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Abstract

Cancer isaleading cause of disease worldwide and breast cancer, which existsin four major
molecular subtypes, is the second most common cause of cancer mortality. Although there are
many therapeutic options, chemotherapy is still subject to failures, due to (1) the low selectivity of
drugs, which requires high doses with side effects and the risk of recurrence and (2) the
development of resistance by different mechanisms that cells put in place to defend themselves
from the action of drugs.

In my PhD project | exploited the unique features of a nanoparticle based on recombinant
heavy-chain ferritin cages (HFn) for the targeted delivery of various active molecules to improve
the treatment efficacy in breast cancer. My work is divided into three main subprojects, all sharing
the use of HFn.

Initialy, | exploited HFn nanocages for the encapsulation of a chemotherapeutic drug,
doxorubicin (DOX). HFn-DOX acts as a “Trojan Horse”: nanoparticles are internalized in cancer
cells faster and more efficiently compared to free DOX, then promptly translocated into the nucleus
with a self-triggered mechanism, thus promoting a fast and massive delivery of the drug inside the
nuclear compartment, strongly affecting viability and circumventing MDR mechanisms. Then, |
tested HFn-DOX on an aggressive breast cancer model, in vitro and in vivo, under a Low Dose
Nanometronomic regimen (LDNM). Metronomic HFn-DOX strongly improved the antitumor
potential of DOX chemotherapy arresting the tumor progression. Such effect is attributable to
multiple nanodrug actions, including inhibition of tumor angiogenesis and avoidance of
chemoresistance. Moreover, metronomic HFn-DOX drastically reduced cardiotoxicity.

In the second project, curcumin was encapsulated in HFn (CFn) and used to treat triple
negative breast cancer (TNBC) cell lines. Curcumin is anatural anti tumor compound, but is rapidly
degraded and scantily bioavailable. CFn had instead good stability and solubility and was able to
enhance the sensitization of TNBC cellsto DOX treatment.

Finally, HFn was used as a vehicle to transport anti-microRNAS, since miR21 playsarolein
the development of resistance against Trastuzumab (TZ), the treatment of choice for HER2 positive
breast cancer. The major limiting factor in gene therapy is the ability to specifically deliver
nucleotide sequences: however, anti-miR21 cross-linked to HFn, was released into the cytoplasm.

Based on our results, ferritin is an effective system for the delivery of anti-tumor molecules,
promoting their chemotherapic action and/or overcoming the problem of resistance that limits the
effectiveness of many therapies.



CHAPTER 1

General introduction



1.1 Cancer

The term "cancer” refers to a group of diseases involving abnormal cell growth with the
potential to invade or spread to other parts of the body. Normally, human cells grow and divide to
form new cells as the organism needs them. When cancer develops, however, this orderly process
breaks down: cells become more and more abnormal and survive when they should die. These extra
cells can divide without stopping, forming growths called tumors. Cancerous tumors are malignant,
which means they can spread into, or invade, nearby tissues. In addition, as these tumors grow,
some cancer cells can break off and travel to distant places in the body through the blood or the
lymph system and form metastasis.

The World Health Organization (WHO) attributed 8.2 million deaths to cancer in 2012,
accounting for about 13% of all deaths. In the same year, 14.1 million new cases of cancer were
diagnosed worldwide and the global cancer incidences are expected to increase to 23.6 millions in
the next two decades. The good news is that about 32 million people diagnosed with cancer in the
previous five years were alive at the end of 2012 and most of them were women after their breast
cancer diagnosis (6.3 million)™. For sure, early detection, accurate diagnosis and effective
treatment (thanks to a variety of therapeutic options), have helped to increase cancer survival rates.
Despite all, cancer is still aleading cause of death worldwide and further improvements are needed.

We can identify two main reasons for treatment failure: the lack of selective delivery of anti-
cancer compounds to neoplastic tissue and the development of resistance by the tumor tissue.

1.1.1 Challenges for chemotherapy (1): targeting

Severa treatment options are available for cancer, including surgery, radiation therapy and
chemotherapy. If surgery and radiation therapy remove, kill, or damage cancer cells in a specific
area, on the other side chemotherapy can work throughout the whole body and kill cancer cells that
have spread to parts of the body far away from the primary tumor. Conventional chemotherapy,
which utilizes small molecular drugs, is the treatment of choice for many cancers but although these
molecules are able to kill neoplastic cells with high efficacy, they lack precision and are
systemically distributed without preferential localization to cancer tissue. This process results in
drug-induced toxicity in healthy tissues, primarily affecting the fast-dividing cells of the body, but
not only>. Furthermore, the poor selectivity also implies the necessity of using high doses of drugs
and promotes a high risk of recurrence. Indeed, according to the “maximum tolerated dose” (MTD)
paradigm, patients are administered with single or short courses of the highest tolerable dosage of a
drug, in order to achieve the best therapeutic efficacy with minimal possible toxicity. These
treatments cannot be protracted for a long time, just because of the low selectivity of the drugs, and
prolonged breaks between different chemotherapy cycles are mandatory to alow recovery of
healthy tissues and reduce myelosuppression™. The problem is that in fast-growing or metastatic
tumors, during these therapeutic breaks a burst in cancer cell proliferation is likely, together with
the manifestation of chemoresistance and accelerated angiogenesis®.

Thus, there is an urgent need to develop drugs with high selectivity to target tumors, which
may greatly reduce drug toxicity and enhance the therapeutic efficacy of chemotherapeutics. In this
context, aswe will see later, nanoparticles take on incredible importance’.



1.1.2 Challenges for chemotherapy (2): Multidrug Resistance

Although chemotherapy drugs are an effective treatment for many types of tumors, not all
patients can be cured by these approaches and some of them respond transiently or incompletely:
the ability of cancer cells to become simultaneously resistant to different drugs remains a significant
obstacle to therapeutic success®. “Multidrug resistance” (MDR) is the term used to describe this
feature: patients may initially have a partial or complete response to the treatment, but eventually
exhibit cancer progression or recurrence. With repeated treatment, tumors often become resistant
not only to the specific chemotherapeutic agent being employed, but cross-resistant to both similar
and structurally unrelated classes of cytotoxic drugs’.

A first type of resistance is that which impairs the delivery of anticancer drugs to tumour
cells: the presence of little amount of drug in the blood and hence into the tumor mass may be due
to poor absorption, to an increased drug metabolism or to an elevated excretion. Otherwise, the
resistance can arise also in the cancer cell itself, due to genetic and epigenetic alterations that affect
drug sensitivity: cells can become resistant to a single drug or to a class with similar mechanism of
action and if cells show cross-resistance to other structurally and mechanistically unrelated drugs,
the phenomenon is called multidrug resistance®.

Different mechanisms may be responsible for MDR: increased activity of efflux pump
(ATP-dependent transporters), decreased drug influx, activation of DNA repair, activation of
detoxifying systems (as cytochrome P450), altered expression of apoptosis-associated protein (like
Bcl-2) and tumor suppressor protein (like p53)8 (Fig. 1.1).
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Fig 1.1 Factors influencing tumor heterogeneity and drug resistance. Genetic, hongenetic, and microenvironmental
factors give rise to tumor heterogeneity, which significantly influences the drug sensitivity of cancer cells through an
array of cellular mechanisms, such as transporter overexpression™®.



1.1.1.2 ATP-dependent transporters

The ATP-dependent transporters or ATP-binding cassette (ABC) are a superfamily of
proteins, highly conserved, generally expressed on the membrane of cells and cellular vesicles (Fig.
1.2). The ATPase transporters utilize the energy of adenosine triphosphate (ATP) binding and
hydrolysis to promote the translocation of various substrates across membranes; the export of these
compounds can take place against considerable concentration gradients. There are 48 known
transporters in the ABC family, which are classified into seven different subfamilies based on
phylogenetic analysis'. ABC proteins in their functional form comprise a minimum of four core
domains. two membrane-bound domains (or transmembrane domains, TMDs) and two nucleotide
binding domains (NBDs). The role of the TMDs is to recognize and mediate the passage of
substrate across the cell membrane, while the NBDs hydrolyze ATP to power this process. Only the
subfamily ABCC possesses an extra N-terminal domain of unknown function™. There are currently
no high resolution structures available for any eukaryotic ABC protein, but the nature and location
of the drug-binding site have been extensively investigated, especially for P-gp and MRP1. The
drug binding pocket within the protein is made up by the transmembrane regions, it is shaped like a
funnel that is narrower at the cytoplasmic side, and it appears large and flexible, with a large
number of amino acid side chains that could serve as hydrogen bond donors™. Two ATP hydrolysis
events, which do not occur simultaneously, are needed to transport one drug molecule: the binding
of substrate to the transmembrane regions stimulates the ATPase activity of transporter, causing a
conformational change that releases substrate outside, while the hydrolysis of the second ATP
seems to be required to ‘re-set’ the transporter so that it can bind substrate again®.

Structure

Examples

MDR1 (ABCB1)
MRP4 (ABCC4)
MRP5 (ABCC5)
MRP7 (ABCC1)
BSEP/SPGP (ABCB11)

MRP1 (ABCC1)
MRP2 (ABCC2)
MRP3 (ABCC3)
MRP6 (ABCCB)

MXR/BCRP/ABC-P
(ABCG2)

Fig. 1.2. Structures of ABC transporters known to confer drug resistance. The structures of three categories of ABC
transporter. (@) ABC transporters such as multidrug resistance MDR1 have 12 transmembrane domains and two ATP
binding sites. (b) The structure of MRP1 possesses two ATP binding regions and an additional domain that is composed
of five transmembrane segments at the amino-terminal end. (c) The ‘haf-transporter’ BCRP contains six
transmembrane domains and one ATP-binding region on the amino-terminal side of the transmembrane domain. Half-
transporters are thought to homodimerize or heterodimerize to function.



It is important to note that, even if many ABC transporters have been identified to play
important roles in human diseases (cystic fibrosis, neurological disorders, tumors), they are all
expressed in normal tissues and they transport a diverse array of substrates, including sugars, amino
acids, drugs, antibiotics, nucleotides, endogenous metabolites and ions (Tab. 1.1). Anyway, several
ABC transporters are efflux pumps that play an important role in the uptake and distribution of
therapeutic drugs and therefore can affect the treatment of a pathology. Fifteen of the 49 known
ABC transporters contribute to conferring resistance to chemotherapeutic agents, however three of
them appear to account for most observed MDR in humans and have been demonstrated to have a
well-defined role in the transport of clinically relevant drugs: P-glycoprotein (P-gp or ABCBL1 or
MDR1), MDR-associated protein (MRP1 or ABCC1) and breast cancer resistance protein (BCRP
or ABCG2 or MXR). These proteins are all located in the plasma membrane; P-gp and MRP1 are
170-190 kDa single polypeptides while BCRP is a 72 kDa half-transporter and likely works as a
homodimeric complex™.

Table 1.1 Tissue localization, possible functions and substrates of ABC transportersg.

Common name  Systematic Tissue Non-chemother apy Chemotherapy
name substrates substrates
P-gp, MDR1 ABCB1 Intestine, liver, Neutral and cationic ~ Doxorubicin,
kidney, placenta, organic compounds,  daunorubicin,
blood-brain barrier many commonly vincristine,
used drugs vinblastine, paclitaxel,
docetaxel, etoposide
MDR2 ABCB4 Liver Phosphatidylcholine, Paclitaxel, vinblastine
some hydrophobic
drugs
MRP1 ABCC1 All tissues Glutathione and Doxorubicin,
other conjugates, epirubicin, etoposide,
organic anions, vincristine,
leukotriene C4 methotrexate
MRP3 ABCC3 Pancreas, kidney, Glucuronate and Etoposide,
intestine, liver, glutathione methotrexate,
adrenal glands conjugates, bile acids  cisplatin, vincristine,
doxorubicin
BCRP, MXR ABCG2 Placenta, intestine, Prazosin Doxorubicin,
breast, liver daunorubicin,

mitoxantrone,
topoteca, SN-38

P-glycoprotein (P-gp or MDR1)

The broad-spectrum multidrug efflux pump P-gp was discovered in 1976 and is possibly the
best studied ABC transporter to date. It is the product of the mdrl gene and is a 170 kDa
membrane-associated protein, containing 1280 amino acids with 12 transmembrane regions and 2
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ATP-binding sites. P-gp is expressed at high levels in the apical membranes of epithelial cellsin
colon, small intestine, brain, testis, placenta and pregnant endometrium. These locations suggest
that it has a physiological role in protecting sensitive organs and the fetus from toxic xenaobiotics.
For example, in the intestine P-gp extrudes many drugs into the lumen, reducing their absorption
and ora bioavailability; in hematopoietic progenitor cells it protects the bone marrow from the
toxicity of chemotherapeutic drugs™. Moreover, high expression of P-gp has been observed prior to
chemotherapy treatment in many different tumor types, including kidney, colon, liver, breast and
ovarian cancer. In other cancers, such as haematological malignancies, the low levels of this protein
areincreased after chemotherapy treatment™.

P-gp is able to bind and efficiently remove a wide range of structurally dissimilar
compounds, such as anticancer drugs (anthracyclines, vinca akaloids, actinomycin-D and
paclitaxel), HIV-protease inhibitor, analgesics, immunosuppressive agents, antibiotics. All are
hydrophobic amphipathic molecules, with a molecular weight in the range of 300 to 1000 Da, often
with aromatic rings and uncharged or positively charged at neutral pH*. Also some physiological
substrates have been identified for P-gp, including steroid hormones, lipids, peptides and small
cytokines. P-gp can also be easily inhibited by two drugs already in use for other disorders: the
calcium channel blocker Verapamil and the immunosuppressant Cyclosporin A, now studied also to
reverse drug resistance.

MRP1

P-gp is not the only ABC transporter implicated in drug resistance: the multidrug resistance
associated protein 1 (MRP1 or ABCC1) isvery similar in structure, with the exception of an amino-
terminal extension. Differently to P-gp, it is expressed at the basolateral membrane of polarized
epithelia cells: it protects bone marrow, kidney collecting tubules, oropharyngeal and intestinal
mucosa from toxicants and it is also involved in drug clearance from the cerebrospinal fluid,
testicular tubules and peritoneum. This protein is able to bind and transport a variety of endogenous
molecules that are conjugated to the anionic tripeptide glutathione (GSH), to glucuronic acid or to
sulphate. As regards anti-cancer agents, MRPL prefers anionic substrates and conjugated drugs (or
drugs co-transported with free glutathione) and it is expressed both in solid tumor and

haematological malignancies®™.

BCRP

BCRP (breast cancer resistance protein) is a homodimer of two half-transporters, each
containing an ATP binding domain and six transmembrane segments. As P-gp, it is expressed in a
variety of normal tissues, like intestine, kidney, placenta, brain endothelial cells, hematopoietic
stem cells and mammary gland during pregnancy and lactation; it exerts a role in intestinal
absorption, brain penetration and transplacental passage of drugs. BCRP has been recently
discovered in drug-resistant cell lines that did not express P-gp or MRP1; since then it has been
reported in many solid tumors®™®. Initially it was discovered its ability to carry Mitoxantrone, but it
has a broad specificity for both positively and negatively charged drugs, with the exception of
taxols, cisplatin, verapamil or vinca alkaloids'’. BCRP carries both imatinib and gefitinib, two
recently introduced anticancer drugs that are tyrosine kinase inhibitors".

We can therefore consider that many drugs commonly used in clinical therapy are substrates
of P-gp, MRP1 and BCRP. The ABC proteins play an important role in absorption and disposition
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of these drugs in vivo, starting from the ability to limit their intestinal uptake. In cancer cells, P-gp
and BCRP can export both unmodified and conjugates drugs, whereas MRP1 exports glutathione
and other drug conjugates. All three transporters demonstrate an overlapping drug specificity: this
redundancy indicates that a complex network of efflux pumps is involved in protecting the body
from toxic xenobiotics'®. The extent of involvement of ABC efflux pumps in multidrug resistance,
and whether their modulation can result in increased patient survival, remains controversial. The
first generation of P-gp modulators used clinically (verapamil and cyclosporine A) suffered from
the dual problems of high toxicity and low efficacy at tolerable doses. Then, other generations of
modulators have been developed and even if their clinically use appears to be a realistic goal,
clinical trials have so far been disappointing™.

1.1.2.2 Other MDR mechanisms

Cancer drug resistance is a complicated process that involves multiple mechanisms and even
if the overexpression of ABC transporter is the most frequent, additional mechanisms include a
decreased drug influx, activation of DNA repair, metabolic modification and detoxification, and
altered expression of apoptosis-associated protein or tumor suppressors'?.

Normal cells have several repair mechanisms which are used to prevent the transmission of
damaged DNA and to avoid malignant transformation. If any of these mechanisms fails, apoptosis
is activated to eliminate the damaged cells. However, cell cycle arrest does not occur when
mutations, chromosomal rearrangements, and epigenetic changes are present, even when induced
by anticancer therapies that produce DNA damage to cause cytotoxicity. Further, the anti-apoptotic,
prosurvival regulator Bcl-2 and the nuclear factor kappa B (NF-«xB), a transcription factor that
controls genes that suppress apoptotic responses, are frequently overexpressed in cancer cells and
lead to increased survival®.

In solid tumors aso the microenvironment can have arole in MDR. The tumor stroma has
an increased number of fibroblasts that synthesize growth factors, chemokines, and adhesion
molecules (cell adhesion-mediated drug resistance, CAM-DR); the acidic pH of the
microenvironment can influence the effectiveness of cytotoxic drugs and may inhibit the active
transport of some therapeutics; hypoxia can lead to the activation of genes associated with
angiogenesis and survival*®.

1.1.3 Breast cancer

Breast cancer (BC) is the most common cancer in women worldwide (Fig. 1.3), with nearly
1.7 million new cases diagnosed in 2012, and the second most common cancer overall, after lung
cancer. It represents about 12% of all new cancer cases and 25% of all cancers in female. Although
it is much more common in women, breast cancer does occur aso in men (less than 1% of all
cases)>?. Focusing on Italy, breast cancer is the most frequent cancer in women and accounts for
29% of all tumors affecting them: every eight women, one will get sick in the course of her life. Itis
also the leading cause of cancer mortality, with arate of 17% of all female deaths due to cancer.

BC is a very a heterogeneous group of diseases, with each tumour displaying unique
characteristics in terms of pathogenesis and progression, response patterns to various treatment
modalities and clinical outcomes?. Because of this heterogeneity both in morphological features
and in clinical behaviour, different classification systems exist.
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Fig. 1.3 Breast cancer incidence worldwide (WHO).

1.1.3.1 Histological classification of breast cancer

In females, breast serves as mammary gland and is made up of adipose tissue and a set of
glandular structures, which are called lobules, joined together to form alobe. In any breast there are
15 to 20 lobes. Milk comes from the lobules to the nipple through tiny tubes called milk ducts.

From an histological point of view, breast cancer can be categorized considering both the
site of origin (ducts or lobules) and the invasiveness pattern (non-invasive/in situ or
invasive/infiltrating) (Fig. 1.4). Between non-invasive carcinomas, ductal carcinomain situ (DCIS)
is considerably more common than its lobular counterpart and it has traditionally been further
subclassified in five well recognized subtypes. Likewise, aso invasive carcinomas, which spread
outside the origin site, are a heterogeneous group of tumors differentiated into histological
subtypes™.

To simplify, the most common subtypes of breast cancer, based on their origin and
invasiveness, are as follows:

Invasive ductal carcinoma (IDC): the most frequent type of breast cancer (~75% of
invasive breast cancer cases). IDC originates in the epithelial lining of the milk duct and invades
other breast tissues. Over time, it may metastasize to nearby lymph nodes and possibly to other
areas of the body.

Invasive lobular carcinoma (ILC): it originates from the milk-producing glands of the
breast and spreads to the lymph nodes and other tissues. ILCs are responsible for ~15% of invasive
breast cancer diagnoses.

Ductal carcinomain situ (DCIS): is the most common type of non-invasive breast cancer
and it isfound in the epithelial lining of milk ducts. It doesn't spread to other tissues and it isn’t life-
threatening, but may become invasive and be re-classified as IDC.

Lobular carcinomain situ (LCIS): it is found in the milk-producing glands of the breast
and it doesn’'t spread to other tissues in or outside the breast. People diagnosed with LCIS tend to
have more than one lobule affected, but the tumor not causes symptoms and usually does not show
up on amammogram. LCIS may become invasive and be re-classified asILC.



