimately prevent, BM in BC patients. In study 3 we described HFn-based TZ
nanoconjugates able to actively guide TZ delivery across the BBB and tackle BM
without major toxic effects.

Even if the results achieved so far are still at a preclinical stage, it is necessary to
underline how the choice to use the nanoplatform HFn is promising from a
translational point of view. In fact, compared to other nanomaterials which are
unlikely to be suitable for use in patients, HFn has the advantage of being
biocompatible and naturally capable of tumor targeting, ranking one step ahead
towards clinical translation. Overall, the results emerged from this thesis provide
intriguing perspectives which endorse formal evaluation of HFn for clinical practice

translation suitability.
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Simple Summary: Despite tremendous efforts in finding new
therapeutic strategies and promoting screening programs to
increase early diagnosis, breast cancer is still a major cause of
death in the female worldwide population. Preclinical and

Cancers 2022, 14, 2424. https://doi.org/10.3390/cancers14102424

clinical evidence have shown that nanotechnologies can
significantly contribute to improving both therapeutic and
diagnostic aspects. This is particularly true for human epidermal
growth factor receptor-2 (HER-2) overexpressing (HER-2*) breast
cancer, where recurrence rates and drug resistance still make it
one of the most aggressive breast cancer subtypes, despite the
development of promising targeted therapies. The aim of this
review is to provide an update on the most promising
nanoparticle-based approaches developed in the last decade in
the context of HER-2-positive breast cancer therapy and
diagnosis.

Abstract: Human epidermal growth factor receptor-2 (HER-2)
overexpressing breast cancer is a breast cancer subtype
characterized by high aggressiveness, high frequency of brain
metastases and poor prognosis. HER-2, a glycoprotein belonging
to the ErbB receptor family, is overexpressed on the outer
membrane of cancer cells and has been an important therapeutic
target for the development of targeted drugs, such as the
monoclonal antibodies trastuzumab and pertuzumab. These
therapies have been available in clinics for more than twenty
years. However, despite the initial enthusiasm, a major issue
emerged limiting HER-2 targeted therapy efficacy, ie., the
evolution of drug resistance, which could be tackled by
nanotechnology. The aim of this review is to provide a first
critical update on the different types of HER-2-targeted
nanoparticles that have been proposed in the literature in the last
decade for therapeutic purposes. We focus on the different
targeting strategies that have been explored, their relative
outcomes and current limitations that still need to be improved.
Then, we review the nanotools developed as diagnostic Kits,
focusing on the most recent techniques, which allow accurate
quantification of HER-2 levels in tissues, with the aim of
promoting more personalized medicinal approaches in patients.

https://www.mdpi.com/journal/cancers

113



Appendix 1

1. Introduction

Breast cancer (BC) is the most commonly diagnosed cancer and one of the main causes of death in women, despite
advances in early diagnosis and novel therapies [1]. According to GLOBOCAN 2020, BC caused 684,996 deaths (one in six
of all cancer deaths) and its incidence was 2.3 million new cases worldwide in 2020 [2]. These numbers highlight that BC
still represents a public health problem; therefore it is of paramount importance to identify the most effective therapeutic
strategy for the patient. Based on the gene expression profile of biological markers, BC has been classified into four molecular
subtypes: Luminal A, Luminal B, HER-2 enriched, and Basal-like[3]. Among them, the human epidermal growth factor
receptor 2-positive (HER-2+) and HER-2 enriched BC account for 20-30% of BC. These are highly proliferative and
aggressive BC subtypes often related to drug resistance [4-7] and associated with a higher incidence of brain metastasis and
worse clinical outcomes [9,10]. From the molecular point of view, they are characterized by the overexpression of HER- 2, a
glycoprotein with a tyrosine kinase activity, which belongs to the ErbB receptors family. HER-2 is an orphan receptor, which
exists as constitutively active form suitable for dimerization with other ErbB members. HER-2-mediated activation of ErbB
receptor signaling promotes cell proliferation, motility, differentiation and survival [10]. Hence, HER-2 amplification or
over-expression leads to the constitutive activation of the PI3K/Akt and Ras/Raf/MAPK pathways, which results in the
development of many epithelial cancers [11-14]. HER-2 status analysis is performed by immunohistochemistry (IHC) or
fluorescence in situ hybridization (FISH), and it has been established that an IHC score of 3+ or 2+, and concomitant
amplification, is considered HER-2*BC [15].

Despite a huge effort in research, after the introduction of the first targeted therapies there has been a lack of new
agents contributing significantly to HER-2*BC treatment, which is still an unmet clinical need. In our opinion, two factors
would greatly contribute to an improvement in HER-2* BC management: the development of new targeted therapeutic
strategies and the introduction of new agents allowing a rapid and personalized diagnosis. The aim of this review is to
critically highlight the main reasons of this lack of success and to provide an overview of the most promising
nanotechnological approaches introduced in the last 10 years on the therapeutic and diagnostic side.

2. HER-2+BC Current Therapies and Main Drawbacks

The first-line treatment for HER-2* BC patients generally includes three steps: first, neoadjuvant chemotherapy is aimed
at reducing the tumor size before surgical resection, which consists of a combination of taxanes and dual HER-2 blockade
with monoclonal antibodies (mAb) [16,17]. Surgery is then performed to remove the tumor, followed by adjuvant therapy
which includes chemotherapy, radiation therapy and targeted therapy to eliminate any remaining tumor cells and to reduce
the risk of recurrence [18,19].

The clinical outcomes of the early and metastatic HER-2" patients were extensively improved after the advent of the
HER-2 targeted therapies, such as mAb, antibody-drug conjugates, specific pathway inhibitors and immunotherapy.

2.1. Monoclonal Antibodies and Antibody-Drug Conjugates

The first and most relevant example of HER-2*-targeted therapy is the FDA approved humanized mAb Trastuzumab
(Herceptin™; TZ). TZ has been demonstrated to increase disease-free survival (DFS) and overall survival (OS) in HER-2*BC
patients [20-22]. Its mechanism of action consists in binding the HER-2 receptor to alter downstream signaling, inhibiting
cell cycle progression and consequently arresting tumor growth [23,24]. Despite the wide use of TZ and its success, a great
number of patients experience disease progression and relapse due to the onset of several TZ resistance mechanisms such
as: (i) heterodimerization with other ErbB members or IGF-1R; (ii) the inactivation of AntibodyDependent Cellular
Cytotoxicity (ADCC); (iii) the expression of the p95-ErbB2 truncated form of the receptor that maintains its intracellular
kinase domain; (iv) the decreased levels of expression of the tumor suppressor PTEN, and (v) the hyperactivation of
PI3K/AKT pathway [25-30]. To limit TZ resistance, a new antibody called Pertuzumab has been developed [19,20,31,32].
Pertuzumab and TZ target two different domains of the ErbB2 receptor (domain II and IV, respectively), and this has proven
to prevent heterodimerization with other ErbB receptors, thus limiting a possible cause of resistance. More recently,
Margetuximab (Margenza ®) has been approved by the FDA based on data from a SOPHIA trial that demonstrated the major
advantage of Margetuximab compared with TZ in combination with chemotherapy in pre-treated HER-2* metastatic BC
patients [33]. Margetuximab has been associated with a significantly longer PFS and better OS with respect to TZ. As has
been shown for other HER-2 inhibitors, one of the side effects that could occur from Margetuximab administration is the left
ventricular dysfunction.

An interesting evolution of targeted therapy is the possibility of directly conjugating TZ with anticancer drugs
(antibody-drug conjugates, ADCs), thus conferring an intrinsic HER2 targeting ability to the drug and reducing the toxicity
of chemotherapy alone [34]. This approach was exploited to develop Trastuzumab emtansine (T-DM1, Kadcyla®, Genentech,
San Francisco, CA, USA), one of the commercially available ADCs developed, starting from TZ. The efficacy of T-DM1 in
metastatic HER-2* BC was first demonstrated in the EMILIA trial, where improved OS and PFS were observed in patients
treated with TDMI in comparison to those treated with Capecitabine plus Lapatinib [35]. More recently, the KRISTINE
study has demonstrated better efficacy of T-DM1 in the adjuvant setting instead of its use as neoadjuvant therapy [16,19].
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In addition to the mechanisms of action of TZ [30,36-38], T-DMI1 exerts its anticancer activity through internalization in
HER-2* cancer cells, where the conjugated drug DM1 prevents the assembly of the mitotic spindle, leading to cell cycle
arrest. However, T-DMI efficacy is still limited by the onset of resistance mechanisms adopted by tumor cells to evade DM1
activity, such as overexpression of drug efflux transporters that excrete DM1 outside BC cell [39,40]. Among the ADC
categories, Trastuzumab Deruxtecan (T-Dxd, DS-8201, Enhertu®, Daiichi Sankyo, Tokyo, Japan) has recently received
accelerated approval by the FDA on the basis of its adequate efficacy and safety demonstrated in the DESTINY-Breast01
study. T-Dxd is recommended for the treatment of patients with unresectable or metastatic HER-2* BC who have already
received at least two or more prior anti-HER-2* treatments [41]. The conjugated cytotoxic drug Dxd is a topoisomerase I
inhibitor attached to TZ with a tetrapeptide-based linker. It is stable in the plasma but easily cleavable near tumor cells
because of the presence of cathepsins highly expressed on their surface. Indeed, the drug has selective permeability of the
cell membrane of tumor cells in HER-2* low-expressing cells [42]. Despite the great potential of the response in T-DM1-
resistant HER-2* BC, T-Dxd can lead to interstitial lung disease. In fact, adverse reactions caused by its administration are
currently under investigation in ongoing clinical trials.

1.3 HER-2 Pathway Inhibitors and Immunotherapy

In addition to mAb and ADCs, another HER-2 targeted therapeutic strategy is blockade of the main cellular pathways
leading to the characteristic aggressiveness of HER-2* BC, such as PI3K/AKT/mTOR and MAPK pathways, by using
specific inhibitors. The aberrant activation of PI3K/mTOR / AKT pathway in BC is mediated by the mutation of the PI3KCA
gene (more frequent in ER* and HER-2") [25], which results in its hyperactivation with consequent dysfunction in the PTEN
gene, resulting in AKT overactivation. These mutations lead to uncontrolled cell growth, migration and deregulated
apoptosis [43,44]. Several examples of PI3K/AKT/mTOR pathway inhibitors have been developed, all interfering with one
or more of the pathway’s components. Among these, the most promising ones are: Everolimus, Alpelisib, Taselisib and
Buparlisib [45]. Everolimus in combination with Paclitaxel or Vinorelbine and TZ has displayed increased efficacy in
metastatic BC patients, although it did not affect PFS [45]. Typically, these inhibitors are used in relapsed BC as a second-
line treatment to induce cell death and inhibit cancer cell proliferation.

Another HER-2-targeted therapy is based on small tyrosine kinase inhibitors (TKIs), such as Neratinib, Lapatinib,
Tucatinib and Afatinib [46,47]. These inhibitors are used in advanced or relapsed HER-2* BC as a second-line treatment and
are able to inhibit HER-2 receptor kinase activity. Neratinib, which has been validated in combination with Capecitabine in
advanced or metastatic HER-2* BC [46,48-50], has resulted in a higher rate of pathological complete response (pCR) in
comparison to TZ plus chemotherapy [48]. Moreover, Lapatinib in combination with Capecitabine has improved the OS in
patients previously treated with TZ and standard chemotherapy [51], although mechanisms of resistance often arise.

Since increased levels of tumor-infiltrating lymphocytes (TILs) in HER-2* BC have been associated with a higher rate
of pCR, good prognosis and improved survival after neoadjuvant chemotherapy [52], an immunotherapeutic approach has
also been proposed in the last few decades. Indeed, the expression of PD-L1 in HER-2*BC is associated with increased OS
[53] and monoclonal antibodies such as, Atezolizumab, Pembrolizumab, Nivolumab, directed against PD-1 receptor and its
ligand PD-L1, are able to restore antitumoral immunity [54-56].

3. Nanotechnological Strategies to Target HER-2 Receptor

Despite the available HER-2 targeted therapies described above, a significant fraction of patients relapse or progress due
to the escape mechanisms adopted by HER-2" cancer cells in response to inhibitory therapies. Nanotechnology promises to
overcome some of these clinical challenges by the development of novel HER-2-guided nanosystems suitable as powerful
tools in cancer imaging, targeting and therapy [57]. During the past 10 years, there has been an increase in the number of
scientific publications based on nanotechnological strategies addressing HER-2* BC specifically [58]. Hence, our intention is
to propose a comprehensive review concerning the main approaches for therapy and diagnosis to fight HER-2* BC
developed in the last decade.

Most engineered NPs developed for HER-2*BC therapy take advantage of HER-2 receptor targeting strategies. Active
targeting techniques have been employed by applying ligands to NP surfaces, such as antibodies, peptides and aptamers,
that selectively recognize overexpressed receptors on cancer cells. This is aimed at accumulating the nanosystem in the
cancer-affected areas, as well as favoring controlled and specific internalization in tumor cells, resulting in enhanced
therapeutic efficacy [57]. Achieving specific targeting is so crucial that researchers constantly propose new strategies to drive
the HER-2 targeting process. As said, the plethora of proposed solutions is so wide that finding the most robust ones to
guide further translational research is an extremely hard task.

Here, we describe the most recent and successful strategies used to functionalize NPs with specific HER-2 targeting
agents (Figure 1I-IV). As this is strictly related to improving the interactions of these agents with their target cells, this
section is mainly focused on approaches involving in vitro research and, when available, we provide a short description of
their in vivo application.
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Figure 1. Strategies for HER-2* BC therapy (I) NPs functionalized with HER-2 targeting ligands ensure a specific targeting into HER-2*
cancer cells; (IT) NPs can vehicle chemotherapeutic drugs or cytotoxic agents into HER-2* cancer cells; (III) NPs functionalized with
photothermal agents can promote local radiation to obtain tumor ablation; (IV) NPs can deliver nucleic acids or gene silencing molecules
to enable gene expression regulation and overcome the insurgence of resistance to conventional therapies.

3.1. Antibodies as Ligands to Target HER-2* Cancer Cells

Therapeutic antibodies are widely employed in the surface functionalization of targeted nanosystems that can vehicle
chemotherapeutic drugs, gene silencing agents or diagnostic molecules for the diagnosis and treatment of HER-2* cancer
cells [59]. These antibodies can be anchored to different types of NPs through two main approaches: adsorption or covalent
conjugation [57,60]. Functionalization through adsorption methods is simpler, compared to covalent binding strategies, but
is less stable. On the other hand, it can facilitate the release of the mAb in the tumor site, enforcing its anti-cancer activity
[61]. However, adsorption methods require greater amounts of mAb resulting in a more expensive procedure. Otherwise,
covalent binding provides excellent reproducibility and is less subject to spontaneous disassembly. Moreover, covalent
binding can be used to obtain orderly antibody orientation when compared with adsorption, since it takes advantage of
different conjugation strategies such as carbodiimide chemistry, maleimide chemistry and click chemistry [57,60,62].

TZ is the most widely explored mAb to obtain HER-2 targeted nanosystems for BC therapy [57,61]. In the next
paragraph, we focus on the plethora of NPs exploiting TZ conjugation proposed in the last decade.

Several gold-based NPs, such as nanospheres [63-65] and nanorods [66] covalently conjugated with TZ have been
proposed to specifically target the HER-2 receptor. In addition, different kinds of polymeric NPs take advantage of the
targeting mediated by TZ. Zhang et al. proposed an example of lipid-polymer hybrid NPs electrostatically conjugated with
TZ [67], while a similar approach was applied to a novel NP delivery system obtained from polyethylenimine (PEI) and
poly (D,L-lactide-co-glycolide) (PLGA) by Yu et al. [68]. Other examples of polymeric NPs exploited a covalent conjugation
with TZ to specifically interact with the HER-2 receptor in HER-2* BC [69-71], while Dominguez Rios et al. proposed a
solution based on an HER-2-targeted PLGA nanoplatform covalently biofunctionalized with TZ for HER-2* ovarian cancer
[72]. Moreover, magnetic [73,74], carbon-based [75,76] and protein-based [77] NPs conjugated with TZ have been studied.

One of the main advantages of functionalizing NPs with TZ is that the mAb is commercially available, it has been
widely used at a clinical level, and its activity is widely demonstrated. On the other hand, one of the main disadvantages of
such an approach is the high molecular weight of TZ (approximately 148 kDa) and its relatively large size (around 12 nm)
that might significantly modify the physicochemical characteristics of the smallest NPs, and hence their biodistribution. TZ
could be used with more success to functionalize bigger NPs, such as polymeric ones that are ten times bigger than the mAb.
Another limitation is rapid blood clearance due to increased reticuloendothelial system kidnapping of full antibody-targeted
NPs mediated by the Fc recognition site expressed by antigen-presenting cells [78]. Finally, due to their high affinity, anti-
HER-2 mAbs can bind HER-2 receptors not only on cancer cells, but also on healthy cells. This specific yet non-selective
binding to HER-2 receptors on healthy cells can lead to a reduction in drug concentration at the tumor site coupled with
undesired toxic effects in off-target cells/organs [79].

3.2. Nanobodies and Antibody-Fragments as Ligands to Target HER-2* Cancer Cells
As an alternative to the use of whole mAbs such as TZ, nanobodies and antibody fragments can be used to address

HER-2*BC [80,81]. Indeed, these molecules, smaller in size, succeeded in improving targeting and anticancer activity, since
they interfere to a limited extent with the physical and chemical features of the NP [59]. In contrast to what is observed with
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full antibody-targeted NPs, smaller antibody fragments seem to provide enhanced pharmacokinetic profiles and increased
tumor tissue penetration [78,80,82].

Among small targeting moieties exploitable to address the HER-2 receptor, singledomain antibodies (sdAb), also
known as nanobodies, were recently proposed for their interesting properties [81,83]. Nanobodies are small antigen-binding
fragments (~15 kDa) derived from heavy-chain only antibodies present in camelids [84]. It has been reported that these types
of molecules display low immunogenicity due to their similarity to human immunoglobulin heavy-chain (VH) sequences,
and improved penetration into solid tumors due to their smaller size. Moreover, they have increased solubility and stability
compared to full-size human /humanized monoclonal antibodies. Nanobodies targeting a wide range of receptors, including
HER-2, have been developed. The HER-2-targeted nanobody 11A4 was used to achieve improved and selective uptake of
polymeric NPs in HER-2* BC cells SKBR3 as compared to HER-2 MDA.MB.231 cells [84], while the sdAb C7b conjugated to
silica NPs has been used to delivery drugs, imaging and theranostic agents [81]. Indeed, in vitro studies in SKBR-3
demonstrated a significantly higher uptake of the silica-based-C7b NPs compared to HER-2larynx carcinoma Hep?2 cells,
and an improved performance in photodynamic treatment in an SKBR-3 xenograft murine model [81].

As an alternative to nanobodies, the use of antibody fragments (Fab) has been evaluated as an HER-2 targeting tool.
Similar to nanobodies, Fab are reported to be less immunogenic and, due to their reduced size, should be less prone to alter
the physicochemical properties of NPs. Fab obtained by papain cleavage of TZ (TmAb) and panitumumab (PmAb) was
employed by Houdaihed et al. to obtain targeted polymeric NPs [80]. In another study, silica NPs were conjugated with the
anti-HER-2 Fab-6His, finely tuning ligand density and orientation. In these NPs, the modulation of ligand density and
orientation were demonstrated to reduce protein corona formation and to affect specific targeting towards SKBR-3 HER-2*
BC in vitro, improving NPs targeting efficacy upon increasing the Fab density [85]. The superiority of Fabs compared to full
mADbs as NP targeting molecules was clearly demonstrated by Duan et al. in vitro and in vivo. They compared targeting and
accumulation of PLGA-PEG NPs loaded with curcumin and functionalized with full TZ or a particular TZ Fab in BT-474
HER-2*against MDA-MB-231 HER-2"BC cells. The authors reported a five-fold increase in NP accumulation into the tumor
mass of heterotopic BT-474 tumor-bearing BALB /¢ mice when functionalized with the Fab as compared to the full antibody
[78].