Inflammatory Breast Cancer (IBC): typically occurs without a defined tumour mass, and
isidentified by signs of inflammation in the breast tissue, like swelling and skin redness. IBC israre
(approximately 1% to 3% of BC cases) and aggressive.

Other rarer subtypes of breast cancer: medullary carcinoma (~5% of breast cancer cases;
invasive carcinoma with unusualy large cells), tubular carcinoma (~1% of breast cancer cases;
invasive carcinoma with distinct tubular cells), mucinous (colloid) carcinoma (~2% of breast cancer
cases, slower-growing, less invasive cancer characterized by cells producing large amounts of
mucin).

In situ Invasive
carcinoma carcinoma
o Ductal
‘ Ductal Lobular Tubular Lobular
Invasive Infiltrating
Lobular Ductal
Mucinos Medullary
Infiltrating
ductal

Fig. 1.4 Histological classification of breast cancer®.

1.1.3.2 Molecular classification of breast cancer

The histological appearance of the tumors may not be sufficient to establish the underlying
complex genetic alterations and the biologica events involved in cancer development and
progression. Therefore, recent studies have focused on defining more detailed biological
characteristics to improve patient risk stratification and to ensure the highest chance of benefit and
the least toxicity from a specific treatment modality. First the receptor status identified by
immunohistochemistry and more recently the gene expression profiling have provided evidence for
classifying breast cancer into distinct biological classes”?®. This important classification is mainly
based on the expression of specific molecular markers, including estrogen receptor (ER),
progesteron receptor (PR) and human epidermal growth factor receptor 2 (HER?2), that can split
breast cancer phenotype in different subtypes (Tab. 1.2).



Tab. 1.2 Molecular classification of breast cancer®.

Subtypes Specific markers Per centage
Basal like (triple negative) ER PR HER2 EGFR" 15-20 %
HER?2 positive ER PR HER2" 10-15%
Luminal A ER" Pr®HER2 40%
Luminal B ER" Pr'' HER2" 20%

Most studies divide breast cancer into four major molecular subtypes:

Basal like cancers, which show high genome instability and do not express ER, PR and
HER2 (hence referred to as triple-negative), but are epidermal growth factor receptor
(EGFR) positive. These tumors tend to occur more often in young women and are often
related to a mutation of the BRCA1 gene; they are often aggressive and have a poor
prognosis.

HER2 type cancers, which present an overexpression of HER2 but are hormone receptors
negative. These tumors tend to grow faster and are more inclined to spread. However,
therapies that specifically target HER2, such as Herceptin® (Trastuzumab), are very
effective and able to reduced also the recurrence.

Luminal A, when cancer starts in the inner cells lining the mammary ducts and is
estrogen and progesterone receptors positive, but HER2 negative. Treatment of luminal A
cancers often includes the hormone therapy. Among the four subtypes, these tumors tend
to have the best prognosis, with fairly high survival rates and rather low recurrence rates.
Luminal B cancers also develop from the luminal cells of mammary ducts and tend to be
positive for all the three receptors. They present some factors that lead to a poorer
prognosis than luminal A, including an high rate of proliferation, a large tumor size and
the involvement of lymph nodes.

Minor subtypes of breast cancer, poorly described until now, are the “normal breast like’
(less characterized, p53 positive) and the “claudin-low”. The latter is characterized by low
expression of genes involved in tight junctions and cell-cell adhesions, including claudins and E-
cadherin, showing high expression of epithelial to mesenchymal transition genes and stem cell
features. Currently, it has been reported that patients with claudin-low tumors have poor clinical
outcomes™.

1.1.3.3 Breast cancer therapy

The biology and behaviour of a breast cancer affect the treatment plan: some tumors are
small but grow fast, while others are large and grow slowly. So, treatment options depend on
several factors, including the stage of the tumor, the receptor status (ER, PR and HER2), the
presence of known mutations in inherited BC genes, such as BRCA1.
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Often the first step is to surgically remove the tumor mass, even after treating large tumors
with neoadjuvant therapy. Following surgery, the next step in managing early-stage breast cancer is
to lower the risk of recurrence and to get rid of any remaining cancer cells which are undetectable
but responsible for both local and distant recurrence of cancer. Treatment given after surgery is
called adjuvant therapy and may include radiation therapy, chemotherapy, targeted therapy, and/or
hormonal therapy. The same treatments may be given to shrink the tumors when surgery is not
possible and cancer is called inoperable or if a patient has a metastatic breast cancer recurrence. A
chemotherapy regimen consists of a specific treatment schedule of drugs given at repesting
intervals for a set period of time, one drug at a time or combinations of different drugs. Common
drugs for breast cancer include: carboplatin and cisplatin, docetaxel, paclitaxel and protein-bound
paclitaxel (Abraxane), doxorubicin and pegylated liposomal doxorubicin (Doxil), 5-fluorouracil,
gemcitabine, methotrexate®?**,

The complex profile of each BC subtype, determined using molecular and genetic
information from tumor cells, is critical as it defines the suitability of using targeted treatments as
adjuvant for chemotherapy and so the appropriate treatment for a patient. Hormonal therapy is an
effective treatment for most tumors that prove to be positive for either estrogen or progesterone
receptors. For example, ER+ cancers can be treated with drugs able to reduce the effect of estrogen,
such as tamoxifen, or to decrease its level, such as aromatase inhibitor. Indeed, targeted therapy isa
treatment that hits cancer’s specific genes, proteins, or the tissue environment that contributes to
cancer growth and survival. These treatments are very focused, and work differently than
chemotherapy because they block the growth and spread of cancer cells while limiting damage to
healthy cells. As an example, HER2+ breast cancers respond very well to trastuzumab, a
monoclonal antibody against the receptor, which in last years significantly improved the prognosis
in combination with the conventional therapy.
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1.2 Nanotechnology and nanomedicine

The concept of “nanotechnology” was introduced (not yet using this term) by the American
physicist Richard Feynman during a lecture entitled “ There's plenty of room at the bottom” at an
American Physical Society meeting on December 29, 1959. Feynman was the first to assess the
possibility of manipulate the matter on small-scale, interfering with the biological system at the
atomic level. “A biological system - he said - can be exceedingly small. Many of the cells are very
tiny, but they are very active; they manufacture various substances; they walk around; they wiggle;
and they do all kinds of marvellous things - all on avery small scale. Also, they store information.
Consider the possibility that we too can make a thing very small which does what we want - that we
can manufacture an object that manoeuvres at that level!”. And he concluded as follows: “When we
get to the very, very small world - say circuits of seven atoms - we have a lot of new things that
would happen that represent completely new opportunities for design. Atoms on a small scale
behave like nothing on a large scale, for they satisfy the laws of quantum mechanics. So, as we go
down and fiddle around with the atoms down there, we are working with different laws, and we can
expect to do different things. We can manufacture in different ways. [...] At the atomic level, we
have new kinds of forces and new kinds of possibilities, new kinds of effects. The problems of
manufacture and reproduction of materials will be quite different. | am, as | said, inspired by the
biological phenomena in which chemical forces are used in a repetitious fashion to produce all
kinds of weird effects (one of which is the author). The principles of physics, asfar as| can see, do
not speak against the possibility of manoeuvring things atom by atom. It is not an attempt to violate
any laws; it is something, in principle, that can be done; but in practice, it has not been done
because we are too big”*®. He concluded the speech proposing to reward those who would be able
to fit the whole of the Encyclopaedia Britannica on the head of a pin, by writing the information
from a book page on a surface 1/25,000 smaller in linear scale!

In 2004 the Royal Society and Royal Academy of Engineering (UK) defined nanoscience
and nanotechnologies in this way: “Nanoscience is 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 “ Nanotechnol ogies are the design, characterisation, production and
application of structures, devices and systems by controlling shape and size at nanometre scale” .
In the metric scale of linear measurements, a nanometer is one-billionth of a meter and the size
range that holds the majority of interest is typically from 1 to 100 nm (Fig. 1.5), because in this
range materials can have different or enhanced properties compared with the same materials at a
larger size. Moreover, thisis aso the typical range size of biological molecules. atoms are below a
nanometre in size, whereas many molecules, including some proteins, range from a nanometre
upwards.

The concept of “nanotechnology” has gained significant boost in recent years and can be
described as a multidisciplinary scientific approach for the design and fabrication of new materials
with nanoscale dimensions®’. Nanotechnologies involve many research fields, including: molecular
biology, chemistry, materials science, physics, mechanical engineering, chemistry and electronics.
In particular, areas that today are considered prominent and in which nanotechnologies can offer
and already offer innovative solutions are nanomaterials, nanoel ectronics and nanomedicine.
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1.2.1 Nanomedicine

The application of nanotechnology to disease treatment and diagnosis has recently been
referred to as “nanomedicine” by National Institutes of Health in USA. So, nanomedicine can be
easily defined as the design and development of therapeutics and/or diagnostic agents in the
nanoscal e range, with the possibility, by moving within biological systems, to transport and deliver
avariety of biomedical entities for treatment, prevention, and diagnosis of many diseases®™. A great
advantage is that many biological mechanisms in the human body occur at the nanoscale and
nanoparticles (NPs), due to their small size, may potentially cross natural barriers and interact with
biomolecules in the blood or within organs, tissues or cells. At the same time, these biological
processes are affected by the physical features of nanocarriers, including their size, shape, surface
charge and intrinsic chemical properties, as well as the incorporation of active ligands for
recognition of biological receptors™.

Nanomedicine applications range from cancer to inflammation and regenerative medicine
and it is especially promising in area such as disease diagnosis and molecular imaging, targeted
therapy, drug and gene delivery. In other words, the “find, fight and follow” concept is taking a new
turn with developments in nanotechnology: early diagnosis and appropriate contrast agents for
imaging on the level of asingle cell (‘find’), delivery of therapeutic drugs (‘fight’) and monitoring
of the therapeutic development (‘follow’) are key issues for future medical care®. With these
purposes, potential advantages of engineered therapeutic NPs are the ability to: revert unfavorable
physicochemical properties of bioactive molecules to desirable biopharmacologic profiles; improve
the delivery of therapeutics across biological barriers and compartments; control the release of
bioactive agents, enhance therapeutic efficacy by selective delivery of therapeutics to biological
targets; and perform theranostic functions by combining multimodal imaging and simultaneous
diagnosis and therapy into multifunctional nanoplatforms. In order to successfully translate
nanomedicine into clinical practice several issues should be taken into consideration, including a
favourable blood half-life, a physiologic behaviour with minimal off-target effects, effective
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clearance from the human organism, and minimal or no toxicity to healthy tissues®.
Nanotechnology currently affects three distinct areas of medicine: therapy, diagnosis and imaging;
the potential in each of these areas is enormous.

Diagnosis and imaging

Theterm “imaging” is defined as the visualization of cellular functions and the follow up of
molecular and biological processes in living organisms. For this purpose, magnetic NPs constituted
by magnetic elements such as iron, cobalt and nickel are used. NPs can aso be functionalized to
allow a specific activity and are used as contrast agents to view, for example, a tumor tissue.
Currently there are alarge number of magnetic NPs undergoing clinical trial or aready approved by
FDA as contrast agents: Lumiren®, for bowel imaging, Federidex IV®, for imaging of liver and
spleen and Combidex®, for lymph node metastases™.

Other conventional approaches to making nano-imaging agents include high-density
encapsulation of contrast agents such as gadolinium or manganese oxide into liposomes and PLGA,
or loading the contrast agents onto the surface of NPs®.

Drug delivery

The concept of “drug delivery” can be defined as the process of release of a bioactive agent
to a specific site and with a specific rate®. A drug delivery system (DDS), favouring the release of
the active substance exactly when and where it is necessary, circumscribes the biological effect of
the molecule on a specific type of cells, thus improving the effectiveness and reducing the toxicity
of the therapy.

Most of the drugs are limited by their low solubility, high toxicity, high-dose, non-specific
delivery, degradation in vivo and short half-life. The development of DDSs for small molecules,
proteins and DNA has been deeply influenced in the past decade by nanotechnologies and the
interest has been directed to some particular diseases, including cancer. The advantages in the use
of NPs as drug delivery systems are related to their size and to the possibility of using different
materials and create unique architectures. Drugs can be encapsulated in a vesicle, entrapped in a
matrix, or solubilized within a hydrophobic or hydrophilic component. Thanks to their small size,
NPs can penetrate efficiently through the barriers and, through small capillaries, reach individual
cells, allowing an effective drug accumulation in the target site. In this way, the side effects and the
toxicity of the drug are reduced, the therapeutic efficacy is improved as well as increases the
therapeutic index of biotechnological drugs, such as recombinant proteins and oligonucleotides™.

1.2.2 Targeting

The potential impact of nanotechnology in medicine starts from the possibility to exploit
targeting of NPs for an effective imaging and a controlled drug delivery. There are two main
strategies by which targeting can be achieved, namely passive and active targeting. The first one
allows for the efficient localization of NPs within the tumor microenvironment, while the second
facilitates their active uptake by the tumor cells themselves® (Fig. 1.6).
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Fig. 1.6 Passive and active targeted nanomedicine. Nanoparticles larger than 8 nm in size can passively target tumors
through preferential passage through larger interendothelial junctions (40 nm to 1 pm) compared to those of healthy
tissue (<8 nm). Large junctions are a key characteristic of the irregular tumor vasculature. Nanoparticles can aso be
conjugated with targeting agents, such as antibodies specific to proteins more highly expressed in tumors than healthy
tissue, to actively target tumors. Once nanoparticles enter tumors, defective lymphatic drainage of nanoparticles results
in enhanced retention®.

1.2.2.1 Passive drug targeting

The majority of nanosystems show prolonged blood circulation times in vivo and
accumulate at particular sites, ssimply due to the balance between vascular hemodynamic forces and
diffusion mechanisms. Passive drug targeting is widely exploited in chemotherapy because
nanoparticles circulating in the bloodstream can localize to neoplastic tissues through the well
known “enhanced permeation and retention” (EPR) effect®®. During tumor formation, rapid and
imperfect angiogenesis occurs, creating leaky blood vessel, characterized by abnormal branching
and enlarged inter-endothelial gaps, with associated breakdown of tight junctions between
endothelial cells and a disrupted basement membrane. The endothelial lining of the blood vessel
wall becomes more permeable than in the healty tissues, which ensure a sufficient supply of
nutrients and oxygen to tumor tissues for rapid growth. At the same time, however, it allows large
molecules and even particles ranging from 10 to 500 nm in size, to extravasate and accumulate
inside the interdtitial space via a passive targeting mechanism. Assuming these large
molecules/particles are loaded with a pharmaceutical agent, they can bring it into the area with the
increased vascular permeability, where the active drug can be eventually released. Such
spontaneous accumulation works especially good with tumors because of the dysfunctional
lymphatic drainage, which also results in drug accumulation®?%". Interestingly, it was recently
shown that EPR effect can be modulated by the blood pressure, but also by the surrounding stroma,
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the location and size of the tumor, the amount of infiltration by macrophages, patient characteristics
such as age and gender, and additional medications. So, the EPR effect is a very heterogeneous
phenomenon, varying dramatically within a tumor and between different tumor types and also
patient to patient. This can lead to an unpredictable accumulation of the drug in the tumor, or
possibly not at all®.

In any case, compared with conventional anticancer drugs, most of which are small
molecules, nanocarriers such as liposomes, micelles or polymeric nanoparticles have superior in
vivo pharmacokinetic (e.g., a prolonged plasma half-life) and greater tumor selectivity via the EPR
effect, so they produce improved antitumor effects. These nanoparticles demonstrate dose-
independent, non-saturable, log-linear kinetics, and increased bioavailability and some of them are
currently used in clinic. Doxorubicin in PEG-coated liposomes (Doxil® and Caelyx®) is
successfully used for the treatment of solid tumors and many other polymeric or micellar drugs are

in clinical stage development’®.

1.2.2.2 Active drug targeting

Passive targeting has shown several limitations and however it facilitates the efficient
localization of nanoparticles in the tumor interstitium, but cannot further promote their uptake by
cancer cells. This second step can be achieved by actively targeting nanoparticles to receptors or
other surface membrane proteins overexpressed on target cells. In fact, nanoparticles allow for
versatile modification possibilities and the functionalization with specific ligands promotes their
delivery to uniquely identifiable cells and may facilitate their internalization by receptor-mediated
endocytosis® (Fig. 1.6). Using different approaches, various types of targeting ligands have been
employed to functionalize nanoparticles, including antibodies or their fragments, nucleic acid
ligands (such as aptamers), peptides or whole proteins, and small molecules. Important factors that
should be considered include expression level of the receptor, internalization capacity and rate,
receptor binding affinity, ligand sizes, immunogenicity, as well as availability®.

Antibody-based tar geting

Antibodies were among the first agents used for targeting nanovehicles to specific cell types,
based on surface antigens they presented. As targeting agents, they have extremely high selectivity
and binding affinity by virtue of the presence of two epitope binding sites in a single molecule®.
The ability of engineered monoclonal antibodies to target and interfere with cellular processes has
been demonstrated by the success of several monoclonal antibody therapeutics. Some of these,
including rituximab and trastuzumab, have been conjugated to nanoparticles, resulting in
nanoconjugates that show a significant increase in the rate of particle uptake compared with their
non-targeted counterparts®. Anyway, antibodies still have a number of limitations, including their
large size and potentially immunogenic characteristics, resulting in rapid nanoparticle clearance.
This has shifted the focus on using antibody fragments (Fab fragments, single chain variable frag-
ments (scFv), ..) as targeting molecules able to retain the high antigen binding specificity of the
parent antibodies, but with lessimmunogenicity and a smaller size®.

Aptamer-based tar geting
Aptamers are short single-stranded DNA or RNA sequences, that are folded into secondary
and tertiary 3D structures rendering them capable of binding biological targets, most often proteins,
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with high sensitivity and specificity. They are small in size (usually approximately 15 kDa), and
have less immunogenicity with respect to monoclonal antibodies or other macromolecules, leading
to better stability and biodistribution®®°.

Proteins and peptide-based tar geting molecules

Several endogenous proteins capable of selective binding to specific receptors on membrane
cells can be used for targeting purposes via receptor-mediated endocytosis. For example, the
upregulation of transferrin receptors on metastatic and drug-resistant malignant cells, the
extracellular status of transferrin in the body and its internalization by cells make it suitable for
delivery of cancer therapies®™“. However, the effectiveness of proteins for targeting purposes may
be limited by their immunogenicity and susceptibility to early clearance or by the fact that the target
receptors are also commonly expressed on various types of normal cells, which can lead to
unwanted off-target effects.

Therefore, peptide-based ligands are emerging as an attractive alternative due to their small
size, high stability, and relatively low immunogenicity as compared with many proteins. Like
monoclonal antibodies and aptamers, peptides can bind to several molecular targets with a high
degree of affinity and specificity, and are easy to manufacture by conjugation to nanoparticle
surfaces**,

Small molecules

Organic molecules with a molecular weight <500 Da constitute a promising class of
targeting ligands because of their small size, high stability, chemical management, and low
production cost. Furthermore, small molecules present other advantages: availability of coupling
chemical methods for their conjugation; possibility to modulate ligand densities and charge on
nanoparticle surfaces, availability of a wide range of targeting ligands with variable
physicochemical properties and functional groups, fewer immunogenic effects in vivo;
reproducible, scalable, and economical manufacturing?.

Among the large number of small molecules identified as potential targeting ligands, one of
the most extensively studied is folic acid, a vitamin that is required by eukaryotic cells for the
biosynthesis of purines and pyrimidines. Folate receptors are overexpressed in many types of tumor
cells and the folic acid has been used to deliver drug conjugates and many drug delivery systems®.

1.2.3 Nanotechnologies and cancer

Currently the use of nanomaterials, and particularly nanoparticles, to treat and image cancer
is probably the most active area of nanomedicine research and is also the one on which we will
focus this work.

Cancer has a big impact on modern society, with high incidence and mortality rate, and
early diagnosis and successful treatment of this disease are major challenges for the scientific
community. As we have described previously, athough there are many therapeutic possibilities for
the treatment of cancer, the outcome is not always a success, mainly for two problems that concern
the poor selectivity of the drugs and the development of resistance. In this scenario,
nanobiotechnology developed very rapidly, opening a new avenue for cancer therapy and
diagnosis”. The goal of nanomedicine is to develop safer and more effective drug carriers and
imaging tools, improving the target and eluding resistance.
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As we have aready mentioned above, there are several convincing arguments in favour of
developing nano-sized therapeutics. A nanocarrier may: 1) help to overcome problems about
solubility and chemical stability of anti-cancer drugs and therefore also their bioavailability; 2)
protect anti-cancer compounds from biodegradation or excretion, influencing their pharmacokinetic
profile; 3) help to enhance the tumor accumulation of anticancer agents, by passive or active
targeting strategies; 4) if properly designed, release its payload upon atrigger, such as pH, resulting
in stimuli-sensitive nanomedicine therapeutics; 5) decrease resistance of tumors against anti-cancer
drugs™.

Most clinically available nanocarrier-based cancer therapeutics are passively targeted first-
generation nanomedicine drugs, which rely on controlling the pharmacokinetics and biodistribution
of a compound by modulating its physicochemical properties. Pathophysiological characteristics of
cancers have been exploited for passive targeting: in particular, the EPR effect promotes the
accumulation of nanoformulated drugs in the tumor tissue, but it is not sufficient to control the side
effects of cytotoxic drugs and fully exploit the benefits of targeted delivery. Second-generation
compounds are based on drug-delivery technologies with an active targeting vector or smart
nanocarriers with stimuli-responsive properties. Thus, these nanodrugs hold the promise of
improved targeting and increased efficacy™.

Among a wide variety of nanosystems, only few nanomedicines are approved for use in the
treatment of cancer. Among these, we can mention Doxil. (PEGylated liposomal doxorubicin),
Myocet. (non-PEGylated liposomal doxorubicin), DaunoXome. (non-PEGylated liposomal
daunorubicin), Depocyt. (non-PEGylated liposomal cytarabine), Abraxane: (abumin-based
paclitaxel), Genexol-PM. (PEG-PLA paclitaxel).
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1.3 Ferritin

Although Feynmann’s lecture generally is accepted as a beginning of nanotechnology, the
first pioneer in this field should be considered V. Laufberger (1890-1986), from Charles University
in Prague. Laufberger in 1937 discovered and isolated from the horse spleen the protein ferritin,
containing 4 nm large magnetic nanoparticles™. It was the first time that this iron-rich protein was
observed and from that moment ferritin was found in many other organism, including humans and
mammals, plants, fungi and bacteria.

Ferritin is a 24-subunits spherical protein encapsulating an iron oxide core. It is ubiquitously
expressed in archaea, eubacteria, plants, invertebrates and mammals, with the only notable
exception of yeasts, so it's probably the most common and ancient molecule of iron homeostasis; its
3D structure is highly conserved in eukaryotes and prokaryotes, even if big differences in amino
acid sequence exist between the different species. Mammalian ferritin is mainly present
intracellularly in the cytosol, as well as in the nucleus and mitochondria, while extracellular ferritin
is found in serum, synovial and cerebrospinal fluids (CSF). It performs some basic functions of the

cell, both storage and protection, primarily related to its ability to bind and sequester intracellular
iron*8,

1.3.1 Ferritin structure

Members of the ferritin superfamily are proteins composed of 24 subunits, that combine to
form an amost spherical cage arranged in octahedral (4,3,2) symmetry. The protein structure (Fig.
1.7) has an outer diameter of 12 nm and an inner cavity of 8 nm in which up to 4500 iron atoms can
be accommodate as mineral core, traditionally named ferrihydrite®.

a) Exterior surface Interior cavity b)

~ ‘,',j)/

Fig. 1.7 Ribbon diagrams of exterior surface view and interior cavity of (A) Human heavy-chain ferritin and (B) one of
its subunits®™.

Each ferritin subunit is folded into a four a-helix boundle of around 180 amino acids, with a
long loop between helices B and C; a large number of salt bridges and hydrogen bonds are formed
between subunits when they spontaneously self-assemble into the native protein cage. Once formed
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the 24-mer structure, ferritin defines a hollow cavity for iron storage, which is separated from the
solution by a 2-nm-thick protein shell. This is pierced by two type of channels: eight hydrophilic
channels on the 3-fold symmetry axes, to allow the transport of metals in and out, and six
hydrophobic channels along the 4-fold axes, that do not seem to be involved in ions exchange,
although they might transport protons and probably oxygen*®*.

Mammalians have two major ferritin genes that encode subunits with different properties,
generally named H (heavy) and L (light), that usually co-assemble to form heteropolymers in
different proportions, with a tissue-specific distribution. The terms "heavy" and "light" were
assigned on the basis of their different electrophoretic mobility, in fact they have a molecular
weight of 21 and 19 kDa, respectively. It is also true that the H subunit was discovered and is
predominant in the heart, while the L in the liver. The main difference is that the H-subunit
possesses a catalytic site, named ferroxidase center, able to promote the oxidation of Fe(ll) to
Fe(l11) while the L-subunit lack this activity but has some acid residues (Asp and Glu) which
facilitate the iron core formation®.

1.3.2 Ferritin physiological role

In most tissues, ferritin is mainly present in cytosol, nucleus and mitochondria and plays a
key role in iron storage and homeostasis. It is important to mention that iron is both potentially
toxic and essential for life and the major and fundamental function of ferritin is to oxidize and
incorporate iron, keeping it in a safe form. This task is biologically important for two reasons: first,
the very high binding capacity (up to 4000 Fe atoms per molecule) concentrates iron in a compact
and harmless form, making it readily available when needed but without risk of loss. Second, the
reaction sequesters Fe(11) from Fenton-like reactions in which the spontaneous oxidation to Fe(l11)
donates single electrons to catalize the formation of reactive hydroxyl radicals |eading to damage of
DNA, lipids and protein®® (Fig. 1.8).

Briefly, the entry of Fe(ll) atoms via hydrophilic channels is facilitated by an electrostatic
gradient and, once internalized, iron migrates to the ferroxidase center. Here, Fe(ll) reacts with
dioxygen to form a diferric complex, which rapidly decays leaving Fe(l11). The oxidized iron then
moves to the nucleation center where, in a slower reaction, it is hydrolysed with the release of
protons and mineralized as ferrihydrite®. The reactions that lead to the formation of the iron oxide
core can be summarized as follows (P is the protein):

P+ 2Fe”" — P[Fe)]** (1)
P[Fe;]*" + O, — P[Fe;0;]" )
P[Fe,0,] 4 P[Fege+022'] . 3)
P[Fe,*"0,”1* + H,0 — P[Fe,0]* + H,0; (4)
P[Fe;,0]*" + H,0 — 2Fe(O)OH + 2H* (5)

Interestingly, the ferroxidase activity produces H,O, as intermediate, which might react with
Fe(ll) to produce free radicals. But free radicals were not observed and the produced hydrogen
peroxide is used in place of dioxygen as an oxidant in the reaction catalyzed at the ferroxidase
center®®®. Since the ferroxidase activity can use both the Fenton reaction reagents, ferritin is
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considered an important inhibitor of free radical production.

Though the reaction is catalyzed by the H-subunit, the presence of even small proportions of
L-chains has been found to accelerate the transfer of iron from the ferroxidase center to the iron
core and improve the overall iron sequestering process. It has also been observed that the shape of
the mineralized iron core is affected by the presence and proportion of L-chains, consistent with the
hypothesis that they facilitate iron nucleation®. Ferritins rich in the H subunit found in the heart and
brain have a high ferroxidase activity, therefore they oxidize and sequester actively the iron and
have a more pronounced anti-oxidant activity, while ferritins rich in the L subunits found in spleen
and liver form molecules physically more stable which may contain a larger amount of iron in the
cavity and have a more pronounced iron storage function®

_ - Ferric iron ~ ) T
Pro-oxidants Hydroxyl Mechanisms of cytotoxicity
(e.g. ascorbate radical Lipid, protein and
superoxide) DNA oxidation
Increased proinflammatory
\ cytokines
o Hydrogen Glutamate toxicity
xygen peroxide 4
e Decreased DNA repair
Ferrous iron
| _
Chelated ‘ ' Ferntm
iron Ferritin ferroxidation
2Fe(II) + O,+ 4H,0 = 2Fe(0)OH, ., + H,0, + 4H* (1)
- 2Fe(Il) + H,0,+ 2H,0 = 2Fe(0)OH,, ., + 4H* 2)
,»"»x,?}‘;_" Fenton reaction
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N
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Fig. 1.8 Reaction of ferrous iron with hydrogen peroxide produces hydroxyl radicals via the Fenton reaction. Ferric iron
can then be recycled back into ferrous iron by pro-oxidants, which enables iron to act as a catalyst for hydroxyl radical
production. Iron accumulation promotes cytotoxicity through a variety of mechanisms, incuding oxidative stress,
increased proinflammatory cytokines, glutamate toxicity and impaired DNA repair™

1.3.3 Regulation of ferritin expression

Just as the ferritin structure is highly conserved in bacteria, plants and animals, so are the
basic stimuli that regulate its expression: the iron availability and the response to oxidative stress. In
mammals, most of the iron-dependent regulation occurs at a post-transcriptional level: the mRNASs
of cytosolic ferritins contain a specific structure in the 5UTR, named Iron Regulatory Element
(IRE), which binds with high affinity the repressors Iron Responsive Proteins (IRP1 and IRP2). The
formation of the |RE/IRP complex blocks ribosome binding and translation®®>*

The transcriptional regulation of ferritin has been less extensively studied, but it is no less
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important. It was found that the H-chain expression is induced by inflammatory cytokines
activating NF-kB and downregulated by p53°>°.

1.3.4 Mitochondrial ferritin

A new form of ferritin has been recently identified, encoded by an intronless gene and
expressed as a 30 kDa precursor with high identity to the cytosolic H ferritin but characterized by a
long N-terminal extension containing a mitochondrial localization sequence. Indeed, the product of
this gene is specifically taken up by mitochondria and processed to form a stable ferritin shell with
ferroxidase activity and functional in incorporating iron®’. The presence of a mitochondrial ferritin
(MtF) in mammalian is particularly interesting, because this organelle is tightly involved in iron
trafficking and has a key role in important cellular activities, including respiration, production of
ROS and regulation of apoptotic pathways. Mitochondrial ferritin lacks IREs and is expressed only
in afew cell types with high metabolic activity. It was found primarily in the testis, heart, kidney
and brain®®,

1.3.5 Nuclear ferritin

Over the last two decades, several studies have reported the presence of ferritin in cell
nuclei, initially in cells under pathological conditions, such as hepatocytes of mice, rats and
baboons following iron overload. Then, intranuclear ferritin was found in various cell types, which
include hepatocytes, bone-marrow macrophages, muscle and nerve cells, some brain tumor cells
and glial cell lines, and chicken corneal endothelial cells*®°. The latter cells have been studied in
detail, showing that ferritin is inside the nucleus during the development, but no earlier than day 12.
Ferritin was predominantly of the H-type, structurally analogous to the cytosolic ferritin and
similarly inhibited by iron deprivation. The suppression of the nuclear protein made these cells
more sensitive to DNA breaks caused by UV irradiations, and it was concluded that corneal cells
developed nuclear ferritin as protectant against UV damage, to which they are easily exposed. The
nuclear localization of ferritin did not involve a specific NLS signal, and seemed specific to the
corneal cells that express a molecule, named ferritoid, containing an NLS and aferritin-like domain
%98 The association of ferritoid with ferritin was shown to mediate the transfer to the nucleus,
however ferritoid has not been found in species other than the chicken®. Various deletion
constructs of H-ferritin were examined for their ability to translocate to the nucleus and it was
found that 85% of the monomeric H-ferritin needs to be intact for nuclear translocation to occur
efficiently. The deletion of the first 10 or the last 30 amino acids did not have a significant impact,
while larger deletions in the C- and N-termini or within the protein body confined ferritin to the
cytoplasm. These observations excluded the possibility of arole for a specific amino acid sequence
in signalling nuclear translocation®.

The mechanism of ferritin translocation in the nucleus was studied in human astrocytoma
SW1088 cells. It was showed that H-ferritin is preferentially translocated over the L-ferritin, and
that the mechanism does not require NLS-bearing cytosolic factors but seems to be energy-
dependent and under the control of the nuclear pore complex®. The nuclear ferritin was found to be
encoded by the same gene as the cytosolic H-ferritin, to accumulate preferentially in the
heterochromatin, and to be present mainly in a O-glycosylated form. Since inhibitors of the O-
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glycosylations prevent the translocation of ferritin in the nuclel, it was proposed that the process is
post-translationally regulated and responds to environmental and nutritional stimuli“.

About the functional significance of nuclear ferritin, studies demonstrated that it was
associated with DNA, and in particular was able to bind the -globin gene promoter®, while in vitro
experiments showed that it protects DNA from iron-induced oxidative damage®. Overall, it is clear
that ferritin has the ability to bind DNA. This binding seems to be specific to H-ferritin and might
require an intact ferroxidase site. The identification of a DNA binding motif for H-ferritin raises the
novel possibility of arole for ferritin as a conventional transcription factor®.

1.3.6 Serum ferritin

Mammalian ferritins are found in body fluids, such as serum, CSF and synovia fluids. The
onein serum is predominantly composed of L-chains, which have alow iron content, and counts for
a minor proportion of total body ferritin (normally 0.025% of the total body ferritin) but it is
clinically important, since its level is a useful index of body iron status, and therefore largely used
for the diagnosis of iron deficient anemias and iron overload®™®. It may originate from cell damage
or from active and regulated ferritin secretion, but its source and its physiological functions are yet
not clear and represent an interesting issue to be addressed.

Nevertheless, a significant increase in serum ferritin levels has confirmed to be related to
pathological processes, such as inflammation, infection, liver diseases, cancer and in response to
oxidative stress. In particular, it has attracted widespread attention that serum ferritin can be used as
a tumor biomarker. For instance, serum ferritin is elevated in breast cancer patients, is markedly
increased in al relapsed cases of acute leukemia and is secreted from melanoma cells, contributing
to cancer progression® . Not only the amount, but also the H/L ratio of serum ferritin varies,
increasing in pathological conditions; a number of studies have shown that H-ferritins are highly
expressed in tumorigenic cell lines as well as in some malignant tissues from patients. Although
mechanisms underlying these changes are still unclear, these studies reveal that H-ferritin may play

an important role in malignancy, and could be a potential biomarker for many kinds of cancers’ ",

1.3.7 Transferrin receptor

As far back as the 1960s, several research groups reported that human ferritin could be
selectively taken up by tumor cells®” but only in 2010 the Transferrin receptor 1 (TfR1) was
identified as the human H-ferritin receptor by Seaman’s group’™.

TfR1 (also named CD71) was originally identified as the receptor for transferrin (Tf) and it
is required for iron delivery from Tf to cells, regulating the iron uptake. The TfR1 is a type Il
transmembrane glycoprotein found primarily as a homodimer (180 kDa) consisting of identical
monomers joined by two disulfide bonds. Each monomer (760 amino acids, molecular weight 90-95
kDa) contains a large extracellular C-terminal domain (671 amino acids) that holds the Tf-binding
site, a single-pass transmembrane domain (28 amino acids), and a short intracellular N-terminal
domain (61 amino acids). TfR1 expression is primarily regulated at the post-transcriptiona level in
response to intracellular iron, in a similar way to ferritin™. Physiologically, delivery and uptake of
iron from Tf into cells occur through the internalization of iron-loaded Tf, mediated by the TfR1
and this pathway has been studied extensively . Briefly, diferric Tf binds the receptor and both are
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internalized in clathrin-coated pits through receptor-mediated endocytosis. The decrease in pH in
the endosome promotes a conformational change in Tf and the release of iron. Tf remains bound to
the receptor and the apo-Tf/TfR1 complex is recycled back to the cell surface where apo-Tf is then
released. The TfR1 is constitutively recycled independently from Tf binding™ (Fig. 1.9).
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Fig. 1.9 Cellular iron uptake and release.

TfR1 is ubiquitously expressed at low levels on normal cells and at high levels in rapidly
proliferating cells, such as those of the intestina epithelium and the basal epidermis, and in cells
that require large amounts of iron”’. It is not expressed, however, by the mature erythrocytes.
Severa studies have shown elevated levels of the TfR expression on cancer cells compared to the
healthy counterparts: in breast cancer, for example, the amount of TfR is 4-5 times greater®™, but
in other cases can also be 100 times higher than the average expression on normal cells®*®, This
overexpression is probably due to the increased need for iron by the enzymes involved in DNA
synthesis, in rapidly proliferating cells. Moreover, it has also been shown that TfR1 can be used as a
prognosis indicator in breast cancer, leukemia, lung cancer, and bladder cancer®®’

High levels of TfR1 in avariety of malignancies, its extracellular accessibility, its ability to
be internalized, and its central role in the cellular pathology of human cancer, make this receptor an
attractive target for tumor diagnosis and treatment. In fact, the TfR can be successfully used to
deliver cytotoxic agents into malignant cells including chemotherapeutic drugs, cytotoxic proteins,
or high molecular weight compounds including liposomes, viruses, or nanoparticles™. Several
studies have shown that not only Tf binds TfR, but the receptor can interact with other proteins,
among which ferritin, as demonstrated by Seamans's group. In particular they found that TfR1
binds specifically to H-ferritin with little or no binding to L-ferritin and after binding on the cell
surface, the H-ferritin-TfR1 complex is internalized and can be found in early and recycling
endosomes, just like transferrin™. Soon after the identification of the H-ferritin receptor, Fan et al.
proved that ferritin can distinguish cancerous cells from normal cells via TFR1, with a sensitivity of
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98% and specificity of 95%, in nine different type of cancers, on both tumor cells and tumor tissues
from clinical samples™.

A second transferrin receptor, caled TfR2, was identified and characterized, but its
expression is restricted to certain cell types and is unaffected by intracellular iron concentrations.
Furthermore, it binds to transferrin with a 25-30 fold lower affinity than TfR1".

1.3.8 Ferritin as nanoparticle

Ferritin has a well-known physiological role, but over the years it has proven to have also a
great potential in the field of nanomedicine, thanks to some features that make it unique in its kind.
Not only it has nanometric dimensions and owns a natural iron core with paramagnetic properties,
but even more it is stable, non-immunogenic and can be modified in different ways.

The protein structure contains large numbers of salt bridges and hydrogen bonds formed
between subunits and for this reason it exhibits remarkable thermal and chemical stability. Unlike
most other proteins, which are sensitive to temperature and pH outside of the physiological range,
ferritin is able to bear high temperatures up to 70 °C and is stable to various denaturants such as
urea or guanidinium chloride. An interesting recent finding is that the assembly of ferritin, despite
its rigidness under physiological conditions, is pH-dependent: ferritin architecture can be broken
down in an acidic environment and restored, almost completely, by returning the pH back to
physiological conditions®. These features, together with the TfR1 binding capacity, have devel oped
the interest of researchersto this protein and its potential use in nanomedicine.

From an application point of view, it is useful to keep in mind that recombinant ferritin
nanocages are easily produced in E. Coli, at the milligram to gram scale. Purification is easy
because it exploits the thermostability: established protocols separate recombinantly produced
ferritin by heating E. coli cell to denature the native proteins and leave only the thermostable ferritin
in solution. Further purification steps, such as chromatographic separations and differential
centrifugation, may be performed to produce material with very high purity®.

Once obtained, ferritin has many possibilities of use. First of all, recombinant ferritin
provides a central cavity which can be efficiently loaded with transition metals, drugs, fluorescent
molecules or contrast agents and since it has a uniform cage, ferritin allows the precise control of
the amount of encapsulated molecules™%. Non-metallic molecules, such as drugs, may enter into
the cavity using the pH-dependent disassembly mechanism, described previously. If in the reaction
environment a "foreign" molecule is present, this is trapped during the process of "unfolding-
refolding” regulated by the pH, as demonstrated with cisplatin and doxorubicin®™*,

The nanocage has also been extensively exploited as reaction chamber for the synthesis of
highly crystalline and monodisperse nanoparticles, by biomimetic mineralization within the protein
shell®. Indeed, ferritin represents a unique and simple biomineralization scaffold since the closed
protein shell contains all the necessary element for biomineralization: an enzymatic catalyst for the
molecular transformation of the precursor ions, a nucleation site and an architecture that defines and
constrains the overall morphology of the biomineral. In addition, the colloidal nature of the protein
cage makes the final biomineral soluble, yet biochemically inert”®. In 1992, Mann et al. have
demonstrated that ferromagnetic nanoparticles of iron oxide can be synthesized artificially in the
internal cavity of apoferritin, with homogeneous size (7.3 = 1.4 nm) and almost indistinguishable
from naturally iron cores™. After that work, ferritin was used as a template to mineralise iron,
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manganese, cobat, chromium and nickel or as a synthesis chamber for semiconductor
nanoparticles®™®, The plasticity of the in vitro mineralisation of ferritin makes it an ideal tool for
cellular imaging; iron-loaded ferritin has been used as a contrast agent in both electron microscopy
and MRI®, while a gadolinium-loaded ferritin probe was useful to visualized tumor
angiogenesis'®.