Single-chain variable fragments (scFv) derived from TZ have also been studied as targeting entities. Recently, Shi et
al. reported the development of cell-derived exosome NPs genetically engineered to display two different mAb on the
surface. Due to the presence of both anti-human CD3 and anti-human HER-2 derived scFv, this nanostrategy is capable of
simultaneously targeting T-cell surface CD3 and cancer cell-associated HER-2 receptors, exhibiting enhanced and specific
anti-tumor activity, both in vitro and in vivo, compared to SKBR-3, HCC 1954 HER-2* and MDA-MB-468 HER-2" BC cells
using an HCC 1954 xenograft tumor model [86].

3.3. Peptides, Aptamers and Ankyrins as Ligands to Target HER-2+ Cancer Cells

Among targeting molecules, small peptides derived from TZ have been considered another alternative NP
functionalization strategy [79]. The anti-HER-2 peptide AHNP is a small exocyclic peptide derived from TZ. It is able to
bind to the HER-2 receptor with high affinity (Kd = 150 nM), inhibiting effectively the receptor’s kinase activity [87-89]. This
peptide was recently exploited as a targeting moiety for different kinds of NPs: a polymeric nanoconstruct bearing HER-2
specific antisense oligonucleotides [88], liposomal NPs [79] and iron oxide NPs [89]. An innovative approach was proposed
by Zhang et al. that uses non-toxic transformable peptides able to self-assemble into micelles under aqueous conditions,
following interaction with HER-2 on HER-2* BC cells [90]. Another strategy exploited to target HER-2 is represented by the
use of aptamers. These consist of single-stranded DNA or RNA with unique tertiary structures that allow them to specifically
bind to target molecules [91]. Smaller size, low immunogenicity, good tissue penetration and easy manipulation are
prominent features for their use. Moreover, the implementation of aptamers to functionalize NPs holds great promise for
targeted drug delivery and cancer therapy [92]. Recently, several aptamer-decorated NPs have been designed to address
HER2*BC. Gold nanoconstructs conjugated with anti-HER-2 aptamers have demonstrated the ability to recognize HER-2
on SKBR-3 cells and then to be internalized via HER-2-mediated endocytosis. Accumulation of these complexes in lysosomes
resulted in accelerated degradation of HER-2 and the suppression of cancer cell growth [93]. In addition, pH-responsive
mesoporous silica NPs functionalized with anti-HER-2 aptamers [94], and albumin NPs decorated with a new DNA aptamer
named HB5, obtained by exponential enrichment technology, have also been proposed [92]. Moreover, DNA-based
nanorobots functionalized with anti-HER-a aptamers have been developed. Ma and coworkers designed and explored in
vitro the potential of SKBR-3 cells with a tetrahedral framework of nucleic acids decorated with an anti-HER-2 aptamer, and
showed that the construct is able to specifically target HER-2* BC in SKBR-3 cells and induce lysosomal degradation of HER-
2[95].

An interesting targeting strategy as an alternative to antibodies, is the use of designed ankyrin repeat proteins
(DARPins). Ankyrins are naturally occurring proteins that act as a link between a variety of cell membrane proteins and the
spectrin-actin cytoskeleton in a non-immunoglobulin-based approach [96]. DARPins are recombinant engineered binding
proteins with a binding affinity comparable to antibodies, but with smaller size, higher stability, and cheaper production
methods [97,98]. A DARPins-based drug (Abicipar pegol) is now under clinical evaluation for age-related macular
degeneration [99]. In the context of HER-2* BC, several DARPins have been shown to bind to different extracellular HER-2
domains with low nanomolar affinity and extremely high specificity. This was confirmed in both highly overexpressing
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SKBR-3 cells and mildly overexpressing MCF?7 cells [100]. Moreover, DARPins were used to evaluate HER-2 expression in
paraffin embedded tissues from cancer patients, showing again high specificity and equivalence with traditional anti HER-
2 immunoistochemistry [101]. In vivo experiments with CD1-FOXn1/nu SK-OV3 bearing mice showed that by PEGylating
DAPRins, their biodistribution and a high tumor-blood ratio but were affected by a rapid clearance, while PEGylated
DAPRins had much slower clearance that, on one hand, further increased tumor accumulation, but on the other hand
decreased the tumor-blood ratio [102]. In this context, DARPins have been used to functionalize different types of NPs,
including magnetic and paramagnetic NPs, gold nanorods, and polymeric NPs as novel diagnostic, therapeutic and
theranostic agents [103-105]

Finally, an interesting approach exploits NPs obtained from molecularly imprinted polymers that obstruct the HER-2
signaling by blocking the dimerization site of HER-2 receptors and thereby suppressing the growth of SKBR-3 HER-2* BC
as compared to MCF-7 HER-2 basal cells. These imprinted NPs target HER-2 via binding to its glycans differently from the
other biochemicals and chemicals, which target HER-2 by binding to one of its domains or sub-domains [106].

In summary, among all the different classes of HER-2* BC targeting nanoagents, it is still impossible to identify the
winning strategy. The choice should depend on the final intended application and NP of election. It has already been
discussed that small NPs could not be functionalized with whole antibodies without the risk of altering their
pharmacokinetics and stability profiles. In parallel, if NPs are developed with a therapeutic goal, the targeting agent should
retain the same anticancer activity observed for TZ. Having said that, all reported results seem very interesting and
promising and a new class of nanoagents able to specifically target HER-2* BC to deliver cytotoxic or contrast agents would
allow us to solve two major unmet clinical needs: (i) the insurgence of resistance mechanisms to available TZ-based targeted
therapies and (ii) the difficulties encountered in the process of diagnosis. In this context, the difficulties that physicians have
in precisely quantifying HER-2 levels in patients still limit the prescription of proper treatments and the prediction of their
efficacy [107]. Both these aspects are evaluated in detail in the following paragraphs.

4. Nanotechnological Strategies for the Treatment of HER-2+BC

4.1. Strategies to Deliver Chemotherapeutic Drugs and Other Cytotoxic Agents

In recent years, NPs functionalized with the above-mentioned HER-2 targeting ligands have been exploited to deliver
different kinds of therapeutic agents in HER-2* BC. The vast majority of them have been investigated by in vitro assays at
the preclinical level.

Among these, we can find several interesting and convincing works, as summarized in Table 1and Table 2. TZ-coated
polymer-based NPs loaded with docetaxel showed increased target selectivity, cellular uptake, and cytotoxicity in HER-2*
BT474 cells but not in HER-2" control cells [67]. Cisplatin-loaded lipid, and / or polymer-based NPs, displayed higher in vitro
efficacy in comparison to non-targeted NPs and free drug only in HER-2* SKOV-3 but not in HER-2- HCC70 cells [71].
Doxorubicin (DOX), widely exploited for therapeutic purposes in HER-2* BC, has been loaded into polymeric NPs
functionalized with an antiHER-2 antibody and displayed higher cytotoxicity toward HER-2* MCF?7 cancer cells than both
non-targeted DOX-NPs and free DOX, without significantly damaging healthy cells [69]. Moreover, novel pH-sensitive,
aptamer-conjugated mesoporous silica NPs loaded with DOX were described by Shen et al. These NPs released the drug in
a pH-dependent manner, along with effective uptake and enhanced cytotoxic effects in HER-2* BC SKBR3 cells [94]. Several
HER-2-targeted polymeric NPs have been studied in vitro for the delivery of paclitaxel (PTX), either alone [68] or in
combination with everolimus [74]. PTX has also been delivered to HER-2*BC SKBR-3 cells using iron oxide NPs conjugated
with an anti-HER-2/neu peptide, or using worm-like nanocrystal micelles functionalized with TZ [70].

Other works describe the in vivo efficacy of HER-2-targeted NPs loaded with chemotherapeutics. Pegylated carbon-
based NPs conjugated with TZ and loaded with DOX have been proposed as well. These NPs are stable under physiological
pH conditions but, in presence of the lower tumor environment pH and following endocytosis, DOX is released in a
controlled manner resulting in high uptake and activity in vitro and in vivo in HER-2* BC (SKBR-3 models) [75]. Finally,
pegylated DOX liposomes conjugated with an anti-HER-2 peptide [108] or with an anti-HER-2 affibody [109] demonstrated
good potential in the treatment of a TUBO HER-2*BC model in vivo.

HER-2-targeted NPs have been exploited for intratumor delivery of the ribosomeinactivating protein saporin [84].
PLGA NPs decorated with HER-2 nanobody and loaded with saporin selectively induced cell death of SKBR-3 cells in
combination with Photochemical Internalization (PCI). This technique uses a photosensitizer and local light exposure to
trigger endosomal escape of entrapped nanocarriers [84].

Another drug encapsulated in TZ-functionalized polymeric NPs is the anti-SRC kinase inhibitor Dasatinib. In this case,
the nanoformulation improves its in vitro cytotoxicity against BT474 HER-2* BC cell lines [110]. Curcumin has also been
nanoformulated and exploited for BC treatment using SKBR-3 human serum albumin NPs decorated with an anti HER-2
aptamer [92].

An albumin nanoformulation for the delivery of Lapatinib has been suggested, too. The ability of being internalized
and inducing apoptosis was confirmed in SKBR-3 cells and stronger anti-tumor efficacy compared to lapatinib alone was
determined in tumor-bearing mice with no sub-chronic toxicity [111].
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4.2. Strategies to Vehicle Nucleic Acids or Gene Silencing Molecules

Short interfering RNA (siRNA) molecules are a class of double-stranded non-coding RNA molecules. In recent years,
they have been extensively studied in BC as an emerging class of drug, since they are able to regulate gene expression. With
the use of siRNAs, it is possible to inhibit specific genes and perform cancer treatment of undruggable targets. However,
siRNAs cannot not be employed in vivo as such, since they are affected by inherent instability [112]. In the attempt to
overcome issues of resistance to conventional therapies, Gu et al. developed mesoporous silica NPs conjugated with HER-
2-targeting antibodies to deliver HER-2 siRNA, demonstrating in vitro that HER-2* BC cells usually do not develop
resistance to HER-2 siRNA compared to TZ or lapatinib. Moreover, this siRNA can silence HER-2 at the mRNA level,
preventing adaptational changes and survival mechanisms in BT474, SKBR-3 and HCC1954 cells. The authors conclude that
ablation of HER-2 receptor using HER-2 siRNA [113] could overcome the reactivation of signaling in a BT474 in vivo model,
typical of cells resistant to different chemotherapies (e.g., lapatinib) [114,115].

Cristofolini at al. studied a magnetic hybrid nanostructure of iron oxide stabilized by caffeic acid coating for magnetic
responsive delivery of negatively charged siRNA entrapped in a middle layer of calcium phosphate. This structure,
externally coated with PEG to improve colloidal stability and evading immune system recognition, is able to enhance the
delivery of HER-2 siRNAs to a human HCC1954 BC cell line in vitro [116]. In another work, siRNA delivery was improved
by assembling RNA-based NPs designed to resist nucleases. This novel nanostructure has highly efficient gene silencing
ability, tumor targeting specificity, and chemical and thermal stability. In addition, a 2°-F-modified 3WJHER-2aptasiXBPI
siRNA has been incorporated in the NPs, becoming more metabolically and structurally stable and displaying a higher renal
filtration clearance [117].

Another advantage of using NPs is the possibility of co-loading them with more than one agent to perform a dual
therapy. Indeed, the combination of a newly developed HER-3 siRNA and TZ has been used for the treatment of HER-2*BC
using polyethyleneiminefunctionalized carbon dots. Overexpression of HER-3, a member of ErbB receptor family, is
associated with TZ resistance. In recent studies, it has been demonstrated that siRNAs that targets HER-3 can increase
antitumoral efficacy of TZ in HER-2* cancer cells. Therefore, a combination therapy of TZ and an HER-3 specific siRNA is
effective in blocking HER-2 /HER-3 signals, since increased tumor penetration downregulates HER-3 overexpression and is
able to inhibit proliferation of BT474 cells without inducing resistance to the therapy [76].

Another study reported the use of a polymalic acid-based mini nanodrug attached to HER-2-specific antisense
oligonucleotides and peptides able to target HER-2 receptors on BT474 cells [88]. Here, the authors claim that the shape and
size of their mini nanodrugs are important in enhancing penetration of multiple bio-barriers by the nanoconstructs to
enhance their therapeutic efficacy.

Finally, NPs have been used to deliver the mRNA of TZ in vivo to overcome many of the gaps in antibody production
and therapeutic application. The mRNA encoding for TZ was protected from degradation by encapsulation into lipid-based
NPs designed to allow liver-targeted production of TZ. In this way, prolonged expression of full-size TZ was achieved in
the liver, providing an effective cancer treatment and offering a valuable alternative to protein administration [118].

4.3. Nanostrategies to Improve Radiation Efficacy in HER-2* Tumors

Radiation therapy is widely used both in the treatment of early and advanced stage BC and as palliative treatment to
mitigate pain in patients with metastatic BC. This procedure takes advantage of high energy beams to kill cancer cells and
shrink tumor masses.

Gold pegylated NPs linked to TZ and complexed with Auger electron-emitter 111In, showed inhibition of tumor growth
in vitro and in vivo (SKBR-3 models) without toxicity to normal tissues. In addition, the author showed the critical role of
functionalization in increasing the internalization capacity of NPs in HER-2" cells [64]. In another report, TZmodified AuNPs
labeled with ”Lu were developed to target the HER-2 receptor on SKBR-3 and BT474 BC cells, and were more effective in
inhibiting tumor growth in vivo compared with non-targeted AuNP-"Lu [119]. Magnetite NPs can be exploited in
antitumor local radiation. Modifying the magnetite core using a emitter *Ag, it is possible to obtain a combination of
ionizing radiation and magnetic hyperthermia in a single drug, while the TZ conjugation confers tumor targeting specificity
in SKOV-3 cells [73].

A completely new radiation therapy, named a-nanobrachytherapy, has been proposed for solid unresectable tumors.

This approach has been utilized for selective therapy of HER-2* BC and involves the injection of 5 nm diameter gold NPs
labeled with an #'At emitter, and the a irradiation of bismuth target. NPs used in this approach are stabilized with PEG and
conjugated with TZ to achieve target selectivity. ' At-AuNPs-PEG-TZ can be effectively used as a local therapy for HER-2*
cancers, as suggested by in vitro studies with ovarian SKOV-3 cancer cells [65].
Radioactive upconversion NPs (UPNPs) coupled with the beta-emitting radionuclide yttrium-90 (90Y) and functionalized
with specific DARPins binding HER-2 (DARPIn 9-29) were shown to improve therapeutic efficacy in SK-BR-3 HER-2* cells
compared to HER-2- CHO cells. Moreover, these NPs confirmed their therapeutic activity in HER-2 xenograft tumors in
vivo, where they delayed and reduced tumor growth after intratumor injection [120]. Even if promising, this approach
should be further improved by carefully evaluating off-target toxicity after systemic administration.

Another emerging field of local radiation is represented by photothermal therapy (PTT). PTT is a minimally-invasive
therapeutic approach based on the toxic effect produced when specific photothermal agents that accumulate into the tumor
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are locally irradiated with an external source to convert this energy into heat that shrinks the tumor mass. NPs with the
ability of specific tumor accumulation and high photothermal conversion rate have been proposed to improve PTT efficacy.
Among these, gold nanorods display interesting properties. Indeed, by tailoring the size and shape of nanorods it is possible
to tune the near infrared wavelength of absorption, transforming them into extremely good photothermal agents [66].
However, bare gold nanorods cannot effectively target the tumor, thus limiting their efficacy. Therefore, Kang et al. designed
gold nanorods (GNRs) functionalized with TZ and porphyrin, obtaining improved targeting specificity and significantly
higher inhibition of tumor growth in a BT474 xenograft in vivo model [66]. This study showed how GNRs represent a
promising tool for the treatment of HER-2+ BC. DARPins have also been used as targeting moieties to improve SKBR-3
HER-2+ cell accumulation of UCNPs to be used as PTT agents. This approach was confirmed in vivo in a Lewis lung cancer
(LLC) mouse model, in which the administration of functionalized UPNCs reduced tumor growth after a single laser
irradiation [121].

Table 1. Summary of all significant examples of organic NPs developed for HER-2* BC therapy.

Mechanism of Action and

Targeting Molecule Achievements NP Type Reference
Targeted delivery of anticancer Inc.r e.mer‘;t of anticafncer. .
drug. TZ (LuyePharma, Yantai, activity, decrease of toxicity Pol ic/livid L. 67—7
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South San Francisco, CA, USA) Lower cht?moﬂqerapeuhc
dose required for treatment
Improved PK profile
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K] 8 Reduction of off-
g target effects
2
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drug. TZ (Roche, chemoresistance Polymeric in vitro [72]
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Release of anticancer drug in Effective neoadjuvant Albumin-bound
combination with TZ (Roche, therapy with Paclitaxel clinical trial [77]
Basel, Switzerland) reduced toxicity (nab-PTX)
Targeted delivery of anticancer Improved NP stability
drug TZ (Roche, Induction of apoptosis and Polymeric in vitro [110]

Basel, Switzerland)

cell cycle arrest
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Table 2. Summary of all significant examples of inorganic NPs developed for HER-2* BC therapy.

Mechanism of Action and
Targeting Molecule Achievements NP Type Reference
Antitumor immune
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Table 2. Cont.
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5. Detection of HER-2+BC: State of the Art and Clinical Needs

As already mentioned, HER-2 is an important clinical biomarker, as its overexpression or amplification is associated
with greater aggressiveness and influences a patient’s management [122,123]. Therefore, a precise quantification of HER-2
levels in patients is of fundamental relevance to guide doctors in elaborating the proper therapeutic strategy and predicting
the response to therapy. The standard methods used in clinics to define HER-2 positivity are: (i) IHC, and (ii) FISH and
chromogenic in-situ hybridization (CISH). IHC shows the amount of HER-2 protein in the sample, while FISH allows the
determination of the number of copies of HER-2 present in tumor cells [124]. CISH is a diagnostic method that combines the
chromogenic signal detection method of IHC techniques within situ hybridization [125].

Despite their wide use, these techniques have several limitations. First of all, IHC, FISH and CISH are highly invasive
since they require tissue biopsies. Furthermore, their sensitivity and target specificity still need to be improved [125]. It has
been reported that about 20% of HER-2 positivity diagnoses made with the available standard methods appear to be
inaccurate [126,127]. Moreover, HER-2 expression in primary tumors and metastases is highly discordant, with several
reported cases of HER-2" primary and HER2" metastases. Therefore, several biopsies should be made during the course of
treatment, at least in uncertain cases, and not all metastatic foci are available for sampling. In addition, HER-2 gene
overexpression may not correlated with protein levels, and FISH results may underestimate HER-2 levels. These aspects
may significantly contribute to imprecise quantifications obtained by standard methods [128]. Based on these
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considerations, it appears clear that the development of tools able to target HER-2 with high sensitivity, and in a simple and
accessible way, would be of great help to enable an early diagnosis of the disease, thus guiding therapeutic choice and
increasing the chances of survival [58]. These targeting agents should be able to evaluate HER-2 levels in primary tumors
and small metastases, as well as working on circulating tumor cells to enable liquid biopsies [129].

6. Nanotechnological Approaches for HER-2+BC Diagnosis

Recently, several nano-based approaches have emerged as promising candidates for the detection and screening of
HER-2*BC, including organic and inorganic NPs, QDs and aptamers (Table 3 and Figure 2) [58].
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Figure 2. Nanotechnology approaches for HER-2* BC diagnosis.

6.1. Imaging Agents for Early Diagnosis and Tailored Therapy

Using innovative bioimaging techniques, HER-2-targeted NPs can allow oncologists to evaluate HER-2 expression more
precisely than with traditional methods and to elaborate the correct therapeutic strategy more rapidly. The imaging
techniques that have shown the most promising results are computerized tomography (CT), positron emission tomography
(PET), single photon emission computed tomography (SPECT), ultrasounds (US), magnetic resonance imaging (MRI) and
optical imaging [58,130,131]. These techniques have their own advantages and disadvantages. PET and SPECT have a much
higher sensitivity compared to MRI, but much lower resolution and cannot provide any anatomical information [132].

Most of the targeting agents exploit the anti-HER-2 humanized monoclonal antibodies (Trastuzumab and Pertuzumab),
mAbs, Fabs, scFv, etc. Labeling NPs with these targeting moieties has the dual advantage of conferring stability to the
targeting agent and loading a single vector with many contrast agents, thus significantly increasing the specificity and
intensity of the signal [133]. Moreover, the possibility of modifying the physico-chemical properties of the constructs, allows
a much higher control of the biodistribution and clearance kinetics, thus improving tumor retention and allowing prolonged
imaging of the tumor tissue [134].

6.1.1. Magnetic Resonance Imaging and Computerized Tomography

MRI is a widely diffused non-invasive imaging tool used in the clinics for diagnosis of tumors. It is characterized by a
high degree of soft tissue contrast, and spatial resolution without any limitation due to signal depth. To increase contrast,
exogenous contrast agents are administered prior to scanning [132]. Chen et al., explored the possibilities of using
superparamagnetic iron oxide NPs modified with dextran and conjugated with Herceptin for detecting HER2 in vitro and
in vivo. The authors reported significant magnetic resonance enhancements for the different BC cell lines tested proportional
to the HER2 /neu expression level (SKBR-3, BT-474, MDA-MB-231, and MCF-7). When TZ-NPs were administered in vivo,
the authors observed an accumulation of the contrast agent in the tumor sites, confirming their suitability for detection of
HER?2 /neu-expressing BC [135].

In another work, PEGylated SPIONs were exploited to target HER-2* BC. The authors functionalized the particles with
a single chain variable fragment directed against HER-2 and labelled them with a Cyanine (Cy) based fluorescent tag to
provide dual tracking modality. These NPs demonstrated enhanced uptake into BC cells depending on their HER-2
expression level (BT474, SKBR-3, MDA-MB-231 and MCE-7) [136]. These results, together with their biodegradable nature
and biocompatibility profile, represent prominent features for their use in early BC diagnosis.
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Another approach is so called “supersensitive magnetic resonance imaging”, that uses contrast agents with a high R2
relaxivity (low T2, as R2 = 1/T2) to enhance imaging sensitivity. In this context, Zhang et al., developed recombinant
magnetosomes functionalized with an anti-HER-2 affibody that showed high specificity only for the SKBR-3 HER-2* BC
model up to 24h after IV administration. Interestingly, the immunogenicity of the complex was controlled by chemically
removing the lipid bilayer of the extracted magnetosome with a non-pyrogenic stealth lipid mixture. Moreover, the highly
negative zeta-potential of the system (=~20 mV) significantly reduced the nonspecific binding of magnetosomes to non-
target cells. These small details confer to the study an even stronger translation potential toward safe clinical applications
[137].

6.1.2. In Vivo Fluorescence Imaging

Fluorescence based techniques are widely used at a clinical level for all sorts of diagnostic assays. NIR infrared
fluorescence bioimaging is emerging as a powerful technology especially for fluorescence-guided surgery, with many dyes
already used at a clinical level, such as indocyanine green. Many tools are being tested preclinically, such as organic natural
fluorescent dyes, hybrid fluorescent dyes, protein dyes, polymer dots, and quantum dots.

Quantum dots (QDs) are characterized by a tunable and narrow fluorescence emission spectrum, long lifetime and
high optical stability compared to other organic fluorescent dyes [138]. However, their clinical development is limited by
toxicity issues, as they are made using heavy metals [139]. Wei et al. developed a method for the identification of HER-2*
BC using an HER-2 antibody with MnCuInS/ZnS QDs-loaded BSA fluorescence NPs [140]. Interestingly, the authors
developed a method to produce heavy metal-free QDs, thus addressing the main concerns related to QD toxicity. In this
work, the nanoprobe was tested in HER-2* SKBR-3 cells versus HER-2- MDA-MB-231 cells. After 4 h of incubation, the
authors demonstrated by confocal microscopy that functionalized NPs were able to specifically target HER-2* cells with very
low cytotoxicity. In another in vitro study, the direct conjugation of the anti-HER-2 antibody to the QD surface for detection
of the HER-2 receptor was investigated in HER-2*, and HER-2" cells. An increase in the uptake of anti-HER-2-QD antibody
conjugate was found only in SKBR-3 HER-2* cells [141]. Wang and colleagues screened two novel HER-2 targeting peptides,
YLFFVFER and KLRLEWNR, and conjugated them to quantum dots to specifically target HER-2" in vivo in an SKBR-3
model [142]. Another study reported the possibility of using QDs conjugated with HER-2 targeting single-domain antibodies
(sdAb), for detecting micrometastases and disseminated HER-2* tumor cells ex vivo [143].

Further, in vivo biodistribution and imaging studies will be important to confirm if these promising results can be
translated in clinics, carefully evaluating targeting specificity and sensitivity, to detect single cells ex vivo.

6.1.3. Nuclear Medicine

Nuclear imaging techniques such as PET and SPECT represent powerful tools to allow HER-2* BC visualization. These
have been the first clinically approved molecular imaging modalities and nowadays are widely diffused in clinical practice,
with ®Ffluorodeoxygluocse and *™Tc being the most common tracers used for PET and SPECT respectively [130]. However,
these agents lack any tumor specificity, and researchers have been developing several engineered tracers with cancer
targeting ability. In the case of HER-2* cancers, numerous studies have developed radiotracers conjugated with TZ, TZ
antibody fragments, affibodies, nanobodies and aptamers to allow specific tumor targeting. Among these, Xavier C. et al.
used F labelled with an anti HER-2 nanobody as a PET contrast agent and demonstrated a significantly higher tumor-to-
blood ratio, at 1h and 3h after injection, for the targeting tracer compared with non-targeting tracer in a SKOV-3 xenograft
model. All agents were quickly cleared through the kidneys [144]. Similarly, Ahlgren et al. used anti HER-2 affibodies
labelled with *™Tc as specific SPECT cancer imaging agents in two in vivo BC xenograft models with different HER-2
expression. Interestingly, they showed high tumor accumulation of the engineered probes 4h after injection, and this was
proportional to the HER-2 expression levels. Moreover, with a modification to the C-terminal cysteine of the construct, they
were able to reduce off-target liver uptake [145].

Although interesting, these solutions have limitations, such as low contrast and short half-life, that limit the temporal
window to obtain optimal imaging acquisitions. Due to advantages offered by nanotechnology, such as high loading
capacity and multiple surface functionalization, it has been possible to develop radiolabeled probes with higher contrast
and favorable biodistribution kinetics compared to standard imaging probes [146]. However, most of the studies found in
the literature rely on passive tumor targeting, mediated by the so-called Enhanced Permeation and Retention (EPR) effect
[147], while only a few works exploit specific surface functionalization to enhance tumor targeting. An example of specific
tumor targeting in an HER-2*BC attempt was described by Rainone et al. [148]. The authors developed *™Tc-radiolabeled
silica NPs functionalized with a TZ half-chain and verified the nanoprobe specific affinity with SKBR-3 HER-2*BC cells in
vitro, and in the relative xenograft animal model ex vivo.

Tumor radioactivity was higher in animals treated with TZ -functionalized probes as compared to non-functionalized
ones. However, this difference was not statistically significant since at longer time points the advantage of functionalization
was lost [148]. These results suggest that further research needs to be done to optimize NP characteristics and imaging set
up to confirm the potential impact of nanotechnology in promoting HER-2 targeting probes for nuclear imaging. Other
studies have co-loaded nuclear medicine radiolabels and chemotherapeutic agents inside the same nanocarriers to combine
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diagnosis and therapy in the so-called theranostic [149,150]. These are addressed in a dedicated section at the end of this
review (Section 7).

6.1.4. Multimodal Hybrid Approaches

As previously said, all imaging techniques have intrinsic advantages and disadvantages. A possible solution would be
coupling more than one imaging approach within the same nanoplatform. This is a very powerful approach that could lead
to improved diagnosis and should be explored in detail.

An early work using multimodal imaging was reported by Jang et al. [151]. The authors used silica core shell NPs, both
fluorescently and magnetically labelled, for fluorescence imaging and MRI (in vitro). The particles were targeted with TZ
and provided high contrast in HER-2* SKBR-3 cells. Even if very preliminary, these NPs could be interesting agents for
further multimodal in vivo imaging applications. Similarly, Li et al. used DARPin G3-coated fluorescently labelled SPION
for HER-2" cells and a tumor model in vitro and in in vivo, respectively. The authors showed that functionalized SPIONs
had a significantly higher binding with SKBR-3 HER-2" cells than with MDA-MB-231 HER-2" ones. This behaviour was also
observed in mouse models, in which, by MRI, much higher contrast in SKBR-3 tumor bearing mice than in MDA-MB-231
bearing mice was observed [104]. Interestingly, the DARPin G3 has a different binding site compared to TZ, suggesting that
DARPin G3 based HER-2 targeting ability should not be influenced by treatment with TZ.

Ultrasound molecular imaging has undergone significant evolution due to the development of specific ultrasound
contrast agents offering high tumor selectivity and high sensitivity [152]. Li et al. used US and MRI in a SKBR-3 in an in vivo
model to evaluate the targeting ability and biodistribution of iron oxide-doped silica NPs functionalized with an anti-HER-
2 antibody. Even if the synthesized NPs had a short blood half-life (with a peak 60 min after administration) and high liver
uptake, mainly due to their large size (diameter of approximately 200 nm), the authors observed specific intratumoral
accumulation of NPs both by US and MRI within minutes after administration [153]. Even if the increase in image contrast
was not significant between the target and the control group, and the possibility of visualizing metastases was not explored,
the idea of coupling these two imaging modalities is extremely interesting.

In another work by Chen et al., MRI was coupled with CT, demonstrating the possibility of specifically imaging an
HER-2* in vivo model with a generation 5 Polyamidoamine (PAMAM) dendrimer covalently linked to gold NPs and
gadolinium, and functionalized with TZ [154]. The authors reported a significant increase in both MRI and CT contrast (30%
and 13% respectively) 4 h after IV administration of functionalized dendrimers, as compared to non-functionalized ones.
Biodistribution and MRI proved the persistence of functionalized dendrimers in the tumor up to 48h, while the signal in
non-target organs started decreasing 4h after administration. The specificity and the possibility of such a wide imaging
window are the major strength of this nanotool, that may allow early and non-invasive diagnosis of both HER-2* primary
tumors and metastases.

Other approaches to address HER-2*BC, involve the use of SPIONs-Cy-PEG-scFv as a targeted imaging agent in vivo.
The authors reported a significant increase of MR signals in BT474 HER-2" tumor-bearing mice 24h after injection, compared
to non-functionalized NPs, indicating specificity scFv versus HER-2 overexpressing cells/tumors [136].

In 2018, Chen et al. showed how dual radio (89Zr)-labelled and fluorescently (Cy5.5)labelled ultra-small silica NPs
functionalized with anti-HER-2 scFv fragments specifically accumulated in HER-2* BT474 tumors [155]. Perfectly aware of
the off-target distribution issue, the authors explored NPs with proper size and surface characteristics to avoid offtarget
distribution in the liver and limited renal filtration. After 24h, the particles seemed to reach a peak concentration in the
tumor that was maintained at an approximately stable level until 72 h after administration. By contrast, the off-target signal
slightly decreased. Results showed the highly specific tumor accumulation and clear targeting potential of such NPs.

6.2 Nano-Biosensors for the Detection of HER-2 Levels in Biological Fluids and Tissues

Another huge area of research is the development of novel nano-biosensors able to detect and quantify HER-2 in blood
or small tissue samples collected from patients. This approach is of extreme interest and would allow an early diagnosis of
HER-2*BC, the possibility of predicting recurrence, detecting metastases, and improving treatment regimen in the case of
low response and acquired resistance to target therapies [156].

6.2.1.  Inorganic NPs-Based Nanosensors

A successful nanotechnological non-invasive approach for detecting and quantifying HER-2 levels in serum samples
obtained from patients was developed by Emami et al. [157]. The authors developed a label-free immunosensor consisting
of pegylated iron oxide NPs conjugated with anti-HER-2 antibodies. This non-invasive strategy was highly sensitive,
responding to HER-2 concentrations over the ranges of 0.01-10 ng mL~'and 10-100 ng mL™". In addition, the simplicity and
accuracy of this method make it comparable to other methods responsive to HER-2.

Apart from the more diffused Iron Oxide Nanoparticles (IONPs), magnetite NPs have been explored as magnetic nano-
biosensors. In a preliminary report, Villegas-Serralta et al. developed aminosilane-coated and dextran-coated magnetite
nanoparticles (As-M and Dx-M, respectively) conjugated with anti-HER-2 scFvs and evaluated their potential use as
biosensors for HER-2 detection using a magnetic based ELISA [158]. The authors showed that As-M NPs were more efficient

126



Appendix 1

in scFv immobilization and had higher biomarker targeting activity. An advantage of such an approach is that As-M were
also detectable by Raman-Spectroscopy, which is emerging as a very promising technique for HER-2 detection and
quantification. Yang et al., developed a novel surface-enhanced Raman scattering (SERS) probe to distinguish between HER-
2*SKBR-3 cells and HER-2"MCF?7 cells [159]. Gold NPs have also been employed as HER-2 nanosensors. Tao et al. developed
ananoplatform based on gold nanoclusters encapsulated into liposomes further functionalized with an anti-HER-2 antibody
or aptamer [160]. The authors proved that their cost-effective nano-biosensor are highly biocompatible and can precisely
quantify HER-2 levels in cell suspensions and identify HER-2* cancer cells on tissue slices. As compared to traditional
immunoassays, the main advantages of such an approach are related to the intrinsic robustness of gold NPs and to the
significantly higher sensitivity due to the high loading capacity of gold NPS inside a single liposome.

Finally, examples of QDs-based HER-2 nanosensors can be found in the work by Tabatabaei-Panah [161]. Herein, they
provided the proof of concept of anti HER-2 functionalized QDs as sensors to specifically bind HER-2 over-expressing SKBR-
3 cells and tumor tissues ex vivo. The authors used a homemade anti HER-2 antibody-biotin conjugate labelled with
commercially available QDs (QD525, Invitrogen) in comparison with FITC-labelled antibodies. In both in vitro and ex-vivo
experiments, immunofluorescence analysis showed that labelling with QDs improved the staining index (contrast between
specific HER-2 signal and background) by five times compared with FITC. These results are remarkable, and the images in
the paper are impressive. However, the authors fail to provide sufficient evidence for the specific labelling of HER-2, since
preliminary results were not supported by further histopathological analyses.

6.2.2. Aptamers Based Nanosensors

Another approach for the detection of HER-2* cancer cells in fluids and tissues is based on the use of aptamer-based
organic NPs. Gijs et al. discovered two DNA aptamers (HeA2 1 and HeA2 3), by screening a library of ligands obtained by
a whole-cell systematic evolution and exponential enrichment (SELEX) method to bind HER-2 protein with high specificity.
Their results demonstrated that both aptamers possessed excellent binding affinity to HER-2* cell lines (SKOV-3 and SKBR-
3) and an HER-2* tumor tissue sample in comparison to an MDA-MB-231 cell line (low HER-2 expression level) [162]. Chu
etal., developed another HER-2 aptamer (HB5) using the SELEX approach. The HER-2 HB5 aptamer was able to specifically
bind to HER-2+ BC cells (SKBR-3) with minimal binding to HER-2— cells (MDA-MB-231). Furthermore, an improved IHC
method with an HB5 aptamer was investigated in clinical samples compared to other commercial kits approved by the FDA
for the evaluation of the HER-2 expression profile, demonstrating greater efficacy and specificity than commercial kits [163].

Aptamers have also been developed by Kim et al. and used as plasmonic nanosensors for HER-2 in biological fluids.
In a preliminary study, the authors coupled anti-HER-2 specific aptamers to dopamine-coated gold nanorods and verified
an extremely low limit of detection, thus opening the way to super-sensitive detection methods [164].

7. Theranostics

The is great interest in multifunctional NPs that can be used as theranostic agents able to: (i) specifically visualize
primary tumors and metastases; (ii) to quantify HER-2 levels allowing more accurate tumor stratification, and (iii)
specifically deliver therapeutic agents to HER-2+ tumors.

In this context, Zheng et al. reported the use of multivalent PLGA NPs loaded with SPIONs and DOX, further labelled
with gold NPs and Herceptin. These were used as MRI and photoacoustic dual contrast agents to couple the advantages of
both imaging techniques. Furthermore, they promoted both DOX-driven chemotherapy and photothermal therapy due to
the presence of gold NPs on the surface of PLGA NPs. These NPs resulted in a unique and complex nanosystem able to
modulate immune responses and remodel the tumor microenvironment in a BT474 xenograft model amplifying the
antitumor therapeutic effect [165].

Rainone et al. used fluorescent and 99mTc-radiolabeled silica NPs functionalized with a TZ half-chain to specifically
detect HER-2 overexpressing tumors. Moreover, they loaded the NPs with DOX to simultaneously confer traceability and
antitumoral properties in comparison with liposomal DOX (Caelyx) [150]. The developed nanoagents could be utilized as
new theranostic agents for HER-2+ BC lesions. The authors showed high accumulation of NPs in the SKBR-3 tumor mass
within the first 4h of treatment, with a fast decay and low tumoral specificity at later time points. This peculiar aspect should
be improved to grant longer tumor visualization and to allow the use of these NPs during surgical procedures.

Choi et al. developed pluronic-based NPs functionalized with an anti-HER-2 antibody and labeled with Cy5.5 to enable
in vivo optical imaging. The authors co-loaded IONPs and DOX to simultaneously couple MRI and chemotherapy. Specific
cellular uptake was studied in HER-2 overexpressing SKBR-3 cells. Moreover, in an in vivo xenograft tumor, the developed
herceptin-functionalized NPs showed higher tumor uptake and antitumor efficacy compared to non-functionalized ones 14
days after treatment [166].

All these examples can be further improved in terms of cancer specificity, off target distribution, and metastases
detection to enhance their success in clinical translation. As a general consideration, coupling early detection and therapy
could provide an enormous advantage toward future clinical applications to reduce intervention invasiveness and improve
treatment schedule.