It is also possible to modify the surface of the ferritin cage, either genetically or chemically,
through the addition of peptide, protein tags or other different functionalities. Despite the natural
targeting of ferritin towards cancer cells, several research groups have modified the surface of
ferritin nanocages by inserting a number of target motifs, such as antibodies, peptides and antibody
fragments, in order to drive nanoparticles towards specific cells by selective recognition'™. For
example, the introduction of the RGD-4C peptide not significantly alters neither the assembly of the
protein nor its mineralization capacity and ferritin shows affinity for the cells overexpressing av33
integrin, linked by RGD4C'*.

All these characteristics have made ferritin an attractive vectors with potential application in
nanomedicine.
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1.4 Aim of thework

Cancer is aleading cause of disease worldwide, with 14 million of new cases and 8 million
of deathsin one year and atrend which is expected to grow. Among all cancers, breast cancer is the
most common cancer in women worldwide and even if progress in early detection and treatment
have led to improve survival, it remains the second most common cause of cancer mortality (lung
cancer is first) among women in developed countries. Breast cancer exists in four major molecular
subtypes, that occur at different rates, respond to different kinds of treatment, are more or less
aggressive and have varied long term survival rates.

Though there are many therapeutic options today for the treatment of cancer, thereis till the
risk that the chemotherapy fails, mainly for two aspects. On the one hand, the low selectivity of
cytotoxic agents in killing cancer cells over normal cells, which requires high doses also affecting
healthy tissues, causing serious side effects. Moreover, the traditional “maximum tolerated dose”
(MTD) paradigm requires that patients be administered with single or short courses of the highest
tolerable dosage of a drug in order to achieve the best therapeutic efficacy with minimal possible
toxicity. This treatment need prolonged breaks between different chemotherapy cycles to allow
recovery of healthy tissues, with the risk of recurrence. Second challenge is the development of
resistance: the tumor cells put in place response mechanisms to defend themselves from the action
of drugs. Different molecular mechanisms have been implicated in drug resistance (MDR) such as
the local tumour microenvironment, the alterations in drug metabolism and the mutation of targets.
But it has a very important role also the expression of membrane transporters, such as P-
glycoprotein, which promote the efflux of drugs from the cell.

Many efforts have been made to face these limitations and nanothecnologies could offer
groundbreaking solutions. In my case, | focused my PhD project on the development of protein
nanosystems capable of promoting a targeted drug delivery to the tumor tissue, treat the disease
and, together, overcome the MDR. The work presented in this PhD thesis has been divided in four
chapters. In al individual projects, that are part of a single overall objective, ferritin was used as
basic system.

Ferritins are afamily of iron storage proteins composed of aregular assembly of 24 subunits
to form a spherical cage architecture with an externa size of ~12 nm and an internal cavity
physiologically appointed to enclose a core of iron oxide. The protein plays a key role in the
metabolism of iron as storage protein, protecting the cell from oxidative stress. This protective role
is exerted both in the cytoplasm and in the nucleus and ferritin could be translocate into the nucleus
in response to oxidative stimuli, in order to protect the DNA from potential damage caused by ROS
production. An interesting recent finding is that the assembly of ferritin is pH-dependent and taking
advantage of this feature, the protein can be loaded with different molecules. Moreover, the heavy
chain subunits have also the ability to recognize with high specificity and high sensitivity cancer
cell overexpressing the Transferrin receptor 1 (TfR1).

So, the general purpose of my work was to develop H-ferritin nanoparticles and
investigated their potential as drug delivery systemsin the field of cancer therapy, exploiting all the
unique characteristics described above. In particular, |1 analysed the interaction of HFn with TfR1-
positive cancer cell lines and tumor models, and | assessed its ability to selectively transport active
molecules to the site of interest, increasing the cytotoxic action and eluding the resistance
mechanisms put in place by the tumor.
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HFn could be a good candidate nanocarrier specific for delivery of chemotherapeutics, as: 1)
HFn could be easily loaded or functionalized with a broad range of molecules; 2) HFn was expected
to sensitively and selectively recognize tumor cells exploiting the binding with TfR1; 3) the typical
high level of ROS in cancer cells could promote the translocation and release of the drugs in the
nucleus.

Initially, we studied and characterized the interaction of HFn with a model tumor cell lines
and its ability to increase the targeted transport and the cytotoxic activity of a chemotherapy drug.
We chose to use doxorubicin, one of the most widely used chemotherapeutics in the treatment of
solid tumors, although the devel opment of resistance and the occurrence of severe side effects limits
its efficacy in the clinical practice. Then, starting from the increasing interest around “low dose
metronomic” (LDM) approach in cancer therapy, we decide to test our doxorubicin nanocarrier on a
breast cancer model, with the aim to evaluate the potential of combining a LDM treatment with the
administration of the drug through H-ferritin nanoparticles.

In the last part of my PhD, | gradually broaden the outlook of my research exploiting ferritin
for two specific issues related to breast cancer therapy. On the one hand, the treatment of triple
negative breast cancers, more aggressive and difficult to treat, by analysing the ability of the ferritin
to make usable a promising molecule of natural origin, curcumin. In fact, curcumin has anti-tumor
properties and appears to modulate the resistance to chemotherapy drugs, but it is too little
bioavailable to get the benefits.

Finally, we functionalized ferritin in order to make it a carrier also for gene therapy, with the
purpose of treating those positive HER2 tumors that no longer respond to treatment with
trastuzumab. In particular, we have developed a system for the transport of anti-miRNAS,
conjugating nucleic acids on the outer protein surface of HFn.
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CHAPTER 2
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2.1 Doxorubicin

Doxorubicin (DOX) is an anthracycline antibiotic endowed with antitumor activity,
originally isolated from S. peucetius var. caesius. It has always shown a great therapeutic potential,
so as to be considered one of the most potent FDA-approved chemotherapeutic drugs; its ability to
combat rapidly dividing cells and to slow disease progression has been widely acknowledged for
several decades, limited only by its toxicity on noncancerous cells in the human body?.

Doxorubicin belongs to the anthracycline family, a class of antineoplastic antibiotics,
together with daunorubicin, epirubicin and others. In 1940 Waksman and Woodruff discovered the
first antibiotic with antitumor activity: actinomycin A, produced by Actinomyces antibioticus®.
From that moment, the attention to these compounds has grown and in 1957 Farmitalia Laboratories
began an investigation in search for new biosynthetic antibiotics with antitumor activity obtained
from a newly isolated Streptomyces. They isolated initially Daunorubicin and, after a mutagenic
treatment of the bacterial strain, Doxorubicin®.

The first commercialy available formulation of DOX was Adriamycin®, approved by the
FDA in 1974 and currently considered one of the most effective chemotherapeutic agents,
commonly used as a first-line drug in numerous types of cancer. DOX is characterized by a wide
antitumor spectrum and is indicated, alone or in combination with other molecules, for the
treatment of solid tumors and haematological malignancies, including: leukemias, Hodgkin's
disease, neuroblastoma, soft tissue and bone sarcomas, multiple myeloma and malignant neoplasms
of the bladder, breast, stomach, lung, ovary and thyroid®.

2.1.1 Chemical structure and properties

From a structural point of view, DOX as well as other anthracyclines is an amphiphilic
molecule consisting of a water-insoluble organic portion (called aglycone) and a water-soluble,
amino-sugar functional group (L-daunosamine) (Fig.2.1). The aglycone consists of a tetracyclic
ring with adjacent quinine-hydroquinone groups, a methoxy substituent and a short side chain with
a carbonyl group. The sugar component is attached to one of the rings by a glycosidic bond. The
importance of the sugar is demonstrated by the fact that the aglycone alone has no anti-tumor
activity®’.

H
0 O OH 0,0

OH
NH,

Fig. 2.1 Doxorubicin chemical structure.

36



The dihydroxyanthraquinone chromophore portion is responsible for the red color and the
color shift in response to pH. The molecule exhibits three different pKa values. In particular, the
amino group of the sugar is protonated, so the drug is available as doxorubicin hydrochloride salt
(DOX HCI), which increases its solubility in agqueous environment. Doxorubicin is unstable at
acidic pH and is not absorbed by the gastrointestinal tract, irritates tissues it comes in contact with,
so it must necessarily be administered intravenously. When intravenously infused, DOX penetrates
tissues rapidly and with high effectiveness: the distribution half-life is 3-5 min, pointing to the
drug’s rapid uptake by cells. Like most drugs, DOX enters the cell via passive diffusion and then
moves to the nuclear compartments, where it can accumulate up to 50-fold compared to the
cytoplasm. Terminal half-life of 24-48 h suggests that it takes far longer to be eliminated from the
tissue than its uptake®. The drug is distributed widely in plasma (bonded to plasma proteins) and
tissue and concentrates in liver, lymph nodes, muscles, bone marrow, fat and skin, while it does not
cross the blood-brain barrier®®. In liver, such as in other tissues, DOX is metabolised by the aldo-
keto reductase enzyme system, forming doxorubicinol (active metabolite), doxorubicinone,
aglycones and conjugates. It is primarily excreted by the hepatobiliary pathway (10-20% of asingle
dose within 24 hours after administration, 40-50% within 7 days) while only a small percentage of
DOX appears in the uring, to which imparts a red color®. The substituent at C13 is the
hydroxymethyl, which delays the action of cytosolic aldo-keto reductase and slows its conversion to
doxorubicinol, as much active, contributing to a longer effect compared to analogues having a CH3
at thislocation (for example, daunorubicin).

The metabolite, however, causes cardiotoxicity and although acute toxicity is transient and
clinically manageable, the chronic one evolves into a progressive cardiomyopathy, limiting the use
of DOX in cancer therapy’®*. Although the exact mechanism of cardiotoxicity is not clearly
elucidated, it is assumed that it is related to the production of free radicals and DOX-iron complexes
in mitochondrial membranes, which finally leads to mitochondrial dysfunction, loss of myocytes
and cardiac failure®®. Since DOX is not specifically targeted to tumors, it can affect the growth of
many other cell types in the body, so cardiomyopathy is not the only adverse effect. DOX also
manifested the most common side effects of chemotherapeutic agents, such as cutaneous injuries
(reversible alopecia, rash, hyperpigmentation, photosensitivity), nausea, vomiting, mucositis
(stomatitis and esophagitis), ulceration and necrosis of the colon, diarrhea, liver injury,
nephropathy, myelosuppression with leukopenia. Extravasation of DOX can produce severe local
tissue necrosis’.

2.1.2 M echanisms of action

DOX acts on nucleic acids of dividing cells by two main mechanisms. (1) intercalation
between the base pairs of the DNA strands, thus blocking the replication and transcription processes
in rapidly growing cells and (2) generation of iron-mediated free radicals, causing oxidative damage
to cellular membranes, proteins and DNA>*, In fact, the quinone structure of DOX participates in
redox reactions as an electron acceptor, being turned into a semiquinone free radical; this unstable
metabolite can provoke injury to the DNA itself or can be converted back to the quinone form,
producing reactive oxygen species (ROS). ROS can cause oxidative stress, lipid peroxidation,
membrane and DNA damage and trigger apoptosis'**>.
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Moreover, DOX binds covalently to proteins involved in DNA replication and transcription.
So, it inhibits the enzyme topoisomerase |1 preventing DNA repair as the relaxing of supercoiled
DNA is blocked. In fact, topoisomerase |1 catalyzes the unwinding of DNA, involving the process
of cleavage of one strand and the formation of the "cleavable complex™ intermediate. DOX inhibits
the religation of the cleaved duplex, alesion that resultsin a DNA double-strand break (DSB). The
apoptosis pathway is triggered when the attempt to repair the DSBs fails and cellular growth is
inhibited at phases G1 and G2%°.

It is noteworthy that DOX intercalates not only into nuclear but also mitochondrial DNA*.

2.1.3 Resistance

Treatment with anthracyclines can lead to the development of the so-called Multidrug
Resistance (MDR). The progression of this resistance can seriously compromise the success of
chemotherapy and this is why the cytotoxic agents are often administered in combination. As
regards DOX, the MDR derives primarily from the increased expression of ATP-binding proteins
(also known as ABC-transporters), appointed to clear cells from harmful substances. DOX is surely
a substrate of the P-glycoprotein (P-gp), a membrane protein that functions as a pump extruding
from the cytoplasm amphipathic substances in an ATP-dependent manner'®*°. The mechanism of
resistance involves also MRP-1 and other transporters, but may also result from the amplification of
topoisomerase |1, which has been shown to affect the treatment response”®?.,

The administration of the drug using nanoparticles seems to escape these resistance
mechanisms.

2.1.4 Nanotechnology-based doxor ubicin for mulations

DOX, as most anticancer drugs currently used in therapy, is nonspecific, thus also affecting
normal cells. In recent times, many efforts have been made to develop drug delivery systems
capable of targeting drugs directly at the tumor, as far as possible. Nanoparticles are very promising
systems and several nanotechnology-based DOX preparations have been designed since the 1990s
(Fig. 2.2). Some of them are FDA-approved, such as PEGylated liposomal Doxil® or liposomal
Myocet® and others are in various phases of clinical trials. Almost al of them are passively
delivered to tumors via the so-called enhanced permeability and retention (EPR) effect, while only
recently the attention has been focusing on active targeting of tumor cells®.

Liposomes

Liposomes are vesicles formed by a lipid bilayer that entraps an aqueous core. The lipid
membrane can be formed with phospholipids, lecithin and/or cholesterol and hydrophobic drugs can
be incorporated in this bilayer, whereas hydrophilic drugs can be loaded in the aqueous core. The
loading of hydrophobic molecules can occur during vesicle formation, attaining high entrapping
effectiveness (=100%), while water-soluble drugs with ionizable groups, such as DOX, are usually
loaded employing active loading techniques, like pH gradients, where the drug is entrapped after
the formation of the nanocarrier, obtaining equally high trapping effectiveness (=100%)>2*.

In 1995, FDA approved a liposoma formulation of DOX and one year later it was
commercialized in the USA as Doxil® and in the European Union as Caelyx®. To date, this product
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is marketed by Johnson & Johnson and indicated for the treatment of AIDS-related Kaposi's
sarcoma (1995), recurrent ovarian cancer (1998), metastatic breast cancer (2003) and as
monotherapy in patients with elevated cardiac risk and multiple myeloma (2007). It consists of a
DOX-loaded PEGylated liposomal bilayer with a size of 80-90 nm, comprising three different
lipids, in a precise molar ratio. The reason for the PEGylation is to be found in an attempt to avoid
capture of liposomes by the reticuloendothelial system (RES), thereby increasing their circulation
time in plasma (extended half-life up to 55 hours in humans)®?. This nanoformulation, indeed,
consistently improved the pharmacokinetics and biodistribution profile of DOX, inhibiting
interaction with plasma proteins and mononuclear phagocytes and thus facilitating the longer
circulation half-life and maximizing drug accumulation in tumor tissue”’. However, as a result of
the long-lasting circulation of the PEGylated liposomes to the skin capillaries, a desgquamating
dermatitis known as “foot-and-hand” syndrome appears as a dose-dependent adverse effect,
characterized by redness, tenderness and peeling of the skin®.

In February 2013, FDA approved a generic of this formulation, named Lipodox®
(manufactured by Sun Pharma) as a result of a shortage of Doxil®. However, regulatory approval of
generic liposoma formulations remains challenging and clearer guidelines are needed for
characterization and quality control of nanosimilars (i.e. generic derivatives of nanomedicine
products).

Five years after the approval of Doxil®/Caelyx®, the EMA approved Myocet®, a non-
PEGylated alternative that, as with Doxil®, showed improvements in pharmacokinetic and toxicity
profile when compared with conventional DOX. In addition, it decreases the appearance of the
hand-foot symptom produced by the PEGylated formulations™. In this case, the liposomal
membrane consists of two lipids (phosphatidylcholine and cholesterol) with a size of 190 nm, in
which the drug is physically entrapped. Myocet® is currently commercialized by Teva Pharma and
was approved in 2000 as the first-line treatment of metastatic breast cancer after three crucial Phase
[11 clinical trials evaluated whether this liposomal formulation was superior to conventional DOX or
other anthracyclinesin terms of cardiotoxicity and efficacy®.

ThermoDox®
enters Phase III

A (2008)
Discovery of Isolation of
Actinomicyn A doxorubicin Approval of '
(1940) (1969) Doxyl®/Caelyx® i Patent garanted
: by FDA i to Livatag®

(1995) | (2011)

| 1940 || 1950 “ 1960 || 1970 || 1980 " 1990 | 2000 | 2010 |

Approval of Approval of Lipo-Dox®

‘ Adriamycin® in Taiwan
Isolation of by FDA (2002)
daunorubicin (1974)

(1959)

Fig. 2.2 Timeline based on the history and pharmaceutical research of DOX.
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In 2002, the Department of Health of Taiwan approved Lipo-Dox®, the third DOX
liposomal formulation that reached the market for the treatment of metastatic breast cancer, ovarian
cancer and AlDS-related Kaposi's sarcoma?. Its lipid composition includes a saturated fatty acid
that presents a relatively high phase-transition temperature, making the preparation less prone to
drug leakage and enhancing its stability. This significantly prolonged the in vivo circulation time,
while no other therapeutic improvement was achieved in comparison with Doxil®%,

More recently, a thermosensitive liposomal DOX-based product called ThermoDox® has
emerged as a promising formulation for liver cancer. These ~100 nm liposomes comprise three
synthetic phospholipids that confer sensitivity to temperature, thus rapidly releasing the active drug
by mild thermal warming (=40 °C) associated to thermal ablation techniques™. It is an interesting
example of stimuli-responsive nanomedicine.

Polymeric nanoparticles

Polymeric nanoparticles are colloidal polymers whose size is in the range 100 to 1000 nm.
These nanocarriers can be made of either natural or synthetic polymers, some of which are
biocompatible and FDA-approved, such as poly(lactic acid) (PLA), poly(lactic-co-glycolic acid)
(PLGA), and poly(methyl-methacrylate) (PMMA). They can be prepared by two methods:
polymerization of the monomers and dispersion of preformed polymers, while drugs can be
physically incorporated, chemically bound, adsorbed or absorbed®!. Onxeo has been working since
2011 on Livatag®, a 100-300 nm DOX-loaded nanoparticles formed  with
polyisohexylcyanoacrylate (PIHCA). Currently, this preparation is in Phase I11 clinical studies with
the main goal of treating patients suffering from hepatocellular carcinoma®.

Polymer -drug conjugates

Polymer-drug conjugates are obtained by covalent linkage through conjugation of the
antineoplastic drug to a hydrophilic or amphiphilic polymer. Usually, they present an adequate in
vivo stability and prevent rapid drug release upon blood circulation dilution, in comparison with
drug-loaded formulations®. In the past decade, three agueous soluble polymer-drug conjugates
transporting DOX have entered clinical trials: PK1 (Phase 1), DOX-OXD (Phase 1) and PK2 (Phase
I1). PK1 was developed by Pfizer and comprises N-(2-hydroxy-propyl)methacrylamide (HPMA)
copolymer covaently bound to DOX by a peptidyl linker that is cleaved by lysosoma enzymes
when taken up by malignant cells, promoting the release of the active drug®.

Polymeric micelles

Polymeric micelles are probably one of the most studied delivery nanosystem in diagnosis
and therapy. These nanocarriers comprise amphiphilic copolymers that self-assemble into spherical
structures, with sizes in the range 20-200 nm. Poorly water-soluble drugs are loaded into the inner
hydrophobic core, whereas the outer hydrophilic corona helps protect and stabilize the encapsulated
molecules and can be functionalized with different moieties™.

Among DOX micellar preparations, there are two formulations that have reached clinical
trials. SP1049C was developed using Pluronics®, a ternary copolymers, and has proved to be
effective against metastatic esophageal cancer refractory to standard chemotherapeutic protocols® .
Instead, NK911 consists of a DOX-conjugated poly-aspartic acid/PEG nanocarrier with a particle
size of ~40 nm, currently in Phase II for various types of cancer™.
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Formulationsfor activetargeting

The formulations above described are based on a passive drug targeting approach, exploiting
only the EPR effect. However, in recent years many efforts have been made to actively target
antineoplastic drugs to a certain cancer tissue or cell, by taking advantage of specific ligand-
receptor interactions™. So far, the only DOX-active-targeting-based formulation that has reached
clinical trialsis a polymer-drug conjugate known as PK2. Unlike PK 1, described previously, PK2 is
a targeted DOX-polymer conjugate bound to galactosamine residues, which mediate active liver
targeting through the asialoglycoprotein receptor (ASGPR) of hepatocytes. As the untargeted
preparation, PK2 is a HPMA-based formulation, in which the drug is covaently bound to the
copolymer by a peptidyl linker, also manufactured by Pfizer. PK2 is currently in Phase Il clinical

trial %%,
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2.2 Aim of thework

In this work, we reasoned that a 24-heavy chain subunit variant of apoferritin (HFn) would
facilitate the cumulative delivery of encapsulated DOX directly into the nucleus of cancer cells,
potentially reducing DOX dosages and mitigating MDR effects. Therefore, we produced the
monomeric H subunit by recombinant engineering, which proved vauable in self-assembling in
apoferritin-like nanocages. We envisaged that HFn could be a good candidate nanocarrier, specific
for nuclear delivery of chemotherapeutics, as: 1) HFn can be easily loaded with a broad range of
drugs, including DOX; 2) HFn is expected to sensitively and selectively recognize tumor cells by
exploiting its binding capability to TfR1; 3) heavy chain subunits are found in monomeric form in
the nucleus®, suggesting a disassembly mechanism inside or in close proximity of the nucleus,
which would allow the drug to be intranuclearly released; 4) as cancer cells exhibit greater ROS
stress than normal cells do***, nuclear translocation of HFn should be also favored in cancer cells
in response to oxidative stimuli; and 5) DOX could be passively released out of HFn shell inducing
aDNA damage, which, in turn, could further trigger HFn nuclear translocation.

The aim of this work was to investigate the interaction of HFn using a model TfR1-positive
cancer cell line, to assess possible increased cytotoxic efficacy of DOX incorporated in HFn, to
study DOX release in cancer cells and to assess enhanced and self-triggered nuclear delivery.
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2.3 Materials and methods

2.3.1 HFn nanocage design

The cDNA encoding for the heavy chain of human ferritin, modified by inserting the
restriction sites for Ndel and Notl (respectively in 5" and 3'), was synthesized by Eurofins MWG
Operon and subcloned into the vector pET30b(+) from Eurofins MWG Operon to express the HFn
under the control of a T7 promoter, as reported in Figure Slb (Supporting Information). The
resulting plasmid pET30b/HFn was used to transform Escherichia coli expression strain
BL21(DE3) by heat-shock method. The recombinant expression vector was confirmed by
restriction endonuclease digestion and DNA sequencing.

2.3.2HFn expression in E. coli and purification

BL21(DE3)/pET30b/HFn cells were grown at 37 °C in Luria Bertani kanamicin medium
until ODgoonm=0.6 and induced with 0.5 mM isopropyl B-D-1-tiogalactopiranoside (IPTG) for 2 h
and 30 min. Then, cells were collected, washed and resuspended in lysis buffer with lysozyme and
DNase I. In order to prepare the crude extract, cellular suspension was sonicated six times for 10 s
and centrifuged. After heat treatment at 70 °C for 15 min, the supernatant was loaded onto DEAE
Sepharose anion exchange resin, pre-equilibrated with 20 mM K-MES, pH 6.0. The purified protein
was eluted with a stepwise NaCl gradient, from 70 mM to 420 mM, in the same buffer. A yield of
56 mg L™ of culture was obtained. Fractions were analyzed by SDS-PAGE using 12% (Vv/v)
polyacrylamide gels® and the proteins detected by Coomassie Blue staining. Protein content was
determined by both measuring absorbance at 280 nm and using the Coomassie Plus Protein Assay
Reagent (Thermo Fisher Scientific) with 1gG as standard protein. HFn for in vitro studies was
labeled with fluorescein isothiocyanate (FITC) or with Alexa Fluor 546 according to the
manufacturer's protocol (Sigma, Invitrogen).

2.3.3 HFn loading with DOX

HFn(DOX) was prepared using the disassembly/reassembly method. 200 uM doxorubicin
hydrochloride was added to a HFn solution (0.5 mg mL™* in 0.15 M NaCl) and adjusted to pH 2.0
by 0.1 M HCI. The pH was maintained for about 15 min and when the dissociation of HFn was
completed, the pH value was increased up to 7.5 using 0.1 M NaOH. The resulting solution was
stirred at room temperature for 2 h. In order to remove the excess doxorubicin and the adsorbed
molecules, the solution was centrifuged through a 100 kDa Amicon filter (Millipore) and washed
several times with PBS buffer. The amount of the encapsulated molecules was determined
extracting DOX from HFn shell according to procedure previously described™ and then measuring
the fluorescence intensity at 555 nm of the DOX dispersion in chloroform by comparison with a
predetermined DOX calibration curve. To evaluate the intracellular fate of encapsulated molecules
HFn shell was aso loaded with FITC using the same procedure described for DOX encapsulation.



2.3.4 Kinetics of DOX spontaneousreleasein vitro

HFn(DOX) was stored in a dialysis device and kept in a PBS bath at 37 °C for three days
under shaking. At predetermined time points (30 min, 1 h, 2 h, 3h, 4 h, 6 h, 24 h, 48 h, 72 h), the
amount of drug released was quantified by fluorescence analysis and the buffer was replaced after
each measurement.

2.3.5 Cdll cultures

A Hel a cell line was used as a TfR1-positive model of tumor cells; human fibroblasts
extracted from gut tunica submucosa of Crohn patients were used as healthy cell line, while MDA -
MB-468 breast cancer cells were used as a MDR cells. Hel a, fibroblasts and MDAMB-468 were
cultured in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine
serum, 2mM L-glutamine, penicillin (50 Ul mL™) and streptomycin (50 mg mL™) at 37 °C in
humidified atmosphere containing 5% CO, and sub-cultured prior to confluence using
trypsin/EDTA.

2.3.6 TTR1 expression

Cells (5 x 10°) were treated for FACS analysis with standard methods. Briefly, cells were
incubated for 30 min at 4 °C in blocking buffer (PBS, 2% BSA, 2% goat serum) and then with the
anti-human TfR1 antibody (1 pg; Thermo Scientific). Cells were washed three times with PBS and
incubated 30 min at 4 °C with the secondary antibody Alexa Fluor 488 (1 pL; Life Technologies) in
blocking buffer used. Then, cells were washed and were analyzed on a FACS Calibur flow
cytometer (Becton Dickinson). 10,000 events were acquired for each analysis, after gating on viable
cells, and isotype-control antibodies were used to set the appropriate gates.

2.3.7 Céll binding assay

Cells (5 x 10°) were incubated 2 h at 4 °C in flow cytometry tubes in the presence of 0.02
mg mL ™" of FITC-labeled HFn. After incubation, cells were washed three times with PBS. Labeled
cells were resuspended with 0.5 mL of PBS and analyzed by a FACS Calibur flow cytometer
(Becton Dickinson). 20,000 events were acquired for each analysis, after gating on viable cells, and
asample of untreated cells was used to set the appropriate gates.

2.3.8 HFn internalization

Cells were subjected to nanoparticle incubation with HFn labeled with FITC on the shell at
the concentration of 0.1 mg mL™ for 15 min, 1, 3, 24 and 48 h at 37 °C and then harvested for
immunofluorescence analysis. To evaluate simultaneously the intracellular fate of HFn and
encapsulated molecules, Hela were incubated with 0.1 mg mL™ of HFn labeled with Alexa Fluor
546 and loaded with FITC for 4 and 48 h at 37 °C and then treated for immunofluorescence.



2.3.9 Colocalization experiments

HFn labeled with FITC on the shell was used (0.1 mg mL ™) and different organelles were
stained with GM130 (at a 1:100 dilution; clone 35; BD Biosciences), CatD (1:50; clone BCO11;
Calbiochem), EEA1 (1:1000; clone 14; BD Biosciences), and Tf (1:100; clone 5G2; Abcam)
antibodies by incubating 2 h at RT and revealed by a Alexa Fluor 546-conjugated antibody against
murine 1gGs (Invitrogen) at a 1:300 dilution by incubating for 2 h at RT in PBS, 2% BSA, 2% goat
serum.

2.3.10 Confocal laser scanning microscopy

Cells were cultured on collagen pre-coated cover glass dlides until sub-confluence and
incubated with HFn nanoparticles, for different time periods. Cells were washed with phosphate-
buffered saline (PBS, EuroClone), fixed for 5 min with 4% paraformaldehyde (Sigma) and then
treated for 5 min with Triton X-100 0.1%. A blocking step was performed for 1 h at RT with a
solution containing 2% bovine serum albumin (BSA, Sigma), 2% goat serum and 0.2 pg mL ™
DAPI (4',6-diamino-2-phenylindole) in PBS. Microscopy analysis was performed with a Leica SPE
microscope confocal system equipped with laser excitation lines 405 nm, 488 nm line, 514 nm and
633 nm. Images were acquired with 63x magnification oil immersion lenses at 1024 x 1024 pixel
resolution. Image quantification was performed with Image J software. Pearson correlation
coefficient was calculated using the Image J plugin JaCoP.

2.3.11 Cdll proliferation assay

Cells were cultured on a 96 multiwell dish at a density of 5000 cells cm . Then, cells were
incubated with different amounts of the molecules to be tested. At the indicated time points (24, 48,
72 h), cells were washed with PBS and then incubated for 3 h at 37 °C with 0.1 mL of 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) stock solution previously
diluted 1:10 in DMEM medium without phenol red. After incubation, MTT solubilizing solution
(0.1 mL) was added to each well to solubilize the MTT formazan crystals (Promega). Absorbance
was read immediately using a testing wavelength of 570 nm and a reference wavelength of 620 nm.
The results are expressed as means * standard error (s.e.) of six individual experiments.

2.3.12 Cell death assay

Cells were cultured on a 12 multiwell dish until sub-confluence. Then, cells were incubated
3 hand 24 hat 37 °C in the presence of different amounts of DOX or HFn(DOX). After incubation,
cells were washed twice with PBS and treated for FACS analysis according to Annexin V-PE-Cy5
Apoptosis Detection Kit manufacturer's protocol (BioVision). Briefly, cells were resuspended in
Binding Buffer and incubated for 5 min in the presence of 5 pL of Annexin V-PE-Cy5. Cells were
analyzed within 1 h on a FACS Calibur flow cytometer (Becton Dickinson). 20,000 events were
acquired for each analysis, after gating on viable cells. For evaluation of late apoptosis, the same
protocol was used but incubation with 7-aminoactinomycin D (BD Biosciences; 51-68981E; 5
pL/sample) was accomplished.
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2.3.13 DNA damage assay

Cells were subjected to nanoparticle incubation with DOX free or encapsulated in HFn cage
at the concentrations of 0.1 or 1 pM for 24 h at 37 °C and then harvested for immunofluorescence
analysis. Double strand breaks were stained with yH2A.X antibody (1:1000 dilution) by incubating
2 h at RT and revealed by an Alexa Fluor 546-conjugated antibody against rabbit 1gGs (Invitrogen)
at a1:300 dilution by incubating for 2 h at RT in PBS, 2% BSA, 2% goat serum.

2.3.14 Doxor ubicin release

Cells were subjected to nanoparticle incubation with DOX free or encapsulated in HFn cage
at the concentrations of 0.1 or 1 uM for 3 and 24 h a 37 °C and then harvested for
immunofluorescence analysis. DOX was revealed exciting the sample with 488 nm laser line and
acquiring emitted signal from 550 nm to 600 nm (red). The signal represented in green color is the
emission in the acquiring window between 520 to 545 nm, which corresponds to the fluorescence
signal of adegradation product of DOX*.

2.3.15 Nuclear translocation

In experiment of endogenous ferritin nuclear translocation, cells were incubated with 0.1
pM DOX for 15 min, 1, 3, 24 and 48 h at 37 °C and then treated for immunofluorescence. For
image nuclear translocation of HFn nanoparticles, cells were incubated for 3 h at 37 °C with HFn
(0.1mg mL™"), treated with DOX 0.1 pM for 15 min, 1 and 3 h and then harvested for
immunofluorescence analysis. Both endogenous and exogenous ferritin were stained with the anti-
ferritin antibody (1:2000; ab7332; Abcam) and revealed by an Alexa Fluor 546-conjugated
antibody against rabbit 1gGs (Invitrogen) at a 1:300 dilution by incubating for 2 h at RT in PBS, 2%
BSA, 2% goat serum. In order to assess self-triggered nuclear translocation cells were subjected to
nanoparticles incubation with HFn(DOX) at DOX concentrations of 0.1 and 1 M for 3 or 24 h and
then harvested for immunofluorescence analysis. The corresponding amount of HFn void was used
as control.

2.3.16 MDR protein inhibition

Percentage of MDR protein inhibition was determined using the Solvo MultiDrugQuant
Assay Kit according to the manufacturer's protocols. Briefly 500,000 cells previously incubated
with Cyclosporin-A 1 uM (CysA) were harvested by trypsinization and washed thrice with HBSS
buffer (Sigma). Then, cells were incubated at 37 °C with calcein-AM solution (0.2 mL/tube) for 10
min. The reaction was stopped by rapid centrifugation of 1 min at 2000 xg and cells were analyzed
by flow cytometry. The percentage of inhibition was determined as follows:

100 X (Mean Fluorescencei eqteqa — Mean Fluorescence ontror)

% MDR proteins inhibition = Mean Fluorescence -
treate
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2.4 Results and discussion

2.4.1 HFn nanoparticles. development, interaction with tumor
cellsand internalization

The H monomer of human ferritin was cloned and expressed in E. coli and purified as
reported in the Methods section. A good degree of purity was observed in purified fractions
showing a 21 kDa band in sodium docecy! sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
corresponding to HFn monomer (Figure S1a). Moreover, PAGE performed under native conditions,
using commercial Horse ferritin as reference standard, confirmed that our HFn was correctly folded
and still able to spontaneously assemble in a 24-subunit nanosphere (Figure Slc). HFn
nanoparticles were then labeled with FITC and used to evaluate tumor cell recognition. In a recent
study, the interaction between apoferritin and tumor cells was reported to be mediated by transferrin
receptor 1 (TfR1), which is overexpressed in most tumor cells and tissues™. In the present work,
Hel a cancer cells derived from human cervical cancer were selected for the in vitro evaluation as a
model tumor cell line with high TfR1 expression (Figure S2), while human fibroblasts, the most
common type of cells found in connective tissue, were used as control healthy cells with low TfR1
expression (Figure S2). The binding assay, performed by flow cytometry after incubating the cells
for 2 h at 4 °C with 0.02 mg mL *of HFn, demonstrated at least a fourfold increase in cell ratio in
the region of positivity for HeLa cells compared to fibroblasts, confirming a remarkable HFn
affinity and selectivity toward cancer cells (Figure S3a). Confocal laser scanning images of HeLa
cells incubated with HFn nanoparticles demonstrated that a fast interaction with cellular membrane
occurred, since HFn was aimost completely attached to the cell surface after 15 min of incubation.
In addition, HFn was already internalized after 1 h of incubation and, after 3 h, the internalization
process was complete. After 24 h, the fluorescence signal of HFn dramatically decreased without,
however, disappearing up to 48 h of incubation. This effect suggested that exogenous HFn was
degraded or combined with the endogenous unlabeled one (Figure S3b).

Since natural apoferritin interacts with cell membrane through TfR1, we expected that HFn
could be efficiently internalized into the cells using the same endocytic pathway of transferrin (Tf).
Therefore, we characterized the endocytosis pathway of HFn by investigating its colocalization with
specific endocytic compartments, using EEA1 marker for early endosomes, GM 130 marker for the
Golgi apparatus, CatD marker for lysosomes, and Tf as a marker for the recycling endosomes. We
found that HFn uptake took place within 1 h and HFn basically localized at the early endosomes,
corroborating our hypothesis that also HFn is internalized by a TfR1-mediated mechanism.
Confocal images demonstrated that HFn did not localize at the Golgi and recycling endosomes even
after 3 h of incubation with cells, suggesting that HFn neither is pushed out of the cells using
recycling endosomes nor is sent to the Golgi by late endosomes. Amazingly, colocalization between
HFn and lysosomes did not occur either after 1 or 3 h of incubation with Hel a cells, a time long
enough to promote lysosome formation with this kind of bionanoconstructs®. This observation
suggested that HFn was not recognized by the cell as something to degrade, thus remaining inside
the cell for along period of time (Figs. 2.3, $4, S5). This unexpected result let us postul ate that HFn
could be a good candidate as a drug bionanocarrier, since it did not prove liable to lysosomal
degradation.
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EEA1 CatD GM130 Tf

Fig. 2.3 Intracellular localization of HFn nanoparticles. Confocal microscopy merges images of HelLa cells, incubated
for 1 hor 3 hat 37 °C with 0.1 mg mL " of HFn (green). Early endosomes, lysosomes, Golgi and recycling endosomes
were recognized with early endosome marker EEA1, lysosomal protein CatD, Golgi marker GM130 and recycling
endosome marker Tf antibodies, respectively, and labeled with an anti-mouse secondary antibody conjugated with
AlexaFluor 546 (red). Nuclei were stained with DAPI (blue). Scale bar: 10 pm.

2.4.2 HFn loading and release of chemotherapeutics

In order to set up the experimental conditions required for drug incorporation into the HFn
shell, HFn was first loaded with fluorescent molecules using the disassembly/reassembly method
already reported in the literature for native apoferritin®. This procedure exploited the ability of HFn
to modify its quaternary structure in response to pH changes. In particular, in the absence of active
disassembly mechanisms, HFn shell is unfolded into monomeric subunits at acidic pH around 2-3
and is refolded with perfect shape memory when the solution is brought to pH values around 7.5, as
depicted in Figure S6a. Under the same conditions, DOX encapsulation was straightforward and
highly reproducible and allowed us to load 28.3 molecules of DOX per HFn shell on average, in
accordance with literature data’™.

Next, we evaluated the DOX release from HFn shell in vitro. Kinetics of release were
performed dialyzing DOX-loaded nanoparticles (HFn(DOX)) at 37 °C in phosphate buffer saline
(PBS), pH 7.4, and quantifying the leakage of drug from HFn by measuring the fluorescence
emission in the supernatants. The amount of encapsulated DOX remained constant for the first 6 h
of incubation, then decreased by 40% over 72 h of incubation in PBS (Figure S6b), confirming the
presumed good stability of the HFn nanoformulation at physiological pH.

In order to study the cellular trafficking of encapsulated molecules after uptake, HFn was
loaded under the above conditions with a more efficient dye, fluorescein isothiocyanate (FITC).
HFn shell was concomitantly labeled with an orthogonal dye, Alexa Fluor 546. Our intent was to
simultaneously follow the separate fate of the incorporated drug and of the protein cage by
acquiring the fluorescence images at the relevant emission Ama Values. This doubly fluorescent
nanoparticle was incubated with Hel a cells for 4 and 48 h. Confocal laser scanning microscopy
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images demonstrated that, after 4 h of incubation at 37 °C, encapsulated FITC (green) and HFn
shell (red) were till colocalized, as revealed by the predominant presence of yellow signals inside
the cells. After 48 h of incubation at 37 °C, FITC signal was widespread inside the cells, while the
signal attributable to HFn shell was almost completely disappeared, thus suggesting recombination
of labeled monomers with endogenous unlabeled 24mers (Figure S7). These results corroborated
our hypothesis about the potential use of HFn as nanovectors for the delivery of drugs in
intracellular compartments.

2.4.3 Doxor ubicin encapsulation in HFn improves the antitumor
efficacy

Next, DOX efficacy was evaluated comparing the proliferation of cells treated with DOX or
HFN(DOX). Hel a cells were treated with different amounts of DOX or HFn(DOX) in a DOX
concentration range between 0.01 and 1 uM, for up to 72 h. Fibroblasts were a so treated with DOX
or HFn(DOX), as a healthy cell line control to assess the target selectivity. The percentage of cell
viability over time was determined on samples treated with 0.01 uM, 0.1 uM and 1uM DOX or
HFn(DOX) using the MTT assay and normalized on the cell proliferation of the respective
untreated control at different time points. As reported in Figure S8a, samples treated with 0.01 pM
DOX or HFn(DOX) did not show any meaningful decrease in cell proliferation, compared to
untreated cells, both in normal and in tumor cells since cell survival remained higher than 60%. In
contrast, 1 UM dosage resulted in detectable effects in cell proliferation with significant differences
between groups treated with DOX or HFn(DOX). However, a significant reduction of cell survival
was observed also on healthy fibroblasts, probably due to high DOX concentration (Figure S8b).