127



Table 3. Summary of all significant examples of NPs developed for HER-2* BC diagnosis.
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Table 3. Cont.
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8. Conclusions

HER-2* BC is a pathology much studied by nanotechnologists who have developed many
nanosystems aimed at improving the treatment and diagnosis of cancer. Starting from therapeutic
antibodies currently used in BC therapy, many targeted NPs have been developed. Therapeutic antibodies
and their derivatives have been used to functionalize different kinds of NPs in an attempt to drive tumor
recognition, NP accumulation, and internalization, resulting in increased performance as diagnostic
devices, and with therapeutic properties.

NPs also allow the delivery of hydrophobic molecules, due to their encapsulation in appropriate
nanosystems, improving their bioavailability and hence favoring their use as new therapeutic agents with
improved therapeutic and imaging properties. Indeed, by modifying NP characteristics, the
pharmacokinetics of injected molecules can be enhanced and their blood half-life extended. The toxicity
of parenterally administered drugs can be reduced by enhancing drug accumulation i the target tissue and
reducing off-target effects. Moreover, a single NP can be loaded with several drug molecules, allowing
testing of different therapeutic combinations to improve BC management and reduce the onset of
chemoresistance. In parallel, NPs can be loaded with several contrast agents and used as highly sensitive
tools for early cancer diagnosis, as active moieties for radiation therapy and as theranostic tools if co-
loaded with active drugs. Moreover, as the cellular uptake mechanisms of encapsulated drugs are
completely different from those of free drugs, this has been shown to significantly reduce the evolution of
resistance mechanisms.

Among all the nanotechnological solutions proposed so far, a preferred candidate NP, able to be used
as a safe and active targeted nanodrug for HER-2* BC, has not emerged yet. This is due to several factors
that need further investigation, including difficulties in the translation of the results from in vitro to in
vivo experiments in murine models of cancer, rapid clearance from the bloodstream and liver
sequestration, intrinsic toxicity of the material used to prepare the NPs, and low reproducibility and high
production costs.
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We believe that in the effort of developing NPs for the management of HER-2* BC, the focus on the
translational potential of the agents should always be central at the very beginning of nanodrug development.
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Abbreviations
BC Breast cancer
HER-2* BC Human epidermal growth factor receptor-2 overexpressing breast cancer
NPs Nanoparticles
EGFR Epidermal growth factor receptor
AKT Protein kinase B, PKB
PI3K Phosphoinositide 3-kinase
MAPK Mitogen-activated protein kinase
IHC Immunohistochemistry
FISH Fluorescence in situ hybridization
mADb Monoclonal antibodies
TZ Trastuzumab
DFS Disease-free survival
0s Overall survival
ADCC Antibody-Dependent Cellular Cytotoxicity
T-DM1, Kadcyla® Trastuzumab emtansine
ADCs Antibody-drug conjugates, anticancer drugs
PES Progression-free survival
PTEN Phosphatase and tensin homolog
TKIs Tyrosine kinase inhibitors
pCR Pathological complete response
TILs Tumor-infiltrating lymphocytes
PEI Polyethylenimine
PLGA Poly (D,L-lactide-co-glycolide)
sdAb Single-domain antibodies
VH Human immunoglobulin heavy chain
Fab Antibody fragments
TmADb Fab obtained by papain cleavage of TZ
PmAb Fab obtained by papain cleavage of panitumumab
scFv Single chain variable fragments
DOX Doxorubicin
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PTX Paclitaxel

PCI Photochemical Internalization
siRNA Short interfering RNA

PTT Photothermal therapy

GNRs Gold nanorods
AuNPs Gold nanoparticles

PK Pharmacokinetic

XBP1 X-box binding protein 1

PDT Photodynamic therapy

Hapt Aptamer

IHC Immunohistochemistry

CISH Chromogenic in-situ hybridization

CT Computerized tomography

PET Positron emission tomography

SPECT Single photon emission computed tomography
Us Ultrasounds

MRI Magnetic resonance imaging

SPIONs  Super paramagnetic iron oxide nanoparticles
FGS Fluorescence guided surgery

QDs Quantum dots

Cy Cyanine

BSA Bovine serum albumin

EPR Enhanced Permeation and Retention
PAMAM Polyamidoamine

SERS Surface-enhanced Raman scattering

SELEX Systematic evolution of ligands by exponential enrichment
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Abstract: Protein nanocages have been studied extensively, due to their unique architecture,
exceptional biocompatibility and highly customization capabilities. In particular, ferritin
nanocages (FNs) have been employed for the delivery of a vast array of molecules, ranging from
chemotherapeutics to imaging agents, among others. One of the main favorable characteristics
of FNs is their intrinsic targeting efficiency toward the Transferrin Receptor 1, which is
overexpressed in many tumors. Furthermore, genetic manipulation can be employed to
introduce novel variants that are able to improve the loading capacity, targeting capabilities and
bio-availability of this versatile drug delivery system. In this review, we discuss the main
characteristics of FN and the most recent applications of this promising nanotechnology in the
field of oncology with a particular emphasis on the imaging and treatment of solid tumors.

Keywords: ferritin; cancer; tumor targeting; drug delivery; imaging
1. Introduction

Nanoparticle-based drug delivery systems have the capacity to enhance the physico-
chemical properties of a wide variety of drugs used in oncology to limit off-site side effects and
improve their therapeutic efficacy [1-3]. The ideal nanocarrier should be bio-compatible and be
able to avoid recognition by the reticuloendothelial system (RES), composed of tissue-resident
macrophages and phagocytes in the bloodstream, capable of efficiently clearing exogenous
nanoparticles (NP) from the circulation [4]. Natural proteins nanocages have a distinctive
advantage in this regard, in comparison to synthetic NP (liposomes, polymeric NP, micelles and
dendrimers), since they are virtually invisible to the immune system and display great
biocompatibility coupled with minimal toxicity. An exception is represented by virus-like
particles (VLPs), which are also composed of self-assembled proteins that are, in some cases,
highly immunogenic [5].

Endogenous self-assembled NPs can be synthesized by many cell types and are pri- marily
used to store and / or distribute to different tissues a wide variety of molecules, such as nutrients
and biochemical signals. NPs of this kind are quite diverse in terms of size and physiological
activity. Some examples are ferritin nanocages (FNs), heat-shock protein cages, vault
ribonucleoparticles, the E2 protein of the pyruvate dehydrogenase multien- zyme complex,
chaperones, carboxysomes and other enzyme complexes [6]. Unfortunately, most of these
protein-based NP are understudied and have, so far, limited applications in the field of
oncology. However, FNs have been studied extensively due to their intrinsic targeting
capabilities toward the Transferrin Receptor 1 (TfR1), which is highly expressed in many
tumors, making them very appealing for drug-delivery applications in oncology. Furthermore,
the small size and high customization potential make them ideal candidates
for the development of novel nanomedicines able to deliver a wide variety of drugs to the
tumor microenvironment (TME). This review describes the structure and function of FN,
modifications of the nanocages by chemical or genetic manipulation (Figure 1) and novel
applications of this nanotechnology for the imaging and treatment of solid tumors (Figure 2).
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Human Hc Ferritin Nanocages (FN) for the imaging and treatment of tumors
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Figure 1. FN as a protein-based delivery system for oncological therapeutics and imaging agents. FNs are
composed of 24 Hc subunits that can be chemically or genetically modified to couple a large variety of
molecules (antibodies, peptides, fluorophores, polyethylene glycol (PEG) and others) to their surface (N-
terminus) or internal cavity (C-terminus). Furthermore, FNs can be loaded with different drugs and
imaging agents and have intrinsic targeting capabilities toward the receptor TfR1, which is overexpressed
in many tumors. This cartoon was created by using BioRender (https:/ /biorender.com/, accessed on 2
November 2021).
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Figure 2. Applications of FNs in the field of oncology. FNs are versatile drug delivery systems. They can
be loaded simultaneously with anticancer and imaging agents to provide effective antitumor therapy that
can be monitored by differentimaging modalities. In addition, FNs can be loaded with immunomodulatory
drugs to remodel the TME or can be developed to incorporate tumor associated antigens to induce specific
adaptive immune responses against cancer cells, in the case of nanovaccines. This cartoon was created by
using BioRender (https:/ /biorender.com/, accessed on 2 November 2021).

2. FN Structure and Properties

Ferritin self-assembles in hollow icosahedral-shaped nanocages with inner and outer
dimensions of 8 and 12 nm, respectively [7]. In mammalian cells, ferritin is composed of heavy-
chain (Hc, 21 kDa) and light-chain (Lc, 19 kDa) subunits (24 in total between the two) which are
structurally similar. FN employed as a delivery device in cancer application are mostly
constituted only by Hc subunits of human ferritin. Ferritin and FNs are remarkably stable in
biological fluids and are resistant to denaturants, including high temperatures (>80 C) [8]. Each
subunit is composed of four long helixes, a short helix and a long loop [9]. The C-terminal of
each subunit folds into the inner cavity, while the N-terminal is exposed on the outer surface of
the nanocage. The ratio between Hc and Lc subunits is determined by ferritin’s primary role in
tissues. For example, in the hearth and brain, the Hc is more abundant, while, in the liver and
spleen, the Lc is predominant. The He subunit contains a dinuclear ferroxidase site that is
located within the four-helix bundle, while the Lc provides efficient sites for iron nucleation
and mineralization [10]. Ferritin and FN carry six C4 channels and eight C3 channels. The C3
channels have hydrophilic properties and allow the passage of Fe(II) ions and water molecules
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in and out of the protein cage. On the other hand, the C4 channels allow the passage of small
hydrophobic molecules [8].

Ferritin in the bloodstream is mainly composed of Lc¢ subunits [8], which seem to be
secreted primarily by macrophages [11]; however, their role in the serum is still highly debated.
Nonetheless, high ferritin levels have been linked with ongoing infections and chronic
inflammation, while its reduced levels have been correlated with iron deficiency [12-14].
Interestingly, it can be localized in cells both in the cytoplasm and in the nucleus. Iron stored in
ferritin can be utilized by the cell in a process mediated by autophagy, where it is transported
to the lysosomes and iron is released in a pH-dependent manner [15]. On the other hand, in
conditions of oxidative stress, ferritin can convert DNA damaging Fe(Il) to harmless Fe(IIl),
thus limiting DNA damage mediated by the formation of hydroxyl radicals through the Fenton
reaction [16-18]. Two proteins, poly(rC)- binding protein 1 (PCBP1) and nuclear receptor
coactivator 4 (NCOA4), are involved in the transport of iron inside and outside ferritin [19].
Furthermore, it has been proposed that O-glycosylation of the Hc could be involved in the
nuclear translocation of Ferritin, which maintains its intact structure during this process [20,21].
FNs share all structural features and properties with their physiological form, and they often
have been demonstrated to be managed by the cells and the tissue as natural ferritin [21,22].

Strategies for Loading FN

Molecular cargoes can be loaded into the inner core of FN by different methodologies
(Figure 3). Extreme pH (2 or 13) is used to transiently disassemble the protein nanocage into
monomers that can reassemble by adjusting the pH toward neutrality. By employing this
methodology, FN can be loaded with different chemotherapeutic drugs. Interestingly, only
minor differences in the loading efficiency between doxorubicin (DOX), epirubicin (EPI),
daunorubicin (DAU) and idarubicin (IDA) were seen, despite their differences in terms of
hydrophobicity [23]. In addition, high concentrations of guanidine hydrochloride (GuHCI) or
urea are able to disrupt the non-covalent forces which support FNs’ structure, leading to their
disassembly. This process can be reversed by dialysis to remove the excess of chaotropic agents,
leading to the recovery of the original nanostructure with consequent loading of molecular
cargoes in the inner cavity [24]. More recently, atmospheric cold plasma (ACP) technology was
implemented to reduce the ¢-helix/ -sheet contents and thermal stability of FN to allow
disassembly at a pH of 4. This technique can be utilized to load molecules which are susceptible
to extreme pH conditions and could be degraded during the loading procedure [25]. In
addition, our group has showed that the loading of molecules sensitive to low pH can be
achieved during the reassembly phase by adding the molecule of interest to the ferritin-
containing solution after the adjustment of the pH toward neutrality [26]. In another report,
Jiang and colleagues developed a methodology that is able to provide high loading of DOX and
high recovery of FN by incubating DOX with FN at 60 C for 4 h [27]. This loading methodology
enables the opening of FN's channel to introduce DOX without disrupting FN’s structure.
Lastly, by taking advantage of the natural capacity of FNs to encapsulate iron in their cavity,
several metal ions can be coupled to molecules of interest that can then be loaded into FNs. In
this case, the final loading efficiency of the chosen drug depends on its binding affinity for the
metal ion, the FN species used and preparation conditions. For example, Zhen and colleagues
suggested that, between Cu(Il), Mn(II), Zn(II) and Fe(III) metal ions, the use of copper resulted
in the highest loading rate of DOX into FN [28]. A more detailed comparison of loading
methodologies for DOX into FN has been reviewed by He and colleagues [29], while Zhang
and colleagues provide specific protocols regarding the loading of various drugs into FNs by
using different methodologies [30].
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Figure 3. Biochemical strategies used to load different cargoes into FNs: (A) pH or urea-mediated
disassembly-reassembly methodology; (B) modified ferritins or ACP can be utilized to disassemble FN at
pH 4, and then pH 7.5 is used to reassemble FN; (C) high temperatures partially destabilize FN to allow
channel openings with consequent drug loading, and then lowering the temperature can slowly reconstitute
the natural conformation of FN; (D) molecular cargoes can be complexed with Cu(Il) or other metal ions
which have a high affinity for the internal cavity of FN. This methodology permits the loading of
hydrophobic molecules with some limitations.

Overall, ENs’ physicochemical properties (small size and negative Z potential), together
with their intrinsic capacity to avoid recognition by RES and targeting capability toward TfR1-
expressing tumor cells, make them an ideal candidate for the development of drug delivery
systems for nanobiotechnological applications in the field of oncology (Table 1). Moreover, drug
loading and targeting efficiency could be enhanced by chemical and genetic manipulations of

FNs, as is discussed in the following section.

Table 1. FN-based NPs for the imaging and treatment of tumors.
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FN Origin Purpose Modifications Loaded with In Vivo Referen
Tested? ce
Human Hc FN Cancer therapy BCP1 peptide DOX Yes [31]
Human Hc FN Cancer therapy Mutations to enhance the DOX Yes [32]
binding of Cu2+
Human Hc FN Cancer therapy 4 Lysines (C-terminus) siRNA (EGFR) Yes [33]
Human Hc FN Cancer therapy PD-L1 binding peptide DOX Yes [34]
Human Hc FN Cancer therapy tLyP-1 peptide PTX Yes [35]
Human Hc FN Cancer therapy Trastuzumab DOX Yes [36]
Human Hc FN Cancer therapy PEGylation (50% subunits) DOX Yes [37]
Human Hc FN Cancer therapy PEGylation (75% subunits) Acriflavine Yes [38]
Human Hc FN Cancer therapy None Olaparib No [39]
Human Hc FN Cancer therapy None Everolimus No [40]
Human Hc FN Cancer therapy None Curcumin No [41]
Human Hc FN Cancer therapy Anti FAP antibody Navitoclax Yes [42]
Human Hc FN Cancer therapy None DOX Yes [43]
Human He FN Cancer therapy 42 1 targeting peptide DOX Yes [44]
Human Hc FN Cancer therapy None PTX Yes [45]
Human Hc FN Cancer therapy Trastuzumab or Cetuximab Empty No [46]
Human Hc FN Cancer therapy Pout peptide (C terminus) EPI, Camptothecin Yes [47]
Pyrococcus furiosus FN  Cancer therapy SP94 peptide DOX Yes [48]
Table 1. Cont.
FN Origin Purpose Modifications Loaded with In Vivo Referen
Tested? ce
Horse spleen FN Cancer therapy None Mertansine No [49]
Horse spleen FN Cancer therapy None Arsenoplatin-1 No [50]
Horse spleen FN Cancer therapy Emulsified FN (size 78nm) Rapamycin and Yes [51]
Erastin
Horse spleen FN Cancer therapy GKRK peptide Vincristine Yes [52]
Unspecified Cancer therapy PEG-Panitumumab Oxaliplatin Yes [53]
Unspecified Cancer therapy RGD peptide Resveratrol Yes [54]
Unspecified Cancer therapy None Au(III) Yes [55]
thiosemicarbazone
Pyrococcus furiosus Cancer nanovaccine SpyCatcher SpyTagged Yes [56]
FN peptides
Cancer M2pep peptide (N-terminus),
Human He FN Immunotherapy cationic peptide (C-terminus) CpG Yes [57]
Human Hc FN Cancer Theranostic None Iron Oxide (core) Yes [58]
and IRdye800 or
DOX
Human Hc FN Cancer Theranostic Coated with RBC Iron Oxide, Cy5.5 Yes [59]
(functionalized with
FA)



Appendix 2

Horse spleen FN Cancer Theranostic 2-amino-2-deoxy-glucose Gold NP No [60]
Horse spleen FN Cancer Theranostic None Endogenous Iron Yes [61]
Unspecified Cancer Theranostic PEG-FA Perfluoropentane Yes [62]
(imaging
only)
Human Hc FN Tumor Imaging None 1ICG Yes [26,63]
Human Hc FN Tumor Imaging ~ SDSSD peptide or Cy5 Yes [64]
hydroxyapatite binding
peptide
Human Hec FN Tumor Imaging None Iron Oxide or Cy5.5 Yes [65]

3. Production and Modifications of FN
FNs utilized in preclinical studies are usually produced as recombinant protein in

E. coli strains engineered to express only the human He subunit. This procedure involves the
transformation of bacteria with a plasmid containing the Hc sequence of interest, which is then
purified by anion-exchanger columns after treatment at 70 °C. The resulting FNs are composed,
in this case, of 100% Hc subunits [66]. Otherwise, FNs can be purified from the horse spleen,
where the ratio between Hc and Lc subunits was found to be ~1/10 [67]. To ensure that purified
FNs are not contaminated by endotoxins that could impact both in vitro and in vivo experiments,
additional procedures to remove endotoxins might be required [68].

The genetic manipulation of the He-FN DNA sequence led to the development of more
than one hundred variants to introduce novel functionalities that are able to improve the drug
loading, biodistribution and targeting properties of FNs [69]. For example, the self-assembly
properties of FNs can be altered to produce novel nanostructures comprising 8 or 48 subunits
instead of 24 [70,71]. In addition, ferritin can be modified to produce nanocages that can
disassemble at a pH of 4 or 6, instead of 2 [72-74]. Intriguingly, Gu and colleagues developed
His-modified ferritins that do not self-assemble at neutral pH. However, metal ions or a pH of
10 induce self-assembly with consequent increases of the drug-loading efficiency, as compared
to the standard pH methodology discussed previously [75]. Unfortunately, the stability in
serum of His-modified ferritins was not evaluated, and it is unclear if these nanoconstructs are
suitable for in vivo studies.

Different strategies have been recently employed to enhance the half-life of FNs in the
circulation to provide higher tumor accumulation and reduce clearance by RES. For example,
Wang and colleagues developed a novel EN that includes an albumin-binding domain that is
able to increase FNs’ half-life by 17 times, as compared to the standard FN [76]. In another
report, an amino acid sequence rich in proline (P), serine (S) and alanine
(A) residues (PAS polypeptide) was inserted by genetic manipulation into FN to increase blood
half-life and DOX encapsulation efficiency [77,78]. Interestingly, the insertion of two glutamate
residues in the PAS sequence (PASE) further improved FNs” accumulation to the tumor site [79].
In another report, Jin and colleagues introduced in the ferritin construct a blood circulation
prolonging (BCP) peptide derived from the phage M13. The generated FN (BCP1-FN) showed
improved circulation time compared to standard FN (20 h compared to 2 h). In addition, when
loaded with DOX, BCP1-FN-DOX showed superior therapeutic efficacy in a mouse model of
melanoma compared to FN-DOX and free DOX. Intriguingly, the authors suggested that the
RGD portion of the BCP1 peptide could be responsible for the binding of BCP1-FN to peripheral
blood cells, particularly platelets, which are able to protect the nanocages from RES recognition
[31]. Nonetheless, blood cells’ “hitchhiking” has recently emerged as one of the strategies that
can be employed to enhance the delivery of NP to the tumor site [80,81].

Since FNs are composed of different subunits, novel FN-based nanostructures have been
developed with combinations of different ferritins resulting in hybrid nanocages with
interesting physicochemical properties. Ahn and colleague developed a hybrid FN composed
of modified subunits (F160) and standard Hc in a ratio 1:1. F160 was devised to provide large
pores to EN and was produced by removing the C-terminal channel forming E-helix from the
Hc sequence. The resulting hybrid FN (nicked-FN) allows for the encapsulation of DOX by
simple incubation, improving the loading of DOX and the recovery of the nicked-FN-DOX in
comparison to encapsulation in unmodified FN or with the pH-mediated disassembly and
reassembly methodology [82]. Another strategy to enhance DOX loading into FN was
developed by producing a mutant EN that displays an enhanced affinity for copper ions [32].
In another report, FNs were modified with the addition of biotin accepted peptide, which
resulted in biotinylated FN that can be more easily modified by the addition of streptavidin-
tagged molecules [83]. These modified FN could be used in a variety of immunoassays based
on streptavidin-tagged antibodies to increase the sensitivity. It is unsure if they can be
employed for in vivo studies.

The delivery of nucleic acids by NP-based delivery systems has always been a primary
goal of the research effort in the field of nanotechnology. Interestingly, modified FNs with the
addition of a cationic polypeptide were developed to facilitate the incorporation of siRNAs in
FNs’ nanostructure [33,84]. However, it has also recently been shown that unmodified FNs
could incorporate siRNAs by pH-mediated disassembly and reassembly methodology [85].

FNs can also be modified to include immunogenic peptides that are able to induce
immune responses against specific antigens. As proof of principle, Kanekiyo and colleagues
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developed a nanovaccine against the HIN1 virus based of FNs that were modified to include
the viral hemagglutinin sequence. Preclinical testing of the developed nanoformulation showed
induced protection of animal models to HIN1 infection [86]. More recently, FN-based
anticancer nanovaccines have been developed and were tested successfully in preclinical
models [56,87,88].

Interestingly, many FN variants have been developed to include novel targeting ligands.
For example, Jiang and colleagues introduced, by genetic manipulation, a hepatocellular
carcinoma (HCC)-targeting peptide to the FN’s structure that was then loaded with DOX. This
novel formulation showed superior activity compared to free DOX in reducing
HCC tumor growth and metastases in preclinical models [48,89]. In another report, the PDL1
binding peptide 1 (PD-L1pepl, CLQKTPKQC) was introduced into ferritin’s sequence to
generate an FN targeted to PD-L1 [34]. Another well-studied tumor-targeting ligand is the
tLyp-1 peptide, which binds the receptor Neuropilin 1 expressed in the stroma of many types
of tumors [90]. Modified FNs were developed to include the tLyp-1 peptide in the external
structure of the nanocage and were subsequently loaded with Paclitaxel (PTX). The resulting
FNs (tLyp-FN-PTXs) showed enhanced uptake by tumor cells and were able to control tumor
growth in vivo compared to free-PTX or FN, where the sequence of tLyp was mutated (m-
tLyp-FN-PTX) [35].

Beyond genetic manipulation, FNs have available primary amines on their surface that
can be exploited for chemical conjugation purposes. N-hydroxysuccinimide (NHS) ester or
maleimide groups, in combination with 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide
(EDC), are often used to couple peptides, PEG, fluorophores or antibodies to FN in a buffered
solution, without the use of organic solvents [42,91]. This coupling methodology is often
employed to develop fluorescent versions of FNs that can be utilized in a variety of in vitro and
in vivo assays, including flow cytometry, fluorescence microscopy and live imaging, which are
critical techniques for NP characterization and for the evaluation of biodistribution and
targeting capacity of novel formulations of FNs. In a recent report, FNs were modified with the
addition of positively charged polyamine dendrimers (PAMAM) to allow efficient loading of
nucleic acids. MiRNA-loaded FNs were successfully used to target leukemia cells and showed
promising in vitro results [92].

Overall, both genetic and chemical manipulations can enhance multiple aspects of the
intrinsic properties of FNs, such as targeting, loading and half-life. However, it is unknown if
these modifications could induce the production of specific anti-ferritin antibodies when
administered in humans. Interestingly, it has been shown that modifications such as
PEGylation could result in the generation of anti-PEG antibodies [93]. Therefore, it is plausible
that some of the developed modifications of the native human Hc subunit, by both genetic and
chemical manipulation, could potentially reduce the effectiveness of FN after multiple
administrations, limit their targeting capabilities and induce undesirable immunogenic
reactions [93]. Furthermore, the FN’s origin could be an important factor contributing to
immunological side effect. These potential complications should be carefully taken in
consideration to ensure the success of modified FNs in the prospect of clinical translation [94].

4. FN-Based NPs for Cancer Treatment in Preclinical Models

One of the main issues in the delivery of chemotherapeutics for cancer treatment is the
onset of off-site side effects, which can cause a wide spectrum of complications, such as
infections, neuropathies, cytopenias, nephrotoxicity, cardiotoxicity and hepatotoxicity [95-98].
NP-based delivery systems are utilized in oncology primarily to reduce the severity of these
side effects, improving drug accumulation at the tumor site. Examples of nanotherapeutics
currently used in the clinical practice are Doxil™, Abraxane™, Marqgibo™ and DaunoXome™,
which are NP-based platforms for the delivery of DOX, PTX, Vincristine and DAU, respectively
[1].

Interestingly, FNs have been extensively studied as nanocarriers for DOX, since this
hydrophilic drug can be encapsulated efficiently into FNs and can be delivered to tumor cells
by the TfR1-mediated intrinsic targeting capabilities of FNs. Our group and others have shown
that not only are FN-DOX formulations superior to free DOX or Doxil™ in controlling tumor
burden in preclinical models of cancer, but they also dramatically reduced drug cardiotoxic
effects, as compared to the free DOX [48,99-101]. In another report, Huang and colleagues
developed a hybrid FN-DOX formulation for the treatment of lung cancer. It is composed of
PEGylated Hc subunits to provide stealth capabilities and non-PEGylated Hc subunits to allow
the binding of the nanocage to TfR1. In vivo results showed that, after intratracheal
administration of hybrid FN-DOX, the tumor burden in a orthotopic murine model of lung
cancer (3LL) was dramatically reduced when compared to free DOX [37]. Apart from DOX,
platinum-based chemotherapeutics (cisplatin, oxaliplatin, Pt(Il) terpyridine and carboplatin)
have been successfully encapsulated in FNs and have shown encouraging antitumor activity in
preclinical models of cancer [53,102,103]. Recently, Ferraro and colleagues developed a novel
FN loaded with Arsenoplatin-1 (Pt(uNHC(CH;)O)ClAs(OH),), which combines the cytotoxic
effects of both cisplatin and arsenic trioxide. Preliminary in vitro results showed that this novel
formulation provides selectivity toward cancer cells, but, unfortunately, it was not tested in
vivo [50].

The development of drug resistance often occurs after treatment with standard
chemotherapeutics, and it can be mediated by the activity of the transporter multidrug
resistance protein 1 (MDR1), which is upregulated in the hypoxic areas of tumors and facilitates

143



Appendix 2

the excretion of chemotherapeutics outside the tumor cell membrane [104]. Interestingly,
hypoxia in the TME can induce the expression of TfR1 mediated by hypoxia-inducible factor-
1« (HIF-1¢) in tumor cells [105]. Hence, FN-based NPs could be employed to specifically target
hypoxic areas in tumors. For this purpose, Huang and colleagues developed a hybrid FN
(composed of 75% PEGylated subunits) (Figure 4) for the delivery of the HIF-1¢ inhibitor
Acriflavine (AF). This nanoformulation was particularly effective when used in combination
with cisplatin, since the delivery of AF to the TME was able to reduce the expression of MDR1
on tumor cells, thus reducing the development of resistance to cisplatin, which was not effective
as standalone treatment in the 3LL lung cancer xenograft model [38].

Non-PEGylated
FTn Disassembly
( EE——

PEG-FTn"**/AF

PEGylated FTn

Figure 4. Structure and loading procedure for AF-loaded hybrid PEGylated FN. Hybrid FNs can be
developed by utilizing the pH disassembly / reassembly methodology, starting from two different FNs (in
this case, a PEGylated FN and non-PEGylated FN). In addition, prior to the reassembly phase, anticancer
drugs can be added, resulting in their inclusion inside the FN nanostructure after reassembly. Adapted
from [39], American Chemical Society, 2019.

Ferritin was also recently employed to develop a novel nanoformulation containing both
Rapamycin, an mTOR inhibitor, and Erastin, a ferroptosis inducer. NPs were produced by the
emulsification technique, which was shown to be superior compared to the standard pH
disassembly-reassembly methodology in regards to drug loading. Interestingly, the size of the
NP formed was 7-fold larger than standard FN (78 compared to 12 nm). Nonetheless, this novel
formulation achieved impressive results in controlling the tumor growth in a murine model of
breast cancer which recapitulates tumor relapse and metastases formation. Briefly, the primary
tumor was allowed to grow, and it was excised to simulate surgery. Subsequently, NPs or the
free drugs were included in a thermo-responsive F-127 hydrogel and injected into the tumor
resection cavity to test the ability of the nanoformulation to prevent tumor recurrence [51].
Unfortunately, the authors did not evaluate the differences in uptake between standard a FN
and the modified version developed. Furthermore, since NPs were not administered
intravenously, their biodistribution was not evaluated.

FN has also been explored as a nanocarrier for a large variety of drugs for cancer therapy,
such as Olaparib [39], Everolimus [40], Curcumin [41], Oxaliplatin + Panitumumab [53],
Mertansine [49], Resveratrol [54] and Navitoclax [42].

4.1. EN-Based NPs for Immunomodulation and Immunotherapy

Another therapeutic strategy which has recently emerged in cancer therapy is the
immunomodulation of the TME, in particular, the reprogramming of tumor associated
macrophages (TAMs). In solid tumors, TAMs constitute up to 50% of the tumor mass and have
been shown to support local immunosuppression and metastases formation [106]. They are
recruited from the bloodstream and surrounding tissues by growth factors and chemokines,
including colony-stimulating factor 1, C-C motif ligand 2 and vascular endothelial growth
factor [107,108]. Interestingly, TAMs are conventionally categorized as anti-inflammatory M2-
like macrophages and express high levels of TfR1 compared to proinflammatory Ml-like
macrophages [109,110]. For this reason, TAMs could be effectively targeted by FN-based
therapeutics. Of note, macrophages, in general, can be considered as “gate-keepers” of iron
metabolism due to their involvement in the recycling of iron from dying erythrocytes [111]. In
addition, TAMs-derived FNs have been shown to function as growth factors on malignant
mammary epithelium in a process independent of iron [112]. In order to re-educate TAMs and
promote a phenotype switch from M2-like to antitumoral M1-like, FNs have been developed to
deliver the toll-like receptor 9 agonist CpG, a nucleic acid with M1-polarizing properties [57].
FNs were functionalized with the TAMs-targeting peptide M2pep (YEQDPWGVKWWY),
which was combined with a cationic peptide to allow the attachment of the negatively charged
CpG. Interestingly, this novel formulation was able to achieve reduction in tumor growth in a
murine model of breast cancer. However, a similar effect was seen even when CpG was absent.
The authors hypothesized that the antitumoral effect mediated by the M2pep-modifed FN
could be mediated by the intrinsic M1-polarizing activity of the cationic peptide included in the
modified FN, since the unmodified FN showed only minor antitumor activity [57].

The discovery of the molecular mechanisms underpinning the immunosuppressive state
in the TME led to the FDA approval of immune checkpoint inhibitors (ICIs) for cancer therapy,
giving rise to novel immunotherapeutic options that are able to induce a strong infiltration of
active immune cells in the TME, with consequent control of tumor growth [113]. ICIs currently
used in the clinical setting are monoclonal antibodies (mAbs) that are able to block the activity
of the programmed cell death protein 1 (PD-1)/PD-L1 interaction or cytotoxic T-lymphocyte
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antigen-4 expressed by T cells. Recently, a DOX-loaded engineered FN displaying the PD-L1
binding peptide (PpNF) was developed by Seon and colleagues [34]. Interestingly, this novel
nanoformulation was able to achieve enhanced tumor-growth reduction in the colon carcinoma
CT26 xenograft model, as compared to anti-PD-L1 mAb and free DOX (Figure 5). In addition,
the engineered FNs without DOX were shown to be superior to anti-PD-L1 mAb in enhancing
the activity of T cells in vitro.
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Figure 5. Antitumor activity of FNs displaying the PD-L1 binding peptide (PpNF). (A) Experimental
schemes for antitumor treatments. Mice bearing s.c. CT26 syngeneic colon tumors were treated with DOX-
loaded PpNF (PpNF(Dox)) or PpNF or Dox administered by i.v. injection three times per week. Anti-PD-
L1 antibody was administered by i.p. injection twice per week. (B) Tumor volumes after treatment. (C) The
weights of excised tumors from each group at the 19-day post-injection. (D) Body weights. The data
represent means + SEM (* p < 0.05 and ** p < 0.01; #-test). Reproduced with permission from [35], Elsevier,
2021.

We hypothesize that, in future years, novel FN-based delivery system will be employed
to modulate the activity of immune cells, since a new paradigm for NP-based anticancer
therapeutics is emerging [114]. In fact, the expanding arsenal of nanomedicines able to
modulate the activity of TME-infiltrating immune cells could be utilized to support standard
chemotherapeutics or immunotherapies in order to reactivate the antitumor immunity [115].

4.2. FN-Based NPs for the Treatment of Brain Tumors

The blood-brain barrier (BBB) is a diffusion barrier that impedes the influx of most
compounds from the bloodstream to the brain parenchyma and represents a protective
interface between the central nervous system and peripheral blood circulation [116].
Interestingly, brain cells require iron for metabolic processes; thus, transferrin and ferritin have
to bypass the BBB in a process mediated by ligand-receptor recognition. Within the brain, TfR1
was shown to be expressed by capillary endothelial cells, choroid plexus epithelial cells and
neurons, which increase the expression of TfR1 in condition of iron deficiency [117]. In addition,
TfR1 has been shown to be overexpressed in brain tumors, particularly in glioblastomas, and
its overexpression is associated with worse prognosis [118]. Taking into consideration these
experimental evidences, we see that FNs are promising candidates for effective brain tumor
therapy, due to their intrinsic targeting capability toward TfR1.

Fan and colleagues demonstrated that DOX-loaded FNs are able to bypass the BBB and
deliver DOX to brain tumors in mice, dramatically increasing their survival compared to mice
treated with control treatments (free DOX and Doxil™) [43]. Interestingly, FNs maintain their
intact structure after crossing the BBB by transcytosis. This process is mediated by endothelial
cells and allows the accumulation of FNs in the brain parenchyma in healthy mice. However,
FNs co-localize with lysosomes after internalization in glioma cells. These results corroborate
the idea that FNs traverse the BBB and effectively deliver therapeutics to brain tumors without
affecting the surrounding tissues. The authors speculate that the different fate of FNs between
endothelial and tumor cells could be due to the differences in expression of TfR1 [43]. More
recently, <2 1-targeted Dox-loaded FN (¢ -FN-DOX) was shown to have enhanced activity
compared to FN-DOX in controlling the tumor growth of glioblastoma in an orthotopic model
of brain tumor (U-87MG) [44].

Interestingly, ¢ -FN-DOX had a higher drug-loading capacity compared to FN-DOX

(60 vs. 15%, respectively). The authors speculate that this could be due to the modified integrin
<2 1 targeting sequence, which possesses multiple carboxyl groups that could have an impact
in ionic interactions between DOX and ¢ -FN.
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In another report, PTX-loaded FNs were successfully developed by the disassembly and
reassembly methodology and were used to treat C6 glioma bearing mice. The results showed
enhanced activity of FN-PTX compared to the free drug in controlling tumor growth.
Furthermore, treatment with FN-PTX showed no apparent signs of toxicity in the heart, liver,
spleen, lung and kidneys of treated animals [45].

Other anticancer compounds, such as Au(IIl) thiosemicarbazone [55] and vincristine [52],
have been successfully loaded into FNs and used to treat brain tumors in various murine
models of cancer, achieving impressive results in controlling tumor growth. Interestingly, FNs
can also facilitate the delivery of therapeutic mAb through the BBB. Our group has developed
FNs coupled with Trastuzumab or Cetuximab, two FDA-approved mABs that are able to target
the human epidermal growth factor receptor 2 and the epidermal growth factor receptor,
respectively [46]. In addition, our group has developed a methodology to specifically study the
translocation of FNs (or potentially other nanocarriers) through the BBB. This ex vivo model is
based on layers of primary rat brain microvascular endothelial cells and astrocytes, which are
used as a surrogate of the BBB [119].

We speculate that the development of novel FN therapeutics for the treatment of brain
tumors will be particularly prominent in the coming years, since FNs have shown to effectively
bypass the BBB without disassembly, leading to the release of FN-loaded therapeutics directly
to tumor cells and avoiding off-site side effects.

5. Preclinical Exploitation of FN-Based NPs for Tumor Imaging

There is an ever-growing need for novel imaging agents that are able to effectively identify
the presence of very small tumors in the early stage of the pathology, when they can be
successfully treated by surgery or anticancer therapies. In addition, after successful surgery,
patients undergo routine diagnostic tests to reveal the insurgence of metastatic events that
could occur even several years after the original diagnosis [120]. Unfortunately, metastatic
tumors are often incurable, since they usually become resistant to standard therapies and
account for 90% of total cancer death worldwide [121]. Hence, it is critical to identify the
presence of metastases with the current imaging modalities (computerized tomography (CT),
magnetic resonance imaging (MRI) and positron emission tomography (PET)) which are often
utilized together with contrast agents that are able to accumulate specifically in the TME.

In regard to MRI, gadolinium-based contrast agents are widely used, since they are able
to identify highly vascularized tissues, such as tumors [122]. However, these types of agents
are not cancer-specific and can result in a high rate of false positives. In addition, standard MRI
does not have the sufficient spatial resolution to detect micro-metastases, thus leading to
possible misdiagnoses of oligometastatic disease [123]. On the other hand, the glucose analog
18F-Fluorodeoxyglucose is a contrast agent utilized in PET/CT imaging to detect tumors,
allowing for the visualization of areas with high metabolic activity [124]. Unfortunately, other
areas characterized by active metabolic activity (benign tumors, inflammation sites and areas
of ongoing infections) can give rise to false-positive results. Lastly, PET scans are quite
expensive and require the use of radioactive contrast agents based on glucose that cannot be
utilized in pregnant women or diabetic patients, due to off-target side effects [125].