Interestingly, cells treated with 0.1 uM HFn(DOX) showed instead a substantial decrease in
HelLa cell proliferation in comparison with samples treated with the same amount of free DOX,
revealing remarkable differences in antiproliferative efficacy of DOX and HFn(DOX) (Fig. 2.4Q).
Indeed, HFn(DOX) exhibited a far higher efficiency in inhibiting the tumor cell proliferation in
comparison to free DOX. Less significant differences between DOX and HFn(DOX) treatment
were observed in fibroblasts suggesting that DOX cytotoxicity was basically low at this
concentration against normal cells irrespective of the modality of DOX delivery (Fig. 2.4a). HelLa
cells were also treated with relevant amounts of void HFn in order to assess the contribution of the
void nanovector. Results reported in Figure SO demonstrate that HFn does not affect cell viability.

Next, in order to determine if the arrest in proliferation was associated with an increase in
cell death, the exposure to Annexin V was assayed, which provides a positive readout only in
apoptotic cells. Hel a cells were incubated for 3 or 24 h with DOX or HFn(DOX) at decreasing
concentrations, including 1 pM, 0.1 pM and 0.01 pM. Annexin V assay was measured by flow
cytometry using untreated cells, to set the regions of positivity. The ratio of dead cells reported in
Fig. 2.4b demonstrated that HFn(DOX) was much more effective than free DOX in inducing
apoptosis at 0.1 uM after 3 h of incubation. However, at 24 h, the differences in apoptotic effect
between DOX and HFn(DOX) in cancer cells were smoothed, suggesting a more efficient and rapid
delivery of DOX when encapsulated in a HFn shell. Cells treated with 0.01 uM HFn(DOX) for 3 h
basicaly did not show any increase in cell death in comparison with free drug, since the DOX
dosage was probably too low to be effective. However, after 24 h of incubation, significant
variations were observed, reflecting a DOX accumulation over time attributable to the effect of HFn
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delivery. As expected, treatment of Hel a cells at the highest concentration (1 uM) induced rapid
and complete cell death both with DOX and HFn(DOX). As Annexin V exposure is a characteristic
feature of cellsin early apoptosis, we decided to check if the reduced efficacy of free DOX after 3 h
of treatment was rather an apparent event attributable to a fraction of cells that had aready
developed to alate apoptosis at the considered time points. To this aim, the 7-aminoactinomycin D
(7-AAD) uptake was assessed, which occurs specifically in cells with a damaged plasma
membrane. After flow cytometry analysis, we concluded that both DOX and HFn(DOX) treated
cells were not in late apoptosis (Figure S10). The reduction of viability and the increase of
apoptosis in cells treated with HFn(DOX) were further associated to a more substantial DNA
damage compared with free DOX, as evidenced in Figs. 2.4c and S11. The amount of double strand
break, visualized using yH2A.X antibody®’, is higher in cells treated with HFn(DOX) under the
above experimental conditions, confirming that HFn(DOX) efficacy is incontrovertibly associated
with afunctional damage of nuclear DNA.

2.4.4 Nuclear delivery of doxorubicin

The fluorescence emission of DOX was exploited in this study to evaluate DOX cellular
uptake and possible release from HFn. HelLa cells were treated with 0.1 yM DOX free or
encapsulated in HFn for 3 or 24 h. Then, cells were washed, fixed and prepared for confocal
microscopy analysis. When DOX is excited with an argon laser (488 nm), it exhibits a characteristic
fluorescence spectra profile consisting in a double emission with relevant maximal peaks at 505 nm
(green) and at 550 nm (red), respectively, which can be detected separately by setting the
instrumentation appropriately®. Confocal images revealed that HFn(DOX) exhibits improved
uptake in comparison with free DOX (Fig. 2.5). In particular, free DOX just entered the cells by
diffusion and, as a result, was mainly localized in the cytoplasm (green) even after 24 h of
incubation, as assessed by analysis of DOX fluorescence spatial distribution. In contrast, the uptake
of HFn(DOX) was very fast, as it was mediated by TfR1 receptor endocytosis, and DOX was
almost entirely released in the nucleus (red) ready after 3 h, as demonstrated by analysis of DOX
fluorescence spatial distribution (Fig. 2.5). The significant difference in DOX uptake a 3 h
observed with HFn(DOX) in comparison with free DOX could imply that nanoparticle formulation
was capable of bypassing the well documented multi-drug resistance mechanism (MDR) activated
by cancer cells to protect themselves from the cytotoxic effects of chemotherapeutics (Fig. 2.6).
Noteworthy, the nuclear release of HFn(DOX) suggests that HFn shell mediates a nuclear
translocation of DOX. This effect is likely correlated with the physiological function of ferritins.
Indeed, as mentioned above, ferritin plays a key role in the metabolism of iron, protecting the cell
from oxidative stress™. This protective role is exerted both in the cytoplasm and in the nucleus.
Thus, ferritin is translocated into the nucleus in response to oxidative stimuli to protect the DNA
from potential damage caused by anomalous ROS production®.
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a) Viability of cells treated with DOX or b)Cell death assay performed with DOX
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Fig. 2.4. a) Viahility of cells treated with free DOX or HFn(DOX). Fibroblasts and Hel a cells were treated with 0.1 uM
of DOX or HFn(DOX) for up to 72 h. Viability was assessed by measuring the conversion of MTT into formazan.
Reported values are the mean of six replicates + s.e., normalized on cell proliferation of untreated fibroblast or HelL a
cells, respectively * P<0.005; **P<0.0005 (Student's t-test). b) Cell death assay with DOX free or encapsulated in HFn
shell. HeLa cells were treated with 1, 0.1 and 0.01 pM of DOX or HFn(DOX) for 3 or 24 h. Cell death was assessed on
the basis of the exposure to Annexin V, evaluated by flow cytometry. Untreated cells were used to set region of
positivity. Reported values are the mean of three replicates = s.e. * P<0.01; ** P<0.005 (Student's t-test). c) Double-
strand break of DNA after DOX exposure. Confocal microscopy images of HeLa cells incubated with 1 uM or 0.1 pM
DOX free or encapsulated in HFns. Anti yH2A . X antibodies were used to reveal the DNA double-strand breaks (DSB;
yellow). Scale bar: 10 pm.
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Fig. 2.5 Doxorubicin release inside the nuclear compartment. Confocal microscopy images of HelLa cells incubated
with 0.1 uM DOX free or encapsulated in HFns and analysis of spatial distribution. Confocal laser scanning images of
Hel a cells treated with 0.1 pM DOX (DOX degradation product in green) free or encapsulated in HFn shell for 3 h or
24 h at 37 °C. Scale bar: 10 um. Spatial analysis was performed on merged images using Image J plugin RGB profile
plot.
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Fig. 2.6 Doxorubicin release inside the nuclear compartment. Quantification of total fluorescence intensity per cell.
Reported values are a mean of measurements performed with Image J software on six different cells £ s.e. * P<0.01.
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2.4.5 Doxorubicin cytoplasmatic release triggers HFn nuclear
translocation

Our results let us speculate that HFn acts like a “ Trojan horse”. Indeed, 1) HFn enters the
cellsas aresult of the interaction with TfR1 and 2) partially releases DOX in the cytoplasm through
hydrophobic channels of its architecture; 3) DOX diffuses in the nucleus where it causes the DNA
damage, 4) which triggers the nuclear translocation of HFn(DOX), and 5) the release of DOX in the
nuclear compartment. In order to verify this hypothesis, we studied the subcellular localization of
endogenous ferritin upon DOX administration. Confocal microscopy images of Hel a cells, which
were fixed 1, 3 and 24 h after administration of 0.1 pM DOX, clearly show that endogenous ferritin
was localized in the nuclear compartment ready after 1 h, where it continued to accumulate over
time (Fig. 2.7). In contrast, untreasted Hela cells (CTRL) displayed mainly a cytoplasmic
confinement of ferritin, proving that the DOX administration triggered its nuclear translocation.

Next, we determined if the treatment with DOX could trigger also nuclear translocation of
recombinant HFn. HelLa cells were incubated for 3 h with HFn labeled with FITC on the shell
(HFn_FITC) in order to alow for a complete internalization of HFn (Figs. 2.8, 2.9). Then, 0.1 uM
DOX was added to the culture medium and HFn nuclear translocation was recorded by confocal
microscopy performed on cells fixed 15 min, 1 and 3 h after 0.1 uM DOX administration. Confocal
microscopy images clearly show that HFn was still confined in the cytoplasm 15 min after DOX
addition, even though it was apparent that HFn accumulated in the close proximity of the nucleus.
However, after 1 h, the nuclear translocation was complete. These results confirm that the HFn
nanoparticles were directly translocated into the nucleus, suggesting that they were recruited to
carry out the physiological functions attributed to native ferritin. With the aim to assess if HFn
acted by bringing the payload across the nuclear envelope or rather by releasing it in proximity of
the nucleus, the same experiment was performed also with unlabeled HFn loaded with FITC
(HFn(FITC)). Images of Hel a cells displayed in Figure S12 indicate that the payload was directly
transported and released in the nucleus upon external cell stimulation with DOX. This result is
particularly relevant considering that, different from DOX, FITC does not exhibit a natura
propensity to penetrate the nucleus, thus such a massive nuclear translocation should necessarily
imply an active transport. Finally, in order to evaluate if HFn(DOX) nuclear translocation could be
self-triggered by DOX encapsulated in the HFn shell, 0.1 and 1 uM DOX were loaded inside
HFn_FITC and then incubated with cells. DOX and FITC fluorescence signal were acquired
simultaneously. Confocal microscopy images in Fig. 2.10 show that at a DOX concentration of 0.1
MM nuclear translocation of HFn was only marginally visible both after 3 and 24 h of incubation.
However, at a HFn(DOX) concentration of 1 pM, HFn was clearly localized in the nuclear
compartment even after 3 h of incubation, proving that HFn nuclear translocation was self-triggered
by DOX release from the hydrophobic channels of HFn. Moreover, the correspondence between the
signal of the nuclear HFn, here obtained with 1 pM HFn(DOX) and the signal detected in the
previous experiment with 0.1 uM free DOX, provides an indirect confirmation that the amount of
DOX released into the cytoplasm to cause self-triggered translocation was only a minor fraction of
that encapsulated. Combining these results corroborate our hypothesis that the partial release of
DOX in the cytoplasm and the likely consequent damage due to DOX intercalation in the DNA
double-helix trigger the nuclear translocation of HFn(DOX), as depicted in Fig. 2.11. Therefore, we
concluded that the DOX release was mainly accomplished upon entrance into the nucleus. Such
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findings make HFn an ideal candidate for the development of nanodevices for the nuclear delivery

of chemotherapeutics in cancer cells.
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Fig. 2.7. a) Treatment with DOX triggers nuclear translocation of endogenous HFn. Confocal microscopy images of
HelL acellsincubated for 1, 3 and 24 h at 37 °C with DOX 0.1 pM. Untreated cells are used as negative control (CTRL).
Nuclei were stained with DAPI (blue). Endogenous ferritin were recognized with anti-ferritin antibody and labelled
with an anti-rabbit secondary antibody conjugated with Alexa Fluor 546 (cyan; Invitrogen). Scale bar: 10 um. b)
Quantification of nuclear fluorescence intensity due to endogenous ferritin. Reported values are a mean of
measurements performed with Image J software on nucleus five different cells normalized with respect to their area +

s.e. ** P<0.0005.
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Fig. 2.8. Treatment with DOX trigger nuclear translocation of exogenous HFn. Confocal microscopy images of Hel a
cells incubated for 3 h at 37 °C with 0.1 pg mL *of HFn labeled with FITC (HFn_FITC; green) and then treated (a) or
not (b) with 0.1 pM DOX for 15 min, 1 or 3 h. Nuclei were stained with DAPI (blue). Ferritin were recognized with
anti-ferritin antibody and labelled with an anti-rabbit secondary antibody conjugated with Alexa Fluor 546 (red;
Invitrogen). Scale bar: 10 pm.
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Fig. 2.9. Quantification of fluorescence signal of HFn_FITC in the nucleus. Reported values are a mean of 5
measurements performed with Image J software on the nucleus of different cells normalized with respect to their area =

s.e. * P<0.005; ** P<0.0005.
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Fig. 2.10. Self-triggered nuclear delivery of DOX in HFn(DOX) nanoparticles. Confocal microscopy images of HeLa
cellsincubated for 3 and 24 h at 37 °C with 0.1 pM of HFn(DOX). HFn(DOX) was labeled with FITC (HFn; green) on
the shell and then loaded with DOX (red). Nuclei were stained with DAPI (cyan). Scale bar: 10 um.
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® Doxorubicin

Fig. 2.11 Schematic representation of self-triggered nuclear delivery of HFn(DOX). HFn was internalized upon the
interaction with TfR1 by receptor-mediated mechanism without incurring lysosomal degradation. Encapsulated DOX
was partialy released in the cytoplasm through hydrophobic channels of its architectucture. Then DOX is pumped out
of the action of P-glycoprotein, or diffuses into the nucleus where it causes the DNA damage, which triggers the nuclear
translocation of HFn(DOX) and the massive release of DOX in the nuclear compartment.

2.4.6 Enhanced DOX delivery by HFn in MDR cancer cells

To investigate the potential of HFn in the treatment of cancer cells affected by multidrug
resistance mechanism, MDA-MB-468 breast cancer cells were used in the next experiment, as they
have been demonstrated to exhibit P-gp-promoted MDR with DOX*® and high TfR1 expression
(Figure S2). MDA-MB-468 cells were incubated with 1 pM DOX or HFn(DOX) for 3 or 24 h in
DMEM. After washing out the unreacted nanoparticles, cells were fixed and prepared for
immunofluorescence. Fig. 2.12a shows the results of confocal images acquired on isolated MDR
cells after treatment. As expected, in cells treated with free DOX, no traces of drug could be
detected inside the cytoplasm both at 3 and 24 h. The nuclei appeared not to be affected by the drug
at 3 h, while only a minimal amount of drug was revealed a 24 h. In contrast, HFn(DOX)
efficiently delivered a detectable amount of drug into the nucleus ready after 3 h and a strong
emission signal could be monitored after 24 h, in a similar behavior to what we observed with
sensitive Hel a cells. The improved nuclear delivery of DOX due to HFn assistance was combined
with an increased DOX efficacy, as assessed by viability assay (Fig. 2.12b). In order to evaluate if
the increased DOX efficacy observed for HFn(DOX) formulation is mainly due to an escape from
MDR efflux pump or to the HFn self-triggered drug rel ease mechanism, MDA-MB-468 cells were
treated with an inhibitor of MDR proteins. MDA-MB-468 cells were treated with 1 pM HFn(DOX)
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and their viability was evaluated also in the presence of 1 pM Cyclosporin-A (CysA). The kind of
inhibitor and their working concentration have been selected in order to obtain the maximal
percentage of MDR inhibition (77%) without affecting cell viability. Results reported in Fig. 2.13
do not show statistically significant variations between samples incubated with HFn(DOX) or not
with CysA at 72 h, which seems to corroborate the hypothesis of HFn contribution in escaping from
MDR efflux pump. However, the decrease of percentage of viability observed at 24 and 48 h after
treatment with CysA strongly supports the conclusion that the major efficacy of HFn(DOX) in
comparison to free DOX is mainly due to the HFn self-triggered release mechanism, while the HFn
escape from MDR efflux pump plays amarginal role.
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Fig. 2.12 @) Doxorubicin release inside the nuclear compartment of MDA-MB-468 cells. Confocal microscopy images
of MDA-MB-468 cells incubated with 1 uM DOX free or encapsulated in HFn shell for 3 h or 24 h at 37 °C. Scale bar:
10 pm. b) Viability of cells treated with free DOX or HFn(DOX). MDA-MB-468 cells were treated with 1 pM of DOX
or HFn(DOX) for up to 72 h. Viability was assessed by measuring the conversion of MTT into formazan. Reported

values are the mean of six replicates + s.e., normalized on cell proliferation of untreated cells, ** P<0.0005 (Student's t-
test).
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Fig. 2.13 Viability of cells treated with HFn(DOX) with or without MDR protein inhibition. MDA-MB-468 cells were
treated with 1 pM of HFn(DOX) for up to 72 h with or without 1 pM Cyclosporin-A. Viability was assessed by
measuring the conversion of MTT into formazan. Reported values are the mean of six replicates + s.e., normalized on
cell proliferation of untreated cells, respectively * P<0.05; ** P<0.01 (Student's t-test).
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2.5 Conclusions

In summary, we have produced and purified a recombinant heavy-chain monomer of human
apoferritin (HFn) in multimilligram amounts. HFn maintained the capability of self-assembling,
disassembling and reassembling with shape memory into a 24-H subunit nanocage in dependence of
the pH changes resembling native apoferritin. HFn was first labeled on the external surface with a
fluorescent dye and filled in with an aternative dye to follow their internalization and fate in
representative cancer (HeLa) drug-sensitive cells, suggesting a preferred receptor-mediated
endocytosis pathway of entrance in cancer cells with remarkable selectivity in comparison with the
uptake from hedthy cells (fibroblasts). Next, HFn nanocage was efficiently loaded with
doxorubicin (DOX) and used to treat HeLa cells in comparison with equal concentrations of free
drug. Our results demonstrate that HFn(DOX) complex is engulfed by cancer cells more rapidly and
efficiently than free DOX. Most important, confocal microscopy analysis combined with a DNA
damage assay provided evidence that HFn alowed for fast and massive delivery of the
antiproliferative chemotherapeutic agent inside the nuclear compartment, thus strongly enhancing
the cytotoxic effect of DOX. Our interpretation of this effect is that an initial release of a small
amount of DOX in the cytoplasm induces a DNA damage, triggering the recruitment of H-rich
apoferritins into the nucleus. Indeed, under the same conditions, nontoxic dyes were principaly
released in the cytoplasm after prolonged incubation and not delivered to the nucleus. Hence, the
point of strength of HFn nanoparticles is that they are activated to translocate into the nucleus upon
noxious stimuli that the cell itself signalsin the presence of a DNA damage.