NP-based delivery systems have been employed to enhance the specificity of contrast
agents for tumor cells [126-128]. FNs have also been explored as a delivery platform for imaging
probes, particularly for metal-based contrast agents. For example, multimodal FNs loaded with
superparamagnetic iron oxide (Magnetoferritins) and a near-infrared fluorescence dyes were
developed to efficiently detect tumors by multiple imaging modalities [58,59,65]. Interestingly,
Magnetoferritins can efficiently identify very small tumors (~1 mm) by MRI in murine models
of cancer, thus dramatically increasing the limit of detection of current contrast agents for MRL
Iron-loaded FNs derived from equine spleen (HoS-FN, composed of 85% of Lc and 15% of Hc
subunits) were also utilized for MRI visualization of tumors [61]. Interestingly, HoS-FN
showed enhanced uptake by SCAR5-positive cells, due to the specific targeting of this receptor
mediated by Lc subunits. Furthermore, HoS-FNs were also able to reduce tumor growth, as
compared to apoferritin HoS-FN in a murine model of breast cancer.

Imaging agents are also used in fluorescence-guided oncological surgery to assist the
surgeon in the identification of metastatic foci, particularly in lymph nodes [129]. Indocyanine-
green (ICG) is one of the most used FDA-approved fluorescent dyes for this purpose, since it
can be visualized avoiding background autofluorescence (mainly due to hemoglobin) and has
a low risk of adverse events [130,131]. Our group has developed ICG-loaded FNs with
improved fluorescence accumulation in tumors in comparison to free ICG in a murine model
of breast cancer [26,63]. Since specific accumulation of FN-ICG in tumors can be detected up to
24 h after intravenous injection in mice, we speculate that FN-ICG could be administered prior
to surgery, and it could be visualized during surgery by fluorescence-guided endoscopy. This
methodology could potentially reduce surgery time and improve the detection of small
metastases, particularly in lymph nodes.

FNs were also developed to specifically visualize bone metastases by genetic
manipulation of ferritin to include osteoblast and hydroxyapatite-binding peptides [64]. In
another report, folic acid—functionalized FNs were developed to target tumor cells and deliver
perfluoropentane, a compound used for low-intensity focused ultrasound imaging and therapy
[62]. Lastly, gold NPs were efficiently encapsulated into 2-amino-2-deoxy-
glucosefunctionalized FNs to develop a tumor-targeted FN for CT imaging [60].

146



References

Appendix 2
Opverall, FN-based nanostructures can be utilized for the tumor-specific delivery of
numerous contrast agents to improve their pharmacokinetic characteristics and enhance tumor
accumulation.

6. Drawbacks and Future Perspective of FN

FNs are a versatile drug delivery system for chemotherapeutics and imaging agents.
However, one of the major limitations of FNs in regards to drug loading is the low
encapsulation capacity for hydrophobic compounds. This is primarily due to the leakage of the
loaded hydrophobic drug from FN soon after encapsulation. Nonetheless, hydrophobic drugs
can still be loaded inside FN by utilizing methodologies such as the pre-complexation with
copper ions or the modification of native ferritin with hydrophobic amino acid sequences, that
are able to enhance the affinity of hydrophobic compounds for ferritin. For this purpose, Wang
and colleagues designed a novel FN construct (Am-PNCage) by linking the sequence of the
Pout peptide (GRGDSKKHHHHHHAFAFAFAFVVVAA) to the C terminus of Hc ferritin
through a flexible amino acid sequence GGSG, which replaced the E helix amino acids of He.
This novel FN was employed to achieve the co-loading of the hydrophilic anthracycline EPI
and the hydrophobic topoisomerase inhibitor Camptothecin and showed impressive antitumor
activity in different murine models of cancer [47]. This novel FN construct could pave the way
for the development of sophisticated FNbased nanostructures that are able to integrate multiple
drugs with different mechanisms of action. This combinatorial nanotherapy could
synergistically strike solid tumors by taking advantage of specific chemosensitivities to limit
the insurgence of resistance to single chemotherapeutics.

An important area that is currently understudied is the relevance of the various
modifications of FNs in regards to uptake and toxicity, particularly toward immune cells and
erythrocytes in the bloodstream. For example, RGD-modified NP (nano-emulsions and
liposomes) have been shown to be taken up by phagocytes in the bloodstream that are then able
to transport NPs to specific sites in the body where there is ongoing inflammation and/or
angiogenesis, such as the TME [132,133]. In fact, a majority of research efforts have been focused
on showing that FN-loaded drugs can induce fewer side effects as compared to the free drug.
This has been shown extensively for DOX, since FN-DOXs have an encouraging minimal effect
on cardiomyocytes when compared to DOX [99,100]. However, it remains unclear if FN
modifications can impact their uptake on different cell types present in the bloodstream. This
area of study could be particularly relevant to pursue since it has been recently speculated that
the enhanced accumulation of nanotherapeutics in the TME could be mediated not only by the
EPR effect but also by the phenomenon of NP hitchhiking [81,114,133,134].

Indeed, FNs have favorable and interesting characteristics as an NP-based delivery
system. Their efficient loading capacity for different drugs used in oncology, intrinsic targeting
toward TfR1 and biocompatibility make them an ideal nano-platform for the treatment and
imaging of tumors. Unfortunately, to date, FNs have not yet reached the clinical stage. In fact,
the current high cost of production somewhat limits their translational potential. However, we
speculate that the recent advancement concerning drug-loading efficiency and customization
capabilities could facilitate the interest of pharmaceutical industries in developing novel
production protocols for FNs that are aimed at enhancing purity, while, at the same time,
reducing the costs of production. Collectively, the number of experimental evidences in support
of the use of FNs as nano-delivery systems are everincreasing, making their translation from
bench to bedside a reasonable possibility. Lastly, the opportunity of co-encapsulating different
drugs into FNs allows for the development of novel FN-based theranostic agents that are able
to combine both imaging and therapeutic functionality in a fully biocompatible nanosystem.
For these reasons, we believe that, in the near future, the clinical application of FNs could play
a pivotal role in the diagnosis and treatment of solid tumors.
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ABSTRACT: Due to its unique architecture and innate
capability to specifically target cancer cells, ferritin has
emerged as an attractive class of biomaterials for drug
delivery. In many studies, various chemotherapeutics
have been loaded into ferritin nanocages constituted by
H-chains of ferritin (HFn), and their related antitumor
efficacy has been explored by employing different
strategies. Despite the multiple advantages and the
versatility of HFn-based nanocages, there are still many
challenges to face for their reliable implementation as
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drug nanocarriers in the process of clinical translation. This review aims at providing an overview of the
significant efforts expended during recent years to maximize the features of HFn in terms of increased
stability and in vivo circulation. The most considerable modification strategies explored to improve
bioavailability and pharmacokinetics profiles of HFn-based nanosystems will be discussed herein.

1. INTRODUCTION

Over the past 20 years, there has been a growing
interest in the study of nanomedicine due to its
potential to address some of the issues of traditional
drug delivery therapy in oncology.1 Although in
preclinical settings many strategies based on
nanoparticles demonstrate efficacy in tackling tumor
growth and expanding survival, they unfortunately
translate into a relatively low number of
nanoformulations from which patients can
effectively benefit.”

Considering that the success rate of clinical
translation of many nanotechnological solutions,
often too complicated, remains relatively low, the
strategy of taking advantage of simpler
nanomedicine platforms could be a winning choice.
Indeed, leveraging biocompatible nanostrategies
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presenting high bloodstream stability and natural
tumor homing could tackle safety issues and the
translational challenges of traditional
nanomedicines, closing the gap for real clinical
applications. In this context, nanocages made from
ferritin have attracted considerable attention in the
biomedical and bioengineering fields by virtue of
their unique features.’

Ferritin (Fn) is one of the most studied proteins and
in nature is responsible first for the maintenance of
intracellular iron concentrations and also for
protection from oxidative stress.” Human Fn is a
globular multimeric protein made from 24 subunits
of H (heavy) and L (light) Fn chains which can self-
assemble in a cave-sphere quaternary structure,
forming a stable nanocage of 12 nm diameter with
an internal cavity 8 nm in diameter.’ Moreover, the



salt bridges and hydrogen bonds that link subunits
allow Fn to tolerate pH and temperature variations.
This protein remains stable also in the presence of
denaturing agents, which enables Fn to disassemble
in extremely acidic (pH 2-3) or basic (pH 10—12)
conditions and reassemble in a shape-memory
manner when the pH returns to neutrality.*

By taking advantage from these unique structural
and physicochemical features, nanotechnologists
have exploited nanocages constituted only by H-
chains of Fn (HFn) for drug delivery, accomplishing
the loading of different types of compounds, like
chemotherapeutics or fluorescent dyes.” More
importantly, the ability to directly target the human
transferrin  receptor 1 (TfR1), which is
overexpressed in several cancer types, increases the
attractiveness of HFn in the context of cancer

treatmen‘[.3

2. H-FERRITIN NANOCAGES FOR DRUG
DELIVERY

The applications of HFn in the biomedical field are
multiple. Referring to the nanotechnology field, it
can be exploited as a reaction chamber to produce
metal or semiconductor nanoparticles (NPs). Indeed,
the unique cavity of this type of nanocages is
extensively exploited for the biomineralization of
metal oxides (iron, manganese, cobalt, chromium,
and nickel) to assemble semiconductor inorganic
NPs with interesting fluorescent properties related to
their size and shape.’ In addition to that, cancer
treatment and vaccines development are two
emerging dominant fields where HFn can be applied.
In particular, the nanomedicine scenario has
developed fast due to the global need for new
therapeutic approaches and technologies against the
ongoing pandemic of coronavirus disease 2019
(COVID-19).

An example is the nanoparticle vaccine based on
ferritin designed against the SARS-CoV-2 Omicron
variant. The ferritin structure was exploited to
incorporate in the N-terminal position a protein A tag
as a structural scaffold. Then, as an immunogen, the
receptor binding domain (RBD) of SARS-CoV-2
Omicron spike protein was fused with an Fc tag at
the C-terminus. Once purified, the RBD was
assembled onto nanoparticles by the interaction of Fc
and the protein A tag. This is a new design strategy
for vaccines which can enhance the neutralizing
immune responses.®

To date, HFn has found wider application in the
oncological field, where it is employed especially as
a delivery system for the diagnosis and treatment of
tumors. Within HFn it is possible to encapsulate
different compounds and chemotherapeutic drugs for
oncological therapy. Some examples of drugs that
can be easily entrapped in the HFn shell are cisplatin,
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carboplatin, and desferrioxamine B, since they have
an innate tendency to bind metals. HFn containing
cisplatin has been extensively studied and
demonstrated to be important in tumor treatment in
different applications, including the study of the
apoptotic process and the treatment of melanoma.’
To date, a plethora of therapeutic drugs, e.g.,
paclitaxel, curcumin, daunomycin, doxorubicin,
epirubicin, etc., have been loaded into the inner
cavity of ferritin nanocages.®’

Among the HFn-based nanoformulates, one the most
studied in the literature involves the encapsulation of
doxorubicin (DOX), a cytotoxic drug broadly used in
anti-cancer therapy. Indeed, it has been widely
demonstrated that DOX nanoformulation in HFn is
able to improve efficacy and accumulation to the
tumor and, above all, is decisive in reducing its
cardiotoxicity as well as the serious side effects
associated with this type of treatment.*!%!!

Another important chemotherapeutic drug that can
be encapsulated in HFn is paclitaxel (PTX),
employed for the treatment of advanced ovarian
cancer and AIDS-related Kaposi sarcoma.
Unfortunately, the clinical applications of PTX are
limited due to its poor solubility and the lack of
targeting. Loading this drug into HFn makes it
possible to overcome the lack of targeting and
demonstrates higher therapeutic efficacy and
decreased systemic toxicity in vivo.'?

Encapsulation in HFn is also reported to stabilize
lipophilic drugs like curcumin. Indeed, once loaded
into HFn, curcumin is found to be more stable and
bioavailable, which reduces the premature
degradation that occurs when it is used in free form.
Although in vitro studies have demonstrated an
effect of HFncurcumin in controlling the
proliferative activity on tumor cells, the low
solubility of this drug that leads to a poor
encapsulation efficacy prevented it from proceeding
to further in vivo

assessments. '

HFn-based systems have been employed also as
carriers of miRNA and/or siRNA, due to their ability
to protect their cargo from nuclease activity and to
achieve tumor-targeted delivery. These short
noncoding RNA molecules related with tumor
progression and/or resistance can be delivered into
HFn in combination with other standard treatments.'
HFn nanocages hold promise to also promote
diagnostic imaging tools. One example is the HFn
formulations enclosing indocyanine green (ICG), a
fluorescent dye widely used in clinics for different
purposes (e.g., lymph node mapping). HFnICG
nanocages are reported to address the issues of rapid
degradation and lack of specificity related to ICG,
providing a suitable nanotracer for fluorescence-
guided detection of cancer tissues.’



3. LIMITATIONS OF H-FERRITIN
NANOCAGES

As previously reported, HFn nanocages have been studied
with outstanding results as delivery systems in terms of
specific tumor recognition and increased activity with
lower side effects.!®!" Properties such as high
biocompatibility and good biodegradability put HFn ahead
of conventional materials in clinical translation for imaging
and drug delivery purposes. Unfortunately, despite their
many undeniable benefits, HFn-based nanosystems also
have important vulnerabilities.

First, it is necessary to consider the short plasma half-life
after systemic injection displayed by HFn, which leads to
poor accumulation at tumor sites.*'* Indeed, according to
the results obtained by Yin et al., the 2-3 h half-life of
human HFn in circulation as obtained for an HFn/DOX
formulation is unsatisfactory, considering that this
circulation time is shorter than those of the majority of
other drug nanocarriers due to its relatively small particle
size.!® In light of this, many efforts have been made toward
the exploration of functionalization strategies for a broader
application of HFn and improvement in treatment
outcomes. Second, often the drug-binding ability of HFn is
not completely satisfactory. Overall, both the yields and
stability of the HFn—drug complexes might not meet the
necessary requirements for its potential pharmaceutical
applications.'®

In this review, we summarize actions proposed recently by
researchers with the aim of addressing the short half-life
that characterizes HFn to maximize its intrinsic capability
to target specific tumor sites (Figure 1).

4. CHEMICAL MODIFICATIONS OF H-
FERRITIN NANOCAGES

4.1. Conjugation of H-Ferritin Nanocages with
Polyethylene Glycol (PEG) Molecules. It is worth noting
that surface modifications of nanomaterials can strongly
influence their performance as drug delivery vehicles by
improving their biocompatibility, selectivity, and
circulation in the bloodstream. Among the different
approaches developed for the improvement of HFn’s
features, multiple chemical modifications have been
proposed, including conjugation with polyethylene glycol
(PEG), reported to enhance the in vivo circulation time.
Indeed, this strategy, named PEGylation, has been
extensively employed to improve systemic circulation time
and decrease immunogenicity, thus increasing the
efficiency of drug and gene delivery to target cells and
tissues.!”!'® However, it has also been reported that
PEGylation may interfere with the intrinsic ability of HFn
to recognize TfR1 and target cancer cells.'” As a
consequence, it has become necessary to introduce further
adaptations to the classic PEGylation strategies.

An interesting PEG-masked HFn nanoplatform was
developed for the treatment of melanoma. After performing
a controlled modification of the HFn protein surface with a
precise number of PEG molecules, the authors inserted a a
selective targeting moiety for melanoma cells, named o-
MSH peptide. This targeting strategy was successful in
improving the circulation half-life of HFn and achieving
selective internalization by melanoma cells.?’
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Figure 1. Scheme of chemical and genetical modifications
of HFn aimed at improving stability and in vivo circulation.

However, it is worth noting that the PEGylation process
presents several disadvantages, including increased costs
and reduced yields.'>?! In addition, PEG, which has been
considered non-antigenic for years, may be responsible for
immunogenicity, as well as not being biodegradable, thus
bringing possible issues in biosafety which cannot be
neglected.!’

4.2. Clustering of H-Ferritin Nanocages with PEG
Molecules. Recently, an interesting strategy to precisely
assemble nanostructures in a controlled manner has been
proposed. More specifically, it uses a ‘“bottom-up”
hierarchical incorporation of protein building blocks in
order to obtain highly ordered nanostructures by means of
PEG chemical conjugation. In particular, the strategy of
assembling more HFn via PEG chemical conjugation to
achieve the multivalent binding of HFn, thus facilitating
prolonged circulation time and accumulation within tumor
cells, has been investigated. Two-armed PEG molecules
were used to link free —NH2 groups of HFn in order to
achieve nanostructured assemblies, named oligomeric
nanozymes, composed by monomers, dimers, and
multimers. After a detailed in vitro characterization, the
behavior of different HFn nano-assemblies was evaluated
in a murine model of colorectal cancer. It was observed that
the assembly of four HFn nanocages displayed improved
blood pharmacokinetics and circulation time compared to
the mono- and biassemblies, as well as enhanced tumor
uptake.?

4.3. Shielding of H-Ferritin Nanocages with Calcium
Phosphate. It is known that the high expression of TfR1 in
the liver may interfere with HFn accumulation in tumors.
Indeed, it has been observed that a co-culture with liver
cells may cause reduced uptake efficiency by tumor cells,
thus negatively affecting HFn’s delivery to the tumor.”* To
overcome this limitation, a biomineralization strategy of
shielding HFn with a calcium phosphate (CaP) shell has
been proposed.
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Indeed, the presence of a mineral-reinforced coating
is expected to enhance HFn’s serum stability, as
likewise observed for CaP-mineralized micelles.?*
Wang et al. developed ferritin nanoparticles coated
with CaP aimed at maintaining stability in the liver
(pH 7.4) while re-exposing it in the weakly acidic
tumor microenvironment (Figure 2A). This strategy
is conceived therefore to protect the nanoparticle
from hepatic TfR1 recognition and at the same time
ensure selective dissolution of the CaP shell in the
tumor to allow specific binding and uptake by tumor
cells. Overall, the biomineralization method to
encapsulate nanomaterials is beneficial for the
improvement of the serum half-life of HFn in
comparison to the nonmineralized control HFn
(Figure 2B). In addition, mice administered with
CaP-coated HFn nanocages showed a dramatic
reduction of liver accumulation and a 12-fold larger
efficiency of tumor-specific HFn delivery (Figure
2C-E). Ultimately, extensive evaluations performed
on multiple cell lines and patient-derived xenograft
models  supported the relevance of this
nanoplatforms as an efficient nanostrategy for
promoting tumor targeting and accumulation (Figure
2)_23

5. GENETICAL MODIFICATIONS OF H-
FERRITIN NANOCAGES

5.1. PASylation of H-Ferritin Nanocages. Over the
years, genetic engineering techniques have been
applied for the development of modified ferritin
nanoparticles, as a complement to the chemical
modifications previously discussed. Among the
genetic modifications proposed, an important role is
played by the modification known as PASylation.>
This modification, which is based on the genetic
fusion of biopharmaceuticals such as proteins,
peptides, and lowmolecular-weight drugs with a
sequence rich in proline (P), alanine (A), and serine
(S), was designed by Schlapschy with the aim of
mimicking PEG while gaining advantages in
biocompatibility and biodegradability as well as in
increasing circulation time.'®

Moreover, PAS sequences show high solubility in
physiological solution and adopt stable random coil
conformations, leading to expanded hydrodynamic
volumes. Consequently, PAS conjugates show
retarded  kidney filtration and  prolonged
pharmacokinetics in vivo.?®

This strategy has been applied to HFn by genetically
fusing PAS sequences to the N-terminal portion of
H-Ferritin subunits. In particular, two HFn
constructs were designed inserting in the N-terminal
position PAS sequences of different lengths: 40
(HFt-PAS40) and 75 (HFt-PAS75) amino acids,
respectively. The PAS40 and PAS75 polypeptides
were both genetically fused to HFn throughout a
linker sequence consisting of three glycine residues
that ensures proper PAS exposure on the outer
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surface of HFn. Both HFn mutants displayed high
stability in plasma and outstanding efficiency in the
encapsulation of doxorubicin. Indeed, the stability
and circulation time of HFn-PAS-DOXO complexes
were dramatically increased with respect to those of
wild-type protein.'

Moreover, with the aim of increasing both half-life
and tumortargeting ability, H-Ferritin nanocages
were genetically fused with the PAS sequence via
two different linker sequences (GFLG and
PLGLAG) and with the tumor-targeting peptide
RGDK (Arg-Gly-Asp-Lys). In particular, GFLG and
PLGLAG constitute cleavable sites that are
recognized by cathepsin B and matrix
metalloproteinase-2/9, respectively. The in vivo
pharmacokinetics study revealed the positive impact
of this strategy on HFn’s half-life. Indeed,
approximately 4.9-fold longer circulation time was
observed in comparison to the wildtype form, thus
allowing enhanced retention time at the tumor site.
The addition of RGDK, on the other hand, was
successful in improving biodistribution, uptake
efficiency, and targeting ability at the tumor site by
specifically binding to integrin avp3/5 and
neuropilin-1, which are expressed at high levels in
different tumor types.'¢

In another work, a different variant of PASylated H-
Ferritin nanocages was designed with the aim of
preventing healthy cells’ internalization while
ensuring specific tumor targeting. The authors
genetically inserted, between the sequence encoding
for H-Ferritin and the PAS sequence, a linker
sequence named MP recognized by tumor matrix
metalloproteases (MMPs). Thus, while the presence
of the PAS shield promotes the extension of the in
vivo stability, the recognition of the MP sequence by
MMPs enables the unmasked HFn to freely interact
with TfR1 overexpressed in cancer cells, triggering
tumor-specific accumulation. Again, these H-
Ferritin constructs displayed a longer half-life and
greater drug encapsulation efficiency compared to
the wild type HFn.?’

Based on the evidence that negatively charged
nanocages can have different behaviors in terms of
circulation time, HFn-MPPAS was redesigned by
adding two glutamic acid (E) residues, resulting in a
new construct called HFn-MP-PASE. Through this
modification, increased circulation time and longer
accumulation at the tumor site of HFn nanocages
were observed compared with the previously
assessed nanocages thanks to the reduced undesired
interaction with healthy tissues (Figure 3).%8
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Table 1. Summary of All Significant Efforts Involving Surface Functionalization Aimed at Improving In Vive Circulation Time of

Ferritin Nanocages

Achievements F

Chemical Modifications

Modification Material
Strategy
PEGylation PEG sequences + a-MSH peptide

Clustering into PEG sequences

Extended circulation time up to 24 h

Specific recognition and internalization into melanoma cells (

* Prolonged circulation time and enhanced tumor uptake with the
nanostructure consisting of 4 HFn monomers

Increased in vivo half-life
Reduced uptake by liver cells
Enhanced accumulation at the tumor

Genetical Modifications

oligomers
Biomineralization CaP shielding
PASylation PAS sequence

PAS sequence + RGDK targeting peptide

PAS sequence + cleavable linker
recognized by tumor metalloproteases

PASE sequence + cleavable linker
recognized by tumor metalloproteases

PAS sequence

Fusion with albumin Coating with albumin

binding domains

XTENylation XTEN polypeptides

XTEN polypeptides

Enhanced stability in plasma

Improved encapsulation efficiency of doxorubicin

Prolonged half-life (4.9-fold increase)

Improved tumor targeting ability

Extension of the in vivo stability promoted by PAS sequences

Specific tumor interaction thanks to the unmasking of PAS
sequences at the tumor microenvironment

Enhanced drug encapsulation efficiency

Increased circulation time thanks to the addition of acidic residues

Longer accumulation at the tumor site and reduced undesired
interaction with healthy tissues

Increased accumulation at the tumor

Reduced uptake by healthy tissues

* Extended circulation time and improved pharmacokinetic profile

* Improved half-life in relation to the length of the XTEN polymer

Improved half-life in relation to the length of the XTEN polymer

High bioavailability and very low immunogenicity

Tesarova et al. proposed novel HFn-based
nanoconstructs modified on the surface with PAS
sequences of 10 and 20 amino acids, respectively.
Here, to enable functionalization of the surface with
PAS peptides, the surface of H-Ferritin nanocages
was first decorated with gold nanoparticles, and
subsequently PAS sequences were incubated,
obtaining the final nanoconstruct. HFn nanocages
modified with PAS10 and loaded with the cytostatic
drug ellipticine displayed increased accumulation at
the tumor, while its uptake into off-target tissues was
hampered in a murine model of triple-negative breast
cancer.”

5.2. Modification of H-Ferritin Nanocages with
Albumin Binding Domain (ABD). Another
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interesting modification that has been proposed to
improve the performance of H-Ferritins as drug
delivery  vehicles involves  their  genetic
functionalization with a variant of the ABD. This
strategy is intended to exploit the high affinity that
ABD has for human serum albumin (HSA), the most
abundant protein found in plasma. Thus, by coating
the outer surface of HFn

nanocages with ABD, an increase in circulation time
is expected to occur.

In order to study the pharmacokinetic profile in vivo,
HFn nanocages were loaded with doxorubicin, and
the half-life was evaluated by monitoring the drug’s
concentration at different time points subsequent to



the intravenous administration of ABD-HFn/DOX,
HFn/DOX, and DOX. As a result, ABDHFn/DOX
displayed an extended half-life compared to both the
free drug (19-fold longer) and HFn/DOX (12-fold
longer). Furthermore, it was observed that ABD does
not affect cellular uptake, as genetically modified
nanocages showed results comparable to those
obtained with wild-type HFn nano-

particles.*

5.3. XTENylation of H-Ferritin Nanocages.
Another approach studied to mask the surface of
nanocages with the aim of improving their stability
is the method known as XTENylation. XTEN
represents a class of unstructured polymers
consisting of six repeating hydrophilic amino acids
(A, E, G, P, S, and T) that can be genetically fused to
obtain XTENylated proteins. The circulation time of
XTEN polymers increases proportionally to their
length since longer polypeptides confer larger
hydrodynamic volumes, resulting in slower renal
clearance. It has been observed that conjugation of
XTEN polymers of the same length with therapeutic
peptides or proteins can alter the half-life times of
individual drugs differently. In any case, the half-life
of each individual molecule can be altered depending
on the length of the XTEN polymer.'’

In another work, long-circulating ferritin nanocages
(LCFNs) using intrinsically disordered proteins
called “IDP cloud” were designed through 3D
modeling with the purpose of shielding the
nanoparticles and increasing the half-life time. Based
on 3D modeling, ferritin monomers were genetically
functionalized with XTEN polymers of different
lengths (LCFN36, LCFN72, LCFN144, LCFN288),
consisting of only hydrophilic amino acids (P, A, T,
G, E, S), with the aim of understanding which length
was optimal to give a longer half-life time. The
results showed that increasing the length of the
peptide achieved an increment in the half-life time
compared to the wild-type form, thus showing a
correlation between the two factors, while no
significant difference was observed between
LCFN144 and LCFN288.%!

In addition, XTEN polymers have been observed to
exhibit high biodegradability (thus avoiding
accumulation in tissues following prolonged
treatment), high bioavailability, and low or absent
immunogenicity, making XTENylation a promising
modification strategy.'”

All  significant  efforts involving  surface
functionalization aimed at improving in vivo
circulation time of ferritin nanocages, discussed
herein, are summarized in Table 1.

6. CONCLUSIONS

In the past decade, hundreds of nanodrug delivery
systems based on HFn have been proposed. Several
studies have demonstrated that ferritin nanocarriers
can not only improve the bioavailability of soluble
drugs and drive a specific accumulation at the tumor
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but also mitigate the side effects of toxic drugs on
healthy tissues. However, some key challenges need
to be addressed, including the relatively low stability
and short in vivo half-life of ferritin. At present,
different methods that include chemical and
genetical modifications have been proposed as
functionalization strategies to optimize the
employment of ferritin nanosystems. Many of them
hold great potential in tumor therapy and seem
promising in tackling the major challenges
described.

Clearly, considering the growing number of related
publications, the PASylation strategy is one of the
most compelling. Indeed, in the face of a relatively
easy production, this functionalization strategy is
reported to help overcome many of the current
difficulties in the use of ferritin-based assemblies for
in vivo applications. Overall, also biomineralization
of HFn nanocages with calcium phosphate presents
itself as a very new and promising strategy to tackle
the above-discussed limitations and to advance
toward the development of proteinbased
nanoplatforms for effective diagnostic and
therapeutic applications.

In conclusion, further translational efforts based on
ferritin nanoparticles as fine-tuned anti-tumor drug
delivery platforms are expected in the near future.
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Abstract: Indocyanine green (ICG) is a near infrared fluorescent tracer used in image-guided surgery
to assist surgeons during resection. Despite appearing as a very promising tool for surgical oncology,
its employment in this area is limited to lymph node mapping or to laparoscopic surgery, as it lacks
tumor targeting specificity. Recently, a nanoformulation of this dye has been proposed with the aim
toward tumor targeting specificity in order to expand its employment in surgical oncology. This
nanosystem is constituted by 24 monomers of H-Ferritin (HFn), which self-assemble into a spherical
cage structure enclosing the indocyanine green fluorescent tracer. These HFn nanocages were
demonstrated to display tumor homing due to the specific interaction between the HFn nanocage
and transferrin receptor 1, which is overexpressed in most tumor tissues. Here, we provide an ex
vivo detailed comparison between the biodistribution of this nanotracer and free ICG, combining
the results obtained with the Karl Storz endoscope that is currently used in clinical practice and the
quantification of the ICG signal derived from the fluorescence imaging system IVIS Lumina II. These
insights demonstrate the suitability of this novel HFn-based nanosystem in fluorescence-guided

oncological surgery.

Keywords: ferritin nanoparticles; ICG; tumor targeting; nanomedicine; ex vivo imaging; fluorescence-
guided surgery; fluorescence

1. Introduction

Fluorescence-guided surgery (FGS) is an intraoperative medical procedure that pro-
vides real-time fluorescence images of the operating field [1]. It is gaining interest in
surgical oncology due to its potential to improve tumor margin visualization and the
identification of tumor deposits. Indeed, a more precise anatomic localization of cancer
tissues during resection would be crucial for the success of any oncological surgery and
decisive in maximizing the benefits for patients [2-4].

The implementation of FGS requires the development of more accurate and sensitive
imaging devices and of an effective fluorescence contrast agent [5,6]. Among different
probes that may assist this technique, indocyanine green (ICG) is one of the most used and
well known [1,7-9], despite other near-infrared (NIR) fluorophores being approved by the
Food and Drug Administration (FDA), including Methylene Blue, 5-Aminolevulinic acid
(5-ALA), and Fluorescein, which are also suitable for FGS applications but are much less
frequently employed [10,11].

ICG is a tricarbocyanine, water-soluble fluorescent dye with substantial fluorescence
emission in the near-infrared (NIR) wavelength region (700-900 nm) [8,12-14]. Due to
its fluorescent characteristics and safety, ICG is currently used for several cancer-related
surgical applications, including sentinel lymph node (SLN) mapping, the identification of
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solid tumors, lymphography, angiography, and anatomical imaging during surgery [14-18]. However, since it
lacks specific tumor targeting and suffers from rapid degradation and blood-stream elimination [19,20], the
potential for its use in oncological FGS still has certain limitations [3,21,22].

ICG is a passive tumor-targeted probe and its performance in ensuring the unambiguous identification of
cancer tissue is still modest and insulfficient in providing a trustworthy exploitation of this technique [1]. Therefore,
most research focuses on designing nanocarriers as delivery systems for ICG with the aim of tackling some of its
current issues and to expand its possible applications in cancer diagnosis and treatment [22,23]. Hence, the overall
goal would be to develop systems with high specificity for tumors able to provide enhanced contrast between
cancer tissues or affected lymph nodes and healthy tissue, in order to tailor specific surgeries [22,24,25].

In the last 15 years, several studies have been carried out using ferritin bionanoparticles [26]. These
nanoparticles, thanks to their protein nature, show an excellent biocompatibility profile, great solubility in
biological fluids and good stability at high temperatures and in the presence of denaturing agents [27,28]. H-Ferritin
(HFn) nanoparticles appear as cave spheres
consisting of 24 monomers of human ferritin H chains with an external diameter of 12 nm.

They demonstrate a natural homing toward cancer cells due to the specific recognition of the transferrin
receptor-1 (TfR1), which is overexpressed in all tumor subtypes and represents a universal molecule for tumor
targeting as its expression in cancer is higher than that seen in other healthy cells [29-31]. Their physiological
features and their capacity to encapsulate drugs or fluorescent probes, makes ferritin nanocages ideal platforms for
oncological applications, such as drug delivery and diagnostics [32].

Several HFn-based nanodrugs have been proposed for drug delivery with excellent results in terms of
specific tumor recognition and increased activity with lower side effects [33-35]; however, ferritin nanoparticles
suggested for diagnostic purposes are restricted to magnetic resonance imaging [27,32,36] and there are only a few
examples of optical imaging applications [37] that do not include FGS or ICG exploitation. In light of this, we have
proposed ICG loaded HFn nanocages as an in vivo system for FGS that will allow the surgeon to perform a more
accurate surgical resection of the tumor with the ultimate goal of improving surgical outcomes [38].

Preliminary studies have demonstrated in vitro the tumor-targeted recognition of ICG upon nanoformulation
in HFn nanocages. These studies have demonstrated that nanoformulation also affects the fluorescence stability,
improving it, and resulting in better fluorescence signal in tumors [38]. Here, we performed an ex vivo analysis of
HFn-ICG tumor accumulation and biodistribution to better elucidate the differences in ICG behavior in vivo upon
nanoformulation.

2. Results and Discussion

2.1. HEn-ICG Displayed a Higher Intratumor Accumulation Compared to Free ICG

To further study the suitability of HFn-ICG as tumor-targeted nanotracer for in vivo image-guided surgery
[38], we decided to perform an ex vivo study on a syngeneic orthotopic murine model of breast cancer. Starting
from the in vivo pilot experiment that provided evidence regarding the potential of HFn—ICG to target the tumor
mass [38], in this study, we evaluated the tumor accumulation and the biodistribution of both free and nano-
formulated ICG ex vivo with the aim to demonstrate the improved performances and the potential of HFn-ICG as
a nano-tracer for fluorescence tumor detection.

HFn displayed natural tumor homing due to its capability to specifically bind the transferrin 1 receptor (TfR1)
and be internalized through receptor-mediated endocytosis. These features have been fully explored in tumor-
targeted drug delivery, using HFn to treat different kinds of cancers. Many drugs have been encapsulated and
tested, including Olaparib, Everolimus, Cis-Platinum, Curcumin, and Mitoxantrone [26,39-43], and the most
interesting results were obtained with doxorubicin [33-35,44-46].

Despite the HFn-based nanosystems being applied to cancer detection were well studied with positron
emission tomography application, magnetic resonance, and multimodal imaging, their application in fluorescence
image-guided surgery is almost unexplored [38]. We used a model of murine breast cancer, obtained by the
injection of 4T1 cells into the mammary fat pad of Balb/C female mice. Tumor-bearing mice were divided into two
experimental groups and injected with 3.8 mg/kg of free ICG or nano-formulated ICG.

After 6 and 24 h mice were sacrificed, the tumors were collected and imaged by the KARL STORZ NIR/ICG
endoscopic system, as reported in Video 51-S5.

This represents one of the main systems used in in vivo surgery and allowed us to really test the suitability of
our nanoconstruct. As shown in Figure 1a, an intense blue fluorescent signal was localized in the tumor mass of
mice treated with HFn-ICG at 6 h, while mice injected with ICG displayed a barely noticeable signal, more similar
to a dark blue shade. At 24 h after injection, the tumors harvested from mice treated with HFn-ICG showed a
fluorescent signal lower than the one detected at 6 h but still evident, while, in the group injected with free ICG,
the fluorescence signal was hardly visible (Supplementary Material, video 52-54).
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Figure 1. The tumor targeting of H-Ferritin (HFn)—indocyanine green (ICG) and free ICG was evaluated in 4T1 tumor-bearing mice, 6 and 24
h after intravenous administration with a KARL STORZ near-infrared (NIR)/ICG endoscopic system ((a), blue signal) and a IVIS Lumina Il system
(b). In (a,b) images of three representative tumors of each group are shown. Imaging analysis of data obtained by IVIS Lumina Il allowed us
to quantify the dye in the tumor (c). The fluorescence was higher in HFn—ICG-treated mice than in free ICG-treated mice at both 6 and 24 h.
There is a statistical significance between HFn-ICG and free ICG at 6 h (p-value = 0.0345) and between HFn-ICG at 6 h and free ICG detected
at 24 h (p-value = 0.0112). Color scale expressed as the total radiant efficiency (x108), n = 6. * p < 0.05.

To confirm and obtain a quantitative analysis of these observations, we coupled the imaging from the KARL
STORZ NIR/ICG endoscopic system to the imaging performed by the IVIS Lumina II system, which allowed us
also to quantify the fluorescence due to the software for analysis. The IVIS lumina II acquisitions corroborated that
the HFn-ICG tumor accumulation at 6 h was still visible at 24 h, while the free ICG did not accumulate and was
rapidly cleared (Figure 1b,c). Indeed, there was a significant difference in the levels of fluorescence between HFn-
ICG and free ICG at 6 h as well as with ICG at 24 h. Therefore, in mice injected with HFn-ICG it was possible to
detect a higher fluorescence signal compared to the signal visible at 6 h for free ICG.

2.2. HFn Encapsulation Improves Tumor Uptake of ICG

To assess if the higher accumulation in cancer was really due to improved HFn-ICG performances related to
a better uptake of the ICG, we performed a histological evaluation of tumors collected at 6 and 24 h from both
groups to localize the signal. We obtained confocal microscopy images of the tumor (Figure 2), where the red signal
associated with ICG was higher in samples treated with the nanoformulation and showed a different distribution
compared to that observed with free ICG both at 6 and at 24 h.
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Figure 2. Confocal images of tumor cryosections collected from mice injected with HFn—ICG or free ICG (red) and sacrificed at 6 and 24 h.
Nuclei were stained with 4’,6-Diamidino-2-phenylindole dihydrochloride (dapi; blue). Scale bar = 50 pm.

Different to the dotted distribution of intracellular HFn—ICG that is due to the vesiclemediated uptake
mechanism, as demonstrated by the colocalization between the ICG signal and TfR1 reported in Figure 3, the
uptake pattern observed for free ICG was less intense and specific (Figures 2 and 3). This might be due to the
specific and low uptake of free ICG in cancer cells and to a fast degradation of the molecule that leads to a
fluorescence loss. In light of this, HFn encapsulation could significantly improve the intracellular uptake of ICG
and preserve its fluorescence, as already previously suggested [38], therefore ensuring a more precise identification
of the tumor.
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Indocyanine green TfR1 Nuclei Cell membrane Merge

Figure 3. Colocalization between the transferrin receptor-1 (TfR1) receptor and ICG upon HFn-mediated internalization. Tumors
collected from mice injected with HFn—ICG or free ICG (green) and sacrificed at 6 h, were cryosectioned and labelled to study the
colocalization with TfR1 (purple). Nuclei and cell membranes were stained with dapi (blue) and Wheat Germ Agglutinin-Alexa Fluor
488 (cyan), respectively. Scale bar = 10 um.