HFn displays two important advantages over conventional nanocarriers of DNA-
intercalating drugs: 1) the drug is principally released at its final destination with a subcellular
precision through a self-triggered mechanism, thus optimizing the cytotoxic effect of the drug, and
2) the self-assembling recombinant nanocage exhibits a well documented target selectivity toward a
broad selection of cancer cell types. However, HFn can be straightforwardly modified with specific
targeting peptides by standard genetic engineering, which could further improve the nanocarrier
selectivity toward specific cancer cell types. In our strategy, HFn nanocages loaded with DOX
could behave like a “Trojan horse”: called back within the nucleus for the purpose of defense, HFn
releases, instead, the cytotoxic anticancer drug directly into the most effective site of action.
Eventually, HFn was shown to significantly improve the accumulation of DOX in drug-resistant
cancer cells, enlarging the spectrum of possible cancer cell targets, allowing clinicians to reconsider
the use of traditional chemotherapeutics, which have previoudly failed with several tumor types. We
believe that this nanovector has great potential for the delivery of DNA-interacting molecules and
anticancer drugs exerting a specific intranuclear action for both in vitro investigations and in vivo
treatment of malignant tumors. We envisage that HFn may find application in the treatment of
severa solid tumors, as the targeted nuclear delivery would allow us to strongly reduce the dose of
administered drug and to limit severe side effects due to chemotherapeutic exposure.
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2.6 Supporting information

a. SDS-PAGE of HFn purification
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Figure S1. Production of HFn nanoparticles. a) lon exchange purification of HFn. Proteins from crude extract (CE, 12
ug), flow through (FT, 12 ug), wash (W, 12 ug), fractions obtained by elution with a stepwise increasing gradient of
NaCl (1-5; 2 ug) were separated by SDS-PAGE (12% acrylamide) and visualized by Coomassie staining. M = protein
markers (kDa). b) Schematic representation of pET30b/HFn expression vector. The recombinant gene encoding the
heavy chain of human ferritin was inserted into pET30b vector under the control of T7 promoter. c) Native PAGE of
purified HFn: recombinant HFn (2 ug) were loaded onto PAGE (6% acrylamide) under native conditions to evaluate
quaternary structure formation and visualized by Coomassie staining. Horse spleen ferritin was loaded as standard (2

ug; ST).
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Figure S2. TfR1 expression of HeLa, human fibroblasts and MDA-MB-468 cells. TfR1 expression has been evaluated
by flow cytometry. Untreated cells were used to set the positive region.
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a. HFn binding specificity toward cancer cells
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Figure S3. (a) HFn binding specificity toward cancer cells. HeLa and human fibroblast cells were incubated 2 h at 4 °C
with FITC-labeled HFn (0.02 mg mL™) and then processed for flow cytometry. Untreated cells were used to set the
positive region. (b) Time course of internalization of HFn nanoparticles. Confocal microscopy images of HelLacells,
incubated for 15 minutes, 1 h, 3 h, 24 h and 48 h at 37 °C with 0.1 ug mL™ of HFn labelled with FITC (green). Nuclei

were stained with DAPI (blue). Scale bar: 10 um.
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Figure $4. Intracellular localization of HFn nanoparticles. Confocal microscopy images of HeLacells, incubated for 1 h
or 3 h at 37 °C with 0.1 ug mL™ of HFn (green). Early endosomes and lysosomes were recognized respectively with
early endosome marker EEA1 and with the lysosomal protein CatD antibodies and labeled with an anti-mouse
secondary antibody conjugated with Alexa Fluor 546 (red; Invitrogen). Nuclei were stained with DAPI (blue). Scale
bar: 10 um.
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Figure S5. Intracellular localization of HFn nanoparticles. Confocal microscopy images of HeL acells, incubated for 1 h
or 3hat 37 °C with 0.1 ug mL™ of HFn (green). Golgi and recycling endosomes were recognized respectively with the
Golgi marker GM130 and the recycling endosome marker Tf antibodies and labeled with an anti-mouse secondary
antibody conjugated with Alexa Fluor 546 (red; Invitrogen). Nuclei were stained with DAPI (blue). Scale bar: 10 um.
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a. Schematic representation of the disassemby/  b. Kinetics of doxorubicin release in vitro
reassembly method
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Figure S6. (8) Schematic representation of the disassemby/reassembly method used for HFn loading with fluorescent
molecules or drugs. (b) Kinetics of doxorubicin release in vitro. HFn(DOX) is been incubated at 37 °C in PBS, pH 7.2,
for 72 h. The percentage of encapsulated DOX is been calculated after measuring fluorescence emission of the sample.

48 h

Figure S7 Evaluation of the fate of HFn shell and of relevant encapsulated molecules after internalization. Confocal
microscopy merge images of Hel a cells, incubated for 4 h or 48 h at 37 °C with 0.1 mg mL ™ of HFn (red) loaded with
FITC (green). Nuclei were stained with DAPI (blue). Scale bar: 10 um.
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Figure S8. Viahility of cells treated with DOX free or encapsulated in HFn shell. (a) Fibroblast (gray) and Hel a (black)
cells were treated with 0.01 uM of DOX or HFn(DOX) for up to 72 h and tested by measuring the conversion of MTT
into formazan. Reported values are the mean of six replicates + s.e., normalized on cell proliferation of untreated
fibroblast or Hel a cells, respectively * P<0.005; ** P<0.0005 (Student’s t-test). (b) Fibroblast (gray) and Hel a (black)
cells were treated with 1 uM of DOX or HFn(DOX) for up to 72 h and tested by measuring the conversion of MTT into
formazan. Reported values are the mean of six replicates + s.e., normalized on cell proliferation of untreated fibroblast
or HelL acells, respectively * P<0.005; ** P<0.0005 (Student’s t-test).
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Figure S9 Viabhility of cells treated with void HFn shell. (a) HeLa cells were treated with amounts of HFn equal to that
used in HFn(DOX) samples for up to 72 h and tested by measuring the conversion of MTT into formazan. Reported
values are the mean of six replicates + s.e.
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Figure S10 Late apoptosis assay with DOX free or encapsulated in HFn shell. Hel a cells were treated with 1 uM, 0.1
uM and 0.01 uM DOX or HFn(DOX) for 3 h. Late apoptosis was assessed measuring the uptake of 7-
aminoactinomycin D, evaluated by flow cytometry. Untreated cells were used to set region of positivity. Reported
values are the mean of threereplicates £ s.e.
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Figure S11 Quantification of fluorescence intensity due to DSB. Reported values obtainedwith Image J software
represent the mean fluorescence intensity of six different cells normalizedwith respect to their area + s.e. ** P<0.005.
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. Trafficking of exogenous HFn(FITC) in HeLa cells treated with DOX
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Figure S12. Treatment with DOX trigger nuclear translocation of exogenous HFn. Confocal microscopy images of
Hel a cells incubated for 3 h at 37 °C with 0.1 mg mL ™ of HFn loaded with FITC (HFn(FITC); green) and then treated
(@) or not (b) with DOX 0.1 uM for 15 minutes, 1 or 3 h. Nuclei were stained with DAPI (blue). Endogenous and
exogenous ferritin were recognized with anti-ferritin antibody and labeled with an anti-rabbit secondary antibody
conjugated with Alexa Fluor 546 (red; Invitrogen). Scale bar: 10 um.
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CHAPTER 3

Nanometronomic treatment of 4T1
breast cancer with nanocaged
doxorubicin preventsdrug
resistance and circumvents

car diotoxicity’



3.1 “Maximum tolerated dose’” vs “Metronomic”
treatment

Traditionally, cytotoxic chemotherapeutics have dominated the systemic management of
cancer according to the “maximum tolerated dose” (MTD) paradigm®®. Most of antitumor drugs are
DNA-damaging agents or microtubule inhibitors that are designed to kill or inhibit rapidly dividing
cells. Standard chemotherapy regimens require that patients be administered with single dose or
short courses of the maximal drug dosage that can be tolerated, in order to achieve the best
therapeutic efficacy, killing as many tumor cells as possible. However, due to low tumor selectivity,
MTD treatments cannot be protracted in order to allow recovery of healthy tissues and reduce
myelosuppression. So, these agents are administered in a pulsed manner, with prolonged time
intervals (generally of 2-3 weeks in duration) between treatment cycles, to limit the toxicity and
preserve other organs (Fig. 3.1)*.

MTD chemotherapy has been established thanks to the success in treating acute
lymphoblastic leukemia in children®, whereas rarely the leukemic tumor clone can be completely
eradicated. In the same way, MTD has proven to be successful on cancers lacking a complex
network of activating mutations, such as testicular cancer, Hodgkin disease and B-cell non-Hodgkin
lymphomas?. In contrast, complex cancers such as sarcomas, breast, prostate, pancreas and lung
cancers, are less effectively treated using MTD doses, primarily because they engage extensively
the host microenvironment®. In this kind of malignancies, standard chemotherapy may be initially
effective with responses of tumor regression, disease stabilization and prolonged survival.
However, these effects are often short lived, with relapses marked by aggressive cancers and
resistance to cytotoxic agents. In fact, in fast-growing or metastatic tumors, a burst in cancer cell
proliferation is likely during the necessary therapeutic breaks, together with the manifestation of
chemoresistance and accelerated angiogenesis’. This is because MTD chemotherapy kills off
chemotherapy-sensitive cancer cell populations, leaving chemoresistant cells behind to re-colonize
the tumor bed, ultimately leading to disease relapse’. One strategy to prevent this event has been the
development of increasing, and consequently more and more toxic drug regimens, including the
combination of chemotherapeutic agents, in the expectation of achieving a complete eradication of
all cancer cells’.

Angiogenesis is a hallmark capability of cancer: tumor growth and metastasis strongly
depends on continued angiogenesis’, which thus takes on remarkable importance from also a
therapeutic point of view. Therefore, antiangiogenic treatments for cancer have been developed,
even though both intrinsic and acquired resistance to them are emerging as clinically relevant
issues'.

On the whole, based these considerations it is evident that a reappraisal of advanced-stage
cancer management is necessary. In the last years a revaluation of the best ways to administer
chemotherapy was made and there is now a shift towards the idea that more frequent administration
schedules and smaller doses would be more effective, both in terms of reducing toxicity and even
improving anticancer effects™?. In 2000, Klement et al."® and Browder et al.** published two
innovative articles showing that mice bearing subcutaneous tumors could respond to frequent
repeated low doses of chemotherapy, even when they displayed acquired drug resistance to the
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same agents administered in a conventional way. Hanahan et al.™ coined the term “metronomic” to
describe this type of treatment.

The refinement of this concept is called nowadays “low dose metronomic” chemotherapy
(LDM). LDM regimens move from the “maximum tolerable” to the “minimum effective” dose
paradigm and refer to the close, regular administration (daily, several times a week, or weekly) of
chemotherapeutic drugs at doses significantly below the conventional MTD dosage, over prolonged
period and with no extended drug-free breaks™ (Fig. 3.1). Metronomic chemotherapy can thus be
viewed as a form of “long term maintenance” chemotherapy that can be used on its own or
combined with biological targeted therapies, especialy antiangiogenic drugs'’. Many different
factors have contributed to expand the interest in LDM therapy. First, the MTD approach has not
provided the expected survival benefits, besides being very expensive and toxic. Furthermore,
genetically complex tumors grow and develop within the host’s tissue, which implies that the
survival of cancer cellsis closely related to the state of the tumor microenvironment. So the main
goal of LDM treatment is to kill the rapidly dividing endothelial cells, thus preventing angiogenesis,
but also to hit the tumor microenvironment, making it less supportive for tumor growth. Therefore,
metronomic chemotherapy has the potential to preserve efficacy while avoiding toxicity?.

A growing appreciation of the LDM concept is witnessed today: this trend is confirmed by
the fact that currently over 150 clinical trials of metronomic chemotherapy for various cancers are
ongoing, with encouraging results. These include Phase Ill studies that combine metronomic
chemotherapy regimens with other anticancer drugs such as antiangiogenic ones or anti-
inflammatory agents>.

a MTD pulsatile chemotherapy (every 3 weeks)

I 3 weeks T 3 weeks I 3 weeks
| | | | | I | |

—

b Metronomic chemotherapy — lower dose on a weekly basis

e A S B B B B

€ Metronomic chemotherapy — lower dose on a daily basis

Fig. 3.1 Different therapeutic regimens. Metronomic chemotherapy regimens differ from the standard maximum
tolerated dose (MTD) chemotherapy regimens that have been common practice in medical oncology for decades. In
standard chemotherapy (a), adrug istypically given in asingle bolus injection or infusion at the MTD, interspersed by a
long break - for example, 3 weeks - before the next course of this therapy is administered. In metronomic chemotherapy
regimens the chemotherapy drug is administered more frequently, such as weekly (b) or daily (c), with no prolonged
drug-freelgnterruptions. Drugs that can be administered orally would be ideal for prolonged daily administration
schedules™.
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3.1.1 Rationalesfor LDM chemotherapy

While the conventional MTD chemotherapeutic setting is suggested to act by targeting the
proliferating tumor cells, LDM is presumed to affect the vasculature growth and repair, reduce
systemic toxicity and myelosuppression, improve the stimulation of the host immune system
against the tumor, overcome drug resistance and damage cancer stem cells".

Antiangiogenic activity

The anticancer activity of LDM chemotherapy is mediated predominantly by inhibiting
tumor angiogenesis'®. Plenty of evidence, mostly in vitro, indicates that the activated endothelial
cells of newly forming blood-vessel are highly sensitive to very low doses of some
chemotherapeutic drugs, such as cyclophosphamide, vinblastine, doxorubicin, paclitaxel and
docetaxel, which inhibit proliferation or migration of these cells, but not of other cell types'®?.
Much higher doses of the same agents are required for tumor cell toxicity. Conversely, in standard
MTD therapy the effect of chemotherapy on angiogenesis is negligible, perhaps because the
endothelial cells might be protected by high local concentrations of endothelial-cell survival factors
such as VEGF, basic fibroblast growth factor and angiopoietin-12*. More probably, this might be
because the damage to the vasculature is largely repaired during the long recovery periods between
successive cycles of therapy, perhaps by a massive hemopoiesis-like mobilization of circulation
endothelial progenitor cells from the bone marrow®.

It is important to emphasize that there is a clear distinction between the antiangiogenic
effects of conventional antiangiogenic drugs, which target individua molecules or signaling
pathways, and the antiangiogenic actions of LDM chemotherapy. Several mechanisms of action
have been identified, including selective inhibition of proliferation and/or induction of apoptosis of
activated endothelial cells, repression of endothelial cell migration, increase in the expression level
of the endogenous angiogenesis inhibitor thrombospondin-1 and decrease in levels and viability of
bone marrow-derived endothelial progenitor cells™®. For instance, bevacizumab, an antiangiogenic
monoclonal antibody, binds to extracellular vascular endothelial growth factor (VEGF), rendering it
incapable of activating cell surface VEGF receptors™. In contrast, metronomic chemotherapy
damages the source of this and other growth factors, namely fibroblasts and endothelial cells®,
Therefore, the underlying mechanisms are different, with metronomic therapy potentially exerting
longer lasting effects, due to its capability of targeting the source of vascular growth factors rather
than the growth factors themsel ves.

Bypassing of resistance mechanisms

The use of lower dosages of cytotoxic drugs can imply the added benefit of minimizing the
induction of acquired therapeutic resistance, particularly in the setting of combination therapy?”.
Cancer cells are characterized by genetic instability, resulting in high levels of both genotypic and
phenotypic intratumoral heterogeneity, and as a consequence, most tumours are likely to contain
one or even multiple cancer cell clones that are resistant to even the highest doses of cytotoxic
drugs that can be given to a patient’. High doses of cytotoxic chemotherapy (i.e, MTD
chemotherapy) impose severe selective pressure on a heterogeneous tumor population, thereby
killing drug-sensitive tumor cell clones and leading to the selection of the most drug-resistant
ones®™. In this context, it is aso true that endothelia cells of the tumor neovasculature lack this
genetic instability and are unable to acquire drug resistance, as shown by the unchanged maximum
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level of myelosuppression observed in cancer patients after multiple cycles of chemotherapy, even
when the tumor in these patients has become resistant*. But, at the same time, endothelial cells are
not quiescent: fractions of proliferating endothelial cells can be detected during tumor angiogenesis
and should therefore be vulnerable to the cytotoxic effect of antiproliferative chemotherapeutic
drugs that target DNA or microtubules. As mentioned in the previous paragraph, if the pulsed MTD
approach allows normal endothelial cells to repair cytotoxic damage during the periods of therapy
suspension, on the other hand the minimal dose needed to inflict significant damage to these cellsis
so low that cancer cells are spared. In this way LDM, affecting primarily the stromal cells the
malignant ones rely on for support and sustenance, ends up to injure the entire tumor cell
population, both resistant and sensitive clones.

Cytotoxic activity against cancer stem cells (CSCs)

LDM could exert a major impact even in the subgroup of cells identified as cancer stem
cells (CSCs). CSCs, also known as tumor-initiating cells, are a subpopulation of self-renewing cells
that are more resistant to chemotherapy and radiation therapy than the surrounding cancer cells.
CSCs are characterized by a self-renewal capacity and by the ability to differentiate into progenitor
cells that can reconstitute and sustain tumor growth, as well as by a higher level of invasiveness and
resistance to many anticancer agents™. Only antiangiogenic therapy offers promising prospects on
these cells and since LDM has antiangiogenic properties, it may inhibit or reduce CSCs and
therefore it can be used as a maintenance therapy to avoid the growth of relapsed tumours®. As an
example, Folkins et al. have demonstrated that a treatment with LDM cyclophosphamide along with
adirect antiangiogenic drug significantly reduced the number of CSCsin arat glioma model®’.

M odulation of antitumor immunity

Emerging evidence suggests that some chemotherapeutic drugs commonly used in LDM
protocols may act by also restoring anticancer immune response, which plays a crucial role in the
control of the disease. Both innate and adaptive immune responses are involved in keeping cancer
progression in check, but it is well known that these responses can be compromised by high dose
chemotherapy, which has deleterious side effects, such as neutropenia and lymphopenia. Changes in
dosage and time of chemotherapy, asin the case of LDM therapy, can instead lead to stimulation of
antitumor immunity and suppression of pro-tumor immune response®. Low-dose cyclophosphamide
or temozolomide can increase anti-tumor immune response through the selective depletion of T
regulatory cells®, whereas LDM administration of vinblastine, paclitaxel and etoposide could
promote dendritic cell maturation and enhance their phagocytic ability, after the release of signals
by killed tumor cells®®. Studies have revealed that the timing of metronomic chemotherapy is
crucia: specifically, it needs to be sufficiently frequent to activate a strong innate anti-tumor
immune response, but also sufficiently spaced in time to minimize damage to the immune cells
recruited to the tumor microenvironment?,

Induction of tumor dor mancy

Tumor dormancy plays a crucial role in both repression of cancer progression and cancer
relapse, so it occurs during the very early phase of cancer growth (before the angiogenic switch) but
also after treatments, when tumors can resume their development from remaining residual disease™.
So, re-induction and maintenance of tumor dormancy is a desirable end point in cancer therapy®.

75



Tumor dormancy, that can take place at primary sites but also in metastases, occurs as a
result of cell cycle arrest or a dynamic equilibrium between cell proliferation and apoptosis®. Three
different mechanisms are reported to participate in the induction of tumor dormancy: suppression of
angiogenesis, induction of apoptosis in cancer cells, and tumor immune surveillance™. Thus, by
inhibiting tumor angiogenesis and/or reinforcing anticancer immunity (mentioned above),
metronomic chemotherapy may be able to induce and maintain angiogenic dormancy. However,
thus far no clear evidence has shown that metronomic chemotherapy directly induces cellular
dormancy in cancer cells®*®.

3.1.2 Clinical trials

Multiple clinical tridls have investigated the safety and efficacy of metronomic
chemotherapy in a variety of human cancers; the earliest were conducted on breast, prostate,
gastrointestinal, renal and pancreatic cancers, as well as refractory melanoma'. To date, the largest
ones have been conducted in patients with advanced breast cancer: in eight of these (which included
a total of almost 500 patients), metronomic chemotherapy alone®* or in combination with
letrozole®, trastuzumab® or bevacizumab®, was shown to be an effective approach and was
associated with minimal toxic effects. Elsewhere, positive results were also reported with various
LDM regimens for patients with recurrent ovarian cancer, hormone-resistant prostate cancer,
advanced multiple myeloma, recurrent non-Hodgkin's lymphoma, recurrent malignant glioma and
glioblastoma, metastatic or locally advanced neuroendocrine carcinoma and advanced cancer of
various tumor types’. Overall, metronomic chemotherapy is associated with minimal toxicity and
can provide significant clinical benefit and improve the quality of life in patients with advanced
and/or relapsed cancer.

Unlike these encouraging results, at least four clinical trials have reported limited activity of
metronomic chemotherapy. Importantly, these relatively disappointing results were exclusively
reported in malignancies that are poorly responsive to conventional chemotherapy and with a
dismal prognosis®.

3.1.3 Limitations

Many aspects of LDM chemotherapy are empirical or unresolved, such as the choice of
cytotoxic drug used for treatment, its optimal dose and dosing interval. On the average, single doses
in LDM regimens tend to be in the range one tenth to one third of the MTD dose'®*” and only drugs
that could exert a remarkable antiangiogenic activity at relatively lower doses, rather than
conventional MTD, are considered ideal candidates for the metronomic paradigm®®. Future cancer
research should be directed towards the identification of the best agents to use according to tumor
type, to find the appropriate doses of each agent to be used alone or in combination and to define
the timing of drug administration.

Moreover, severa limiting factors remain for LDM before it can displace MTD treatments
in clinical practice, including 1) low drug accumulation at tumor site, 2) controversial effectiveness
against chemoresistance in advanced metastatic cancers, and 3) acquired resistance after prolonged
treatment™®. Recent advances in nanotechnology could offer groundbreaking solutions to improve
the effectiveness of LDM chemotherapy, by taking advantage of the unique targeting efficiency of
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engineered nanocarriers. For example, Yu et al. developed peptide-conjugated nanoparticles for
docetaxel and demonstrated the superior antitumor efficacy of the targeted metronomic therapy in
terms of prolonged survival and minimal toxicity™.
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3.2 Aim of thework

Over the past decades, cytotoxic chemotherapeutics have dominated the systemic
management of cancer according to the “maximum tolerated dose” (MTD) paradigm®:. MTD
therapy requires that patients are administered with single dose or short courses of the highest
tolerable dosage of a drug in order to achieve the best therapeutic efficacy. Due to low tumor
selectivity, MTD treatments cannot be protracted in order to allow recovery of healthy tissues and
to reduce myelosuppression associated with pulsed drug doses’. In fast-growing or metastatic
tumors, during these therapeutic breaks, a burst in cancer cell proliferation accompanied by
manifestation of chemoresistance and accelerated angiogenesis are likely*°. Hence, areappraisal of
advanced-stage cancer management is ongoing, moving from the “maximum tolerable” to the
“minimum effective’” dose paradigm®. Indeed, cytotoxic agents administered at low dosages are
expected to allow protracted treatments and have been suggested to up-regulate antiangiogenic
factors such as thrombospondin-1 and to inhibit vascular endothelial growth factor and platelet-
derived growth factor®®.

The first clinical trials using low-dose metronomic (LDM) chemotherapy were conducted
for breast, prostate, gastrointestinal, renal and pancreatic cancers, as well as refractory
melanoma'®*?*. This regimen is based on a lower dose of drugs administered more frequently,
without the need of extensive interruptions*'>. While the conventiona dose-dense
chemotherapeutic setting is suggested to act by targeting the proliferating tumor cells*, LDM is
presumed to affect the vasculature growth and repair’®®, to reduce systemic toxicity and
myelosuppression, and to improve the stimulation of the host immune system against the tumor®”.
However, severa limiting factors remain for LDM in order to displace MTD treatments in clinical
practice, including 1) low drug accumulation at tumor site, 2) controversial effectiveness against
chemoresistance in advanced metastatic cancers, and 3) acquired resistance after prolonged
treatment®,

Recent advances in nanotechnology could offer groundbreaking solutions to improve the
effectiveness of LDM chemotherapy, by taking advantage of the unique targeting efficiency of
engineered nanocarriers®. In the present work, we propose a new concept of low dose
“nanometronomic” (LDNM) chemotherapy. In principle, it is possible to obtain a prolonged
antitumor effect with LDNM by means of multitasking nanocarriers that deliver lower dose of drug
selectively to the growing tumor, inhibit the neovascularization process and prevent
chemoresistance. Doxorubicin (DOX) is an excellent pilot drug for use in a LDM regimen®’, as its
great anticancer efficacy is notoriously dose-limited by severe systemic side effects above all long-
term cardiotoxicity with different severity grades from reduction in left ventricular gection fraction
(LVEF) to severe congestive heart failure®*. Liposomal anthracyclines, including pegylated
liposomal doxorubicin (pl-DOX), have been introduced in clinical practice to enhance the
therapeutic index and to avoid cardiotoxicity of these drugs thanks to higher accumulation of DOX
in the tumor with reduced concentration in off-target organs™®. However, meta-analyses of several
clinical trials comparing pl-DOX to conventional DOX have demonstrated reduced (but not
annulled) cardiotoxicity of pl-DOX, without improvement in progression-free or overall survival in
advanced breast cancer (BC)>'. Therefore, improving the therapeutic index of DOX remains an
open challenge. As an ideal DOX nanocarrier for our LDNM study, we used H-Ferritin (HFn)
nanocages, recently proposed as a promising bionanoparticle for cancer targeting™ owing to its
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affinity for transferrin receptor 1 (TfR-1), which is constitutively overexpressed in primary and
metastatic cancer cells®. HFn-DOX complex was recently demonstrated to overcome
chemoresistance by actively promoting DOX nuclear translocation in vitro™* and was tested as a
MTD treatment of a DOX-sensitive BC animal model with encouraging results™.
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3.3 Materials and methods

3.3.1 HFn production

HFn nanocages were produced in E. coli by DNA recombinant technology and purified as
previously described™. HFn was labeled with fluorescein isothiocyanate (FITC) or with Alexa
Fluorsofor in vitro and in vivo studies, respectively. HFn was filled in with DOX with a loading
efficiency of 29 drug molecules per HFn. Quantification of DOX payload was undertaken by
fluorescence measurements™.

3.3.2 Cdll cultures

Murine Bioware-Ultra 4T1-Luc2 cell line (4T1-L), used as model of BC cells, have been
purchased in 2011 from Perkin Elmer, confirmed by IMPACT | PCR profiling by the source, and
have been passaged for fewer than 6 months. 4T1-L were cultured in RPMI 1640 medium
supplemented with 10% fetal bovine serum, 2 mM I-glutamine, penicillin (50 Ul mL™) and
streptomycin (50 mg mL™) at 37 °C in humidified atmosphere containing 5% CO, and sub-cultured
prior to confluence using trypsin/EDTA. 4T1 cells were used for in vitro tests and orthotopically
implanted at passages lower than 4 in female Balb/C mice to obtain the BC animal mode!.

3.3.3 Cdll binding assay

Cells (5 x 10°) were incubated 2 h at 4 °C in flow cytometry tubes in the presence of 20 or
100 pg mL*of FITC-labeled HFn. After incubation, cells were washed three times with PBS.
Labeled cells were resuspended with 0.5 mL of phosphate-buffered saline (PBS, EuroClone) and
analyzed by a Gallios flow cytometer (Beckman Coulter). 20000 Events were acquired for each
analysis, after gating on viable cells, and a sample of untreated cells was used to set the appropriate
gates.

3.3.4 Céll proliferation assay

Cells were cultured on a 96 multiwell dish at a density of 5000 cells cm . Then, cells were
incubated with different amounts of the molecules to be tested. At the indicated time points (24, 48,
72 h), cells were washed with PBS and then incubated for 3 h at 37 °C with 0.1 mL of [3-(4,5-
dimethylthiazol-2-yl)-5-(3- carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt (MTT)
stock solution previously diluted 1:10 in DMEM medium without phenol red. After incubation,
MTT solubilizing solution (0.1 mL) was added to each well to solubilize the MTT formazan
crystals (Promega). Absorbance was read immediately using a testing wavelength of 570 nm and a
reference wavelength of 620 nm. The results are expressed as means + standard error (SE) of six
individual experiments.
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3.3.5 Céll death assay

Cells were cultured on a 12 multi-well dish until sub-confluence. Then, cells were incubated
3 hand 24 h at 37 °C in the presence of different amounts of DOX or HFn-DOX. After incubation,
cells were washed twice with PBS and treated for FACs analysis according to Annexin V-PE-Cy5
Apoptosis Detection Kit manufacturer’s protocol (BioVision). Cells were analyzed within 1 h on a
Gallios flow cytometer (Beckman Coulter). 20000 Events were acquired for each analysis, after
gating on cells.

3.3.6 Western blot

Briefly, 4T1-L cells were cultured in a 6-wells plate, lysed with 200 pL lysis buffer (20 mM
Tris HCI pH 7.6, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% glycerol, 1 mM NagV Oy, 10
mM NaF, Protease Inhibitor Cocktail, 1 mM PMSF). Total protein in lysate was quantified using
the Coomassie Plus Protein Assay Reagent (Thermo Fisher Scientific) with Bovine Serum Albumin
(BSA) as standard protein. Approximately 30 pg of protein from each sample were separated by
SDS-PAGE using 12% (v/v) polyacrylamide gels and then transferred onto PV DF membrane. The
membrane was blocked in 5% fat-free milk powder in PBS with 0.1 % Tween 20 for 1 h. The
membrane was incubated overnight with mouse-monoclonal antibody against P-gp (cod.
Abl170904; Abcam) at 1:1000 dilution or a mouse monoclonal antibody anti-a-tubulin (Sigma) at
1:1000 dilution in 5% fat-free milk powder in PBS with 0.1 % Tween 20 for 1 h. The membrane
was washed three times with PBS with 0.1 % Tween 20 and reacted 1 h with the secondary
antibody anti-mouse conjugated with horseradish peroxidase (1:5000; Abcam) for 1 h. The bound
antibody was revealed using ECL star reagent (EuroClone) and the chemoluminescence signal was
detected using the Chemidoc System (Biorad).

3.3.7 Confocal laser scanning microscopy

Cells were cultured on collagen pre-coated cover glass dlides until sub-confluence and
incubated with HFn for different time periods. To evaluate internalization, FITC labeled HFn (100
ug mL ™) were incubated with cells for 15 min, 1, 3 and 48 h at 37 °C. DNA damage was assessed
24 h after incubation DOX free or encapsulated in HFn cage. To maintain a good degree of live
cells we have worked with the DOX dosage of 0.01 uM. In order to evaluate nuclear DOX release
cellswere incubated for 3 h at 37 °C with DOX free or encapsulated in HFn at the concentrations of
0.1 or 1 pM. At the end of incubation with nanoparticles, cells were washed with PBS, fixed for 5
min with 4% paraformaldehyde (Sigma) and then treated for 5 min with 0.1% Triton X-100
(Sigma). A blocking step was performed for 1 h at room temperature with a solution containing 2%
bovine serum albumin (BSA, Sigma), 2% goat serum (EuroClone) and 0.2 pg mL ™" DAPI (4',6-
diamino-2-phenylindole; Invitrogen) in PBS. Golgi apparatus, lysosomes, early and recycling
endosomes were stained respectively with Golgi marker 130 (GM-130; at a 1:100 dilution; clone
35; BD Biosciences), Cathepsin D (CatD; 1:50; clone BC011; Calbiochem), Early Endosomes
Antigen-1 (EEA-1; 1:1000; clone 14; BD Biosciences), Transferrin (Tf; 1:100; clone 5G2; Abcam)
antibodies by incubating 2 h at RT and revealed by a Alexa Fluor 546-conjugated antibody against
murine 1gGs (Invitrogen) at a 1:300 dilution by incubating for 2 h at RT in PBS, 2% BSA, 2% goat
serum. Double strand break were stained with yH2A. X antibody (1:1000 dilution; Abcam) by
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incubating 2 h at room temperature and revealed by Alexa Fluor 546-conjugated antibody against
rabbit 1gGs (Invitrogen) at a 1:300 dilution by incubating for 2 h at room temperature in PBS, 2%
BSA, 2% goat serum. Microscopy analysis was performed with a Leica SPE microscope confocal
system equipped with laser excitation lines 405 nm, 488 nm, 514 nm and 633 nm. Images were
acquired with 63x magnification oil immersion lenses at 1024 x 1024 pixel resolution. DOX was
revealed exciting the sample with 488 nm laser line and acquiring emitted signal from 550 nm to
600 nm (magenta). The signal represented in green color is the emission in the acquiring window
between 520 to 545 nm, which correspond to the fluorescence signal of a degradation product of
DOX, as previously reported™.

3.3.8 Study design

The hypothesis was that HFn-DOX would exhibit higher antitumor efficacy and would
induce minimal or negligible side effects compared to free drug and pl-DOX (Caelyx) in mice
bearing strongly invasive and metastatic BC. HFn-DOX dose was set at 1.24 mg kg *DOX, about
1/7 of the average MTD dosage administered in 4T1 murine BC>. This tumor model was selected
for its aggressiveness and spontaneous tendency to spread to multiple metastatic sites after
orthotopic injection of luciferase-tagged cells. The endpoint of the in vivo experiments was defined
a 21 days to appreciate the parametric differences in tumor growth, resistance onset and
cardiotoxicity in living animals, while allowing us to operate in compliance with the National and
European legidations that regulate anima experiments. The number of animals for each
biodistribution, bioavailability, therapy and cardiotoxicity experiment was calculated with a power
of at least 80 + 5 %. Mice were randomized by primary tumor size before initiation of treatments.
Dye-labeled HFn was first injected in tumor-bearing mice by tail vein, then targeting and
biodistribution were assessed by live fluorescence imaging, while drug bioavailability was
evaluated in healthy animals. Rodents were administered intravenously with placebo, DOX, pl-
DOX or HFn-DOX at day 5, 9, 13 and 17, and monitored for 21 days during which tumor growth
was followed by measurement of bioluminescence signal intensity (BLI) of 4T1-L cells after
intraperitoneal injection of luciferin. BLI analyses were undertaken under standardized conditions
to gain a quantitative estimation of live BC cells. Intermediate BL1 values and mouse weights were
determined before each administration. Collected BLI data were normalized to the mean tumor size
calculated for all mice within each group at each time point. Animals were euthanized at day 21 to
analyze resected tissues with the aim of determining the antitumor efficacy, antiangiogenic activity
and cardiotoxicity of DOX, pl-DOX and or HFn-DOX. Histopathology and immunohistochemistry
were analyzed from blinded samples. Outliers were not excluded. All experiments were conducted
under an approved protocol of the Italian Ministry of Health. Animals were cared for according to
the guidelines of the Italian Ministry of Health (see the Supplementary Materials and Methods).

3.3.9 Production of orthotopic 4T 1-L tumor model

For the in vivo experiments, 8-week old female Balb/C mice purchased by Charles River
Laboratories (Calco, Italy), were maintained in afully equipped facility, housed in single cages, fed
ad-libitum and observed daily. Animals were anesthetized by intraperitoneal injection of 250 mg
kg of avertin and were handled and euthanized according to ethical guidelines. Mice were used in
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accordance with an experimental protocol subjected to the direct approval of the Italian Ministry of
Health. 4T1-L cells, grown as described above, were injected in 8-week old female Balb/C mice.
All tumor injections were done 2 days after abdominal trichotomy. 4T1-L (1 x 10° cells for each
animal) were suspended in cold serum-free RPMI 1640 growth medium and injected into mammary
fat pad. Animals were observed and tumor formation was recorded at least thrice per week. For
biodistribution studies, the tumors were allowed to grow for 7 days, at which time they reached a
size of 0.8 cm® approximately, while for efficacy studies, the tumors were allowed to grow only for
5 days.

3.3.10 Tumor targeting and biodistribution of AF660 labeled
HFn nanovector

Balb/C mice bearing 4T1-L cells were immobilized in a restrainer (2 biological instrument)
to be injected in the tail vein with AF660-labeled HFn void nanovectors (5 mg kg * body weight).
Epifluorescence imaging was performed at 1, 2, 4, 24 and 48 h post-injection by placing the
anesthetized animals in a IVIS Lumina Il imaging system (Perkin Elmer) at 37 °C. Images were
acquired with a 680 nm emission filter while excitation was scanned from 570 to 640 nm, and mice
autofluorescence was removed by spectral unmixing. Bioluminescence (BL1) images were acquired
5 min after luciferin peritoneal injection (150 pg kg, Perkin Elmer) with an exposure time of 5 s,
The instrument setup for BLI acquisition is Fstop 4 and medium binning. After in vivo acquisitions,
mice were sacrificed and urine were collected from the bladder. Dissected tumors and organs (liver,
kidneys, spleen, heart, brain and lungs) were analyzed in IVIS system, as described above for the
whole animals. Fluorescence intensity of equal amounts of urine was analyzed in a GloMax Multi
Detection System (Promega), to evaluate the presence of HFn.

3.3.11 Plasma half-life

To determine plasma half-life of nanoformulated DOX in comparison to free drug, HFn-
DOX or DOX (1.24 mg DOX kg * or 12.4 mg DOX kg ) were intravenously (i.v.) injected into
healthy Balb/C mice. At selected time points blood was collected in EDTA coated tubes by
collection from the retro-orbital plexus. Plasma was prepared by centrifugation at 1500 xg for 15
min. DOX was extracted as reported®” and the content was measured by a spectrofluorometer
(Horiba; Aex = 500 NM; Aer = 550 nm). The DOX amount in plasma was quantified using a standard
curve previously obtained extracting known amounts of DOX from plasma. The data are the mean
+ SE of samples collected from at least 3 different mice.

3.3.12 In vivo efficacy

Balb/C mice were orthotopically implanted with 4T1-L cells. Five days after implant, mice
were randomly divided into three experimental groups and anesthetized. Five min after
intraperitoneal injection of luciferin (150 pg kg™, Perkin Elmer) bioluminescence (BLI) images
were acquired (IVIS Lumina Il, Perkin Elmer, exposure time of 5 sec, Fstop 4 and medium
binning). The region of interest (ROI) was drawn by fixing the lower value of the scale at 50. The
number of photons emitted/sec in the ROI were used to measure tumor volume. Then, mice were
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injected into the lateral tail vein with DOX, pl-DOX and HFn-DOX (1.24 mg kg ) or with sterile
saline solution (placebo). Therapeutic treatment was repeated at day 9, 13 and 17 after 4T1-L cells
implants and BLI signal of tumors were measured before every treatment. At day 21 tumor BLI
were measured and mice were euthanized. Tumors were excised, weighed, fixed in 10% formalin
and embedded in paraffin for immunohistochemistry. Liver, kidneys, lungs, spleen, gut and hearts
(half) were excised (n = 3/group), fixed in 10% formalin and embedded in paraffin for
histopathological analysis. Hearts (n = 9/ group) were excised, frozen in liquid nitrogen and stored
at —80 °C for further evaluations.

3.3.13 Doxor ubicin quantification in tumors

Balb/C mice orthotopically implanted with 4T1-L cells, as reported above, were
anesthetized and injected into the lateral tail vein with DOX or HFn-DOX (1.24 mg kg *; n = 24
mice/group). 1, 2, 4 and 24 h after injection mice were euthanized (n = 3 mice/group) and tumors
were collected. Tumor were weighted, homogenized in water (10% wi/v) with potter (Glas-Col
homogenizer) and DOX was extracted as reported®. The drug content was measured by a
spectrofluorometer (Horiba, Aex = 500 nm; Aem = 550 nm) and quantified using a standard curve
previously obtained extracting known amounts of DOX from tumor homogenates. The data are the
mean + SE of samples collected from at least 3 different mice.

3.3.14 Ex vivo analyses

Excised tumors were analyzed by fluorescence imaging and by confocal microscopy of
cryosections to establish the HFn cellular targeting in vivo, immunofluorescence of dissociated
tumor to assess DOX accumulation, immunohistochemistry to determine the CD31 and MDR-1
expression in endothelial and tumor cells, respectively, and Tumor TACS In Situ Apoptosis
Detection kit to determine cellular apoptosis. Excised organs were analyzed by fluorescence
imaging to establish the HFn biodistribution in non-target organs. Histopathology was performed
on samples from liver, kidneys, spleen, heart, brain, gut and lung tissues. Kidney and liver
functionality was assessed before and after the treatment. The size of cardiomyocytes extracted
from resected heart tissues was measured after wheat germ agglutinin (WGA) fluorescence
labeling. Isolated mitochondria from heart tissue samples were investigated by membrane potential
and ultrastructural analysis of transmission electron micrographs; the extent of ROS in heart was
assessed by glutathione assay. Details are reported below.

3.3.15 Ex vivo analysis of tumor cryosections

4T1-L tumors were isolated and fixed in 4% paraformaldehyde solution for 3 h, washed in
PBS and embedded in OCT for freezing in liquid nitrogen. 10 pm thick tumor cryosections were air
dried at room temperature for 1 h, rinsed with PBS and, after 5 min of permeabilization at room
temperature with 0.1% Triton X-100 in PBS, counterstained with DAPI (diluted 1:1500 in PBS) for
20 min at room temperature. Microscopy analysis of cryosections was performed with aLeica TCS
SPE confocal microscope (Leica Microsystems). Images were acquired with 40x magnification oil
immersion lenses at 1024 x 1024 pixel resolution.



3.3.16 Tumor dissociation

Balb/C mice orthotopically implanted with 4T1-L cells, as reported above, were
anesthetized and injected into the lateral tail vein with DOX or HFn-DOX (1.24 mg kg ). Control
mice were injected with sterile saline solution. Mice were euthanized (n = 2 mice/group); tumors
were excised at 2 h after injection and dissociated using the Mouse Tumor Dissociation kit
(Miltenyi Biotech). Dissociated cells were seeded on glass dlide with the Cytospin Centrifuge
(Thermo Scientific). The resulting samples were fixed with 4% paraformal dehyde and processed for
immunofluorescence as described above.

3.3.17 Immunohistochemistry

Three micrometer thick paraffin-embedded tissues (n = 5/group) were cut, deparaffinized in
xylene, and rehydrated in ethanol. Microwave oven pretreatment was performed (pH 8.0, EDTA
buffer). Immunohistochemistry was performed using a polyclonal antibody anti-CD31 (1:200
dilution, DakoCytomation, 2 h incubation