HFn-ICG

ICG

2.3. HFn Encapsulation Markedly Improved the ICG Kinetics of Biodistribution

As previously described with the tumor analysis, the major organs were also examined by the KARL STORZ
NIR/ICG endoscopic system to evaluate the off-target biodistribution of fluorescence in each district (Figure 4a).
In this case, there was also a significant difference between the mice injected with HFn-ICG and free ICG. HFn-ICG
was detectable at 6 h in the tumor (Figure 1a, blue signal) and also at the liver, kidneys, and at the gastrointestinal
tract. Additionally, even with a lower intensity, it is observed at the axillary lymph nodes, heart, and lungs.

This biodistribution profile is consistent with the ICG metabolism. This occurs in the liver, where it is
accumulated into bile salts and released in the intestines, allowing its excretion with feces. As expected, when ICG
is administered as a free dye it is rapidly metabolized. A weak fluorescence signal was observed at 6 h in the liver
and in the last part of the intestinal tract. At 24 h after injection, there was a noticeable decrease in the fluorescence
levels compared to the 6 h time point. However, in the organs from mice injected with free ICG, there was an almost
complete washout of the dye, while in those from mice injected with HFn-ICG, the fluorescence signal (blue) was
still present in the liver, kidneys, stomach, and in the distal part of the gut, in addition to the already discussed
accumulation at the tumor (Figure 1a).

While the detection of the ICG signal in the gut, liver, and kidneys was consistent with its metabolism, the
signal in the stomach was surprising, as the HFn-ICG was administered by parenteral injection. However, the
reason was easily attributable to the sphincter relaxation occurring upon sacrifice that allowed the diffusion of ICG-
rich bile salts into the stomach. These results overall suggested the crucial role of the HFn nanocage in protecting
ICG from rapid metabolism and degradation, which instead represents the destiny of the free dye.

Figure 4b shows an overview of the distribution of the signal associated with ICG in the same organs
observed in Figure 4a. These representative imaging scans performed by the IVIS Lumina II reflect what is reported
by Figure 4a and the analysis of the imaging scans described in Figure 5 reveal a striking difference between the
two formulations in terms of the kinetics of biodistribution. ICG is rapidly metabolized and it was unable to
accumulate specifically at any organ.
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Figure 4. Representative images of organs collected from tumor-bearing mice, 6 and 24 h after I.V. administration of HFn-ICG and free ICG
obtained with the KARL STORZ NIR/ICG endoscopic system (a, blue signal) and IVIS Lumina Il system (b). In each panel, it is possible to observe
the following organs: Liver (Li), Spleen (Sp), Kidneys (Ki), Stomach (S), Intestine (1), Lymph node (L), Heart (H), Lung (Lu), and Brain (Br)). Color

scale expressed as the total radiant efficiency (x10°).
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Figure 5. Imaging analysis of data obtained by IVIS Lumina Il allowed us to quantify the signal associated with ICG by drawing regions of
interest (ROIs) around each of the individual tissues. The histograms show the mean value measured in each organ of the mice treated with
HFn-ICG (left panel) and with free ICG (right panel) and sacrificed 6 and 24 h after the injection. The bars are the mean value * standard

deviation (SD), n = 6.
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At 6 h, as previously mentioned, when administered as a free dye, ICG was found in the liver and the gut but
was then promptly excreted as no fluorescent signal is visible at either location at 24 h. On the contrary, HFn-ICG
allowed us to detect higher signals in all the organs and appeared to preserve the dye’s fluorescence up to 24 h in
the gut, liver, stomach, and at the tumor, which is our focus.

In Figure 6, we report the quantification of the signal for each individual organ. The gut, which exhibited the
highest signal compared to the other organs, displayed, at 6 h, an accumulation of ICG comparable between the
two formulations. Afterward, in both groups, there was a progressive decay of the signal. However, in mice treated
with HFn-ICG, the presence of the dye was persistent at 24 h. The fluorescence signal in the gut was not located in
the intestinal wall but was only restricted to the chyle, and then to the feces. In the liver, it was possible to see an
accumulation of the signal in favor of HEn-ICG still visible at the last time point and more intense compared to the

free ICG.
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Figure 6. Imaging analysis of the ICG signal obtained by IVIS Lumina Il and associated to different organs. Quantification of the signal
associated with ICG was performed by drawing ROIs around each of the individual tissues. The histograms show the mean value measured
in each organ of mice treated with HFn-ICG (left panel) and with free ICG (right panel) and sacrificed 6 and 24 h after the injection. The bars

Total Radiant Efficiency
[p/s] / [uW/cm?]

are the mean value £ SD, n = 6.

Presumably, ICG, which has a quicker clearance, accumulated in the liver at an earlier time and, at 6 h, was
already completely excreted into the bile (Figure 6). The fluorescence intensity registered in the stomach had a
similar trend to that in the kidney in both groups. The fluorescence signal appeared attenuated at 24 h for HFn-
ICG, while it was visible at lower levels for ICG even at 6 h. With regard to the lungs, spleen, brain, heart, and
axillary lymph nodes, the signal was far lower, with an order of magnitude of 10%-10°, compared to the fluorescence
at the gut, liver, stomach, and kidney (10'°-10").

The fluorescence signal of HFn-ICG was higher compared to the free ICG at each time point in every organ
of this second group. In the brain, heart, and lymph nodes, the fluorescence of ICG was hardly observable. Overall,
the ability of targeting the tumor mass with improved fluorescence accumulation in tumor, as confirmed by this ex
vivo study, makes HFn—ICG a powerful system for the delivery of ICG. Further studies with mass spectrometry
should be performed to elucidate if the increased fluorescence signal observed in cancer tissue and also in off-target
organs is due to a better profile of the biodistribution or to the increased stability of the fluorescence signal acquired

upon nanoformulation.
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3. Materials and Methods

3.1. Development of ICG-Loaded-HFn Nanoparticles

HFn was purchased from MoLiRom s.r.1. (Rome, Italy). The ICG was nano-formulated exploiting the ability
of HFn to disassemble and reassemble its quaternary structure in response to changes in the pH, as previously
reported [38].

3.2. Animals

The animals were managed according to procedures approved by the Italian Ministry of Health (Protocol
Number 611/2019-PR, 6 August 2019). All procedures involving animals and their health were conducted in
accordance with the 3R principles to minimize the number of mice used and their collateral suffering. The animals
were housed in specific pathogen-free conditions and were kept in cages with free access to water and food.

3.3. Tumor Targeting and Biodistribution

For the biodistribution studies, we recruited six animals for each experimental time point. Seven-week-old
female BALB/c mice were injected into the mammary fat pad with 100,000 4T1-Luc cells (Bioware Ultra,
PerkinElmer, Waltham, MA, USA). After 21 days, the mice were intravenously injected in the tail vein with ICG or
HFn-ICG at a concentration of 3.8 mg/Kg. Subsequently, the mice were sacrificed by cervical dislocation at 6 or 24
h to follow the biodistribution of the two administered formulations. Immediately after the sacrifice, we performed
an accurate autopsy by means of the KARL STORZ NIR/ICG endoscopic system (OPAL1 Technology, equipped
with a high-end full HD camera IMAGE 1 SPIES and a xenon light source D-light P SCB; KARL STORZ GmbH &
Co. KG, Tuttlingen, Germany).

This allowed us to detect the fluorescent signal observable in blue at the tumor site and in terms of the organ
distribution. The tumor and the major organs, i.e., the liver, stomach, gut, kidneys, spleen, hearth, lung, brain, and
lymph nodes were collected and imaged with an IVIS Lumina II imaging system (PerkinElmer, Waltham, MA,
USA). Ex vivo scans of organs were performed with the following acquisition parameters: Excitation filter: 745 nm,
emission filter: ICG, exposure time: 2 s, binning factor: Medium, f/Stop: 2, Field of View: D.

The Living Image Software 4.3.1 (Perkin Elmer, Waltham, MA, USA) conjugated with the Image Math tool
was used to separate the ICG signal from the tissue autofluorescence, image processing, and fluorescence signal
quantification analysis. In detail, the Image Math tool offered together with Living Image®4.3.1 software allowed
the subtraction of the tissue autofluorescence background from the signal. Due to the acquisition of an imaging
scan with a background filter (i.e., green fluorescent protein filter), it was possible to separate the ICG signal from
the tissue autofluorescence and perform the correct image processing and quantification. Tables reporting Signal
to noise (SNR) and Signal to Background (SBR) ratios have been provided as Supplementary Material (Tables S1
and S2, respectively).

Finally, all the tumors were frozen at —80 °C for cryosectioning and histological analysis.

3.4. Confocal Laser Scanning Microscopy

Cryosections of 9 ym were obtained from each 4T1 tumor and, after adhesion in glass slides, were
counterstained with 0.2 ug/mL dapi (4°,6-diamino-2-phenylindole; Thermo Fisher Scientific Inc., Waltham, MA,
USA) for 10 min at room temperature, washed thrice, and mounted with Prolong Gold (Life technology; #P10144,
Thermo Fisher Scientific Inc., Waltham, MA, USA). Microscopy analyses of cryosections were performed with a
Leica SP8 microscope confocal system equipped with lasers at 405, 488, 513, and 633 nm (Leica, Wetzlar,
Germany). Tumor images were acquired at a 512 x 512 pixel resolution using a 63x immersion oil lens.

To assess the colocalization between nanoformulated ICG and TfR1, we labelled the tumor cryosection as
follows. The cryosections were air dried at room temperature (RT) for 15 min, rinsed with phosphate saline buffer
(PBS), and fixed for 5 min with 2% paraformaldehyde (Sigma-Aldrich, Merck Life Science, Milano, Italy). They
were then permeabilized for 10 min at RT with 0.1% Triton X-100 (Sigma-Aldrich, Merck Life Science, Saint Louis,
MO, USA) in PBS. Afterward, the samples were incubated for 1 h at RT with a solution containing 2% Bovine Serum
Albumin (BSA; Sigma-Aldrich, Merck Life Science, Saint Louis, MO, USA)) and 2% goat serum (Euroclone, Pero,
Italy) in PBS. TfR1 labelling was performed with the anti-TfR1 antibody (1:200; ab84036; Abcam, Cambridge, UK)
by overnight incubation at 4 °C.

After three washes in PBS, the anti-TfR1 antibody was recognized by Alexa Fluor 488-conjugated antibody
against rabbit Immunoglobulins G (IgGs; Thermo Fisher Scientific Inc., Waltham, MA, USA) at a 1:300 dilution
by incubating for 2 h at RT in PBS, 2% BSA, 2% goat serum, and 0.2 ug/mL dapi (4°,6-diamino-2-phenylindole;
Thermo Fisher Scientific Inc., Waltham, MA, USA). Finally, the samples were counterstained with wheat germ
agglutinin and Alexa Fluor™ 488 Conjugate incubating for 1 h at RT in PBS (1:200; W11261; Thermo Fisher
Scientific Inc., Waltham, MA, USA) for visualization of the cell membranes. A single plane image of the tumor
section was acquired at a 512 x 512 pixel resolution using a 63x immersion oil lens and applying a digital zoom of
three times.

170



Appendix 4

3.5. Statistical Analysis

All data were expressed as the mean + SD. Student’s t-test and the p values were evaluated using the
GraphPad Prism version 6.00 for Windows (Graph-Pad Software, San Diego, CA, USA). The sample size was
calculated referring to [47], using the Power and Sample Size Calculator program with a statistical power of 80%
and an alpha error of 5% calculated.

4. Conclusions

Intraoperative visualization of tumors by means of fluorescence-guided surgery (FGS) may not only allow
more accurate tumor resections but also improve safety by reducing unnecessary damage to normal tissues with
benefits for both the surgeons and cancer patients. Therefore, practical methods for improving the surgeon’s ability
to resect tumors are needed. Here, we provided a strict comparison in terms of the tumor accumulation, off-target
biodistribution and kinetics of clearance prodromic to in vivo assess tracking capability of HFn-ICG. These results
support the suitability of HFn-ICG for the FGS application; however, our future endeavors will be focused on the
improvement of the HFn circulation time in order to maximize its capability to localize at a tumor for longer to
thereby allow its application in other kinds of tumors.

Supplementary Materials: Supplementary materials can be found at https://www.mdpi.com/14 22-
0067/22/4/1601/s1. Video S1. Non-treated mouse imaged by the KARL STORZ NIR /ICG endoscopic system. The
ICG signal is absent, and the tissue autofluorescence is evidenced by green light. Video S2. Mouse injected with
HFn-ICG and imaged after 24 h by the KARL STORZ NIR/ICG endoscopic system in vivo. This video displays
how the fluorescent signal of ICG, visible in blue, allowed us to easily detect the tumor mass and was clearly
distinguishable from the background, which is visualized in green. Video S3. Mouse injected with HFn-ICG and
imaged after 24 h by the KARL STORZ NIR/ICG endoscopic system during the surgical intervention. Here, it is
possible to observe the labelled tumor mass during the surgical intervention. The tumor mass is clearly
distinguishable from the surrounding tissue. Video S4. Mouse injected with free ICG and imaged after 24 h by the
KARL STORZ NIR/ICG endoscopic system during the surgical intervention. Here, it is possible to observe the
labelled tumor mass during the surgery. The tumor mass of the mouse injected with free ICG does not appear as
fluorescent. Video S5. Mouse injected with HFn-ICG and imaged after 2 h by the KARL STORZ NIR/ICG
endoscopic system. Here, it is possible to see the ICG signal before the achievement of complete organ distribution.
Indeed, until 2 h after injection, the ICG, free or nanoformulated, is mainly present in the bloodstream, resulting in
a blurred visualization of the anatomical compartments. Table S1. SNR obtained from the ratio between the mean
total radiant efficiency of signal acquired with ICG filter and the mean total radiant efficiency of signal acquired
with GFP filter (n = 6). Table S2. SBR obtained from the ratio between the mean total radiant efficiency of signal
acquired with ICG filter in a ROI drawn on target organ and the mean total radiant efficiency of signal acquired
with ICG filter in a ROI drawn on background (1 = 6).
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Abbreviations

ICG Indocyanine Green

HFn H-Ferritin

HFn-ICG  H-Ferritin loaded with ICG
FGS Fluorescence-guided surgery
FDA Food and Drug Administration
NIR Near-infrared

SLN Sentinel lymph node

TfR1 Transferrin receptor 1
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DAPI 4',6-Diamidino-2-phenylindole

dihydrochloride

ROI Region of interest

SD Standard deviation

PBS Phosphate saline buffer

BSA Bovine serum albumin

IeG Immunoglobulin G

SNR Signal to noise ratio

SBR Signal to background ratio
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Development and Validation of a
Bioanalytical UHPLC-MS/MS Method
Applied to Murine Liver Tissue for the
Determination of Indocyanine Green
Loaded in H-Ferritin Nanoparticles

Cristina Sottani™, Elena Grignani’, Danilo Cottica’, Serena Mazzucchelli?, Marta Sevieri?,
Arianna Chesi’, Fabio Corsi*”, Sarah Galfré*, Francesco Saverio Robustelli della Cuna® and
Enrica Calleri*

"Enviranmental Research Center, letituti Ciinici Scientifici Mauger FCCS, Paws, Itafy, “Nanomadicine Labaratary, Dapartment of
Biomedical and Cinical Sciences “Luigl Sacco”, Miano Liniversity, Milan, laly, “Bragst Uind, istitutf Cliniei Sciantificl Maugeri
IRCCS, Paws, Naly, “Department of Drug Sciances, Unversily of Pavia, Pads, italy

Indocyanine green (ICG) is one of the most commonly used fluorophores in near-infrared
fluorescence-guided techniques. However, the molecule is prone to form aggregates in
saline solution with a limited photostability and a moderate fluorescence yield. ICG was
thus formulated using protein-based nanoparticles of H-ferritin (HFn) in order to generate
a new nanostructure, HFn-ICG. In this study, an ultrahigh performance liquid
chromatography-tandem mass spectrometry (UHPLC-MS/MS) system was employed
to develop and validate the quantitative analysis of ICG in liver tissue samples from HFn-
ICG-treated mice. To precipitate HFn, cold acetone in acidic solution at pH 5.0 was used.
The processed liver samples were injected into the UHPLC-MS/MS system for analysis
using the positive electrospray ionization mode. Chromatographic separation was
achieved on a Waters Acquity UPLC® HSS T3 Column (1.8um, 2.1 x 100mm) with
0.1% formic acid and acetonitrile as the mobile phase with gradient elution. The selected
reaction monitoring transitions of m/z 753 — m/z 330 and m/z 827 — m/z 330 were
applied for ICG and IR-820 (the internal standard, IS), respectively. The method was
selective and linear over a concentration range of 501,500 ng/ml. The method was
validated for sensitivity, accuracy, precision, extraction recovery, matrix effect, and stability
in liver tissue homogenates. ICG extraction recoveries ranged between 85 and 108%. The
intra- and inter-day precisions were less than 6.28%. The method was applied to a bio-
distribution study to compare the amount of ICG levels from mice treated with HFn-ICG
and free ICG. The analyses of the homogenate samples from the two types of treatment
showed that the concentration levels of ICG is approximately six-fold higher than those of
free ICG (1,411 £ 7.62ng/ml vs. 235 + 26.0ng/ml) at 2 h post injection.

Keywords: indocynine green, liver tissue, UHPLC-MS/MS, FDA validation, biodistribution study
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Abstract: Protein nanocages represent an emerging candidate among nanoscaled delivery systems.
Indeed, they display unique features that proved to be very interesting from the nanotechnological
point of view such as uniform structure, stability in biological fluids, suitability for surface modifi-
cation to insert targeting moieties and loading with different drugs and dyes. However, one of the
main concerns regards the production as recombinant proteins in E. caoli, which leads to a product
with high endotoxin contamination, resulting in nanocage immunogenicity and pyrogenicity. Indeed,
a main challenge in the development of protein-based nanoparticles is finding effective procedures to
remove endotoxins without affecting protein stability, since every intravenous injectable formulation
that should be assessed in preclinical and clinical phase studies should display endotoxins concentra-
tion below the admitted limit of 5 EU/kg. Different strategies could be employed to achieve such
a result, either by using affinity chromatography or detergents. However, these strategies are not
applicable to protein nanocages as such and require implementations. Here we propose a combined
protocol to remove bacterial endotoxins from nanocages of human H-ferritin, which is one of the most
studied and most promising protein-based drug delivery systems. This protocol couples the affinity
purification with the Endotrap HD resin to a treatment with Triton X-114. Expleiting this protocol,
we were able to obtain excellent levels of purity maintaining good protein recovery rates, without
affecting nanocage interactions with target cells. Indeed, binding assay and confocal microscopy
experiments confirm that purified H-ferritin retains its capability to specifically recognize cancer
cells. This procedure allowed to obtain injectable formulations, which is preliminary to move to a
clinical trial.

Keywords: drug delivery; protein nanocages; endotoxin purification; ferritin

1. Introduction

Interest in protein nanocages (P-NCs) has been growing over the past years since
they turn out to be fascinating drug delivery systems. Their appeal relies mainly on their
minimal toxicity, good biocompatibility and easy metabolism, since they can be degraded
following physiological protein degradation routes [1]. Indeed, P-NCs are constituted by
protein monomers that self-assemble in hollow structures [1]. P-NCs constitutive monomers
can be chemically or genetically modified by inserting surface functionalities, in order to
tune surface charge, ligand display, stability and drug loading [2]. Different P-NCs have
been developed in the last twenty years such as Vault, viral capsids and Heat-shock proteins,
but the H-ferritin nanocage (HFn) represents “The Golden boy" of P-NCs developed for
drug delivery [3,4].
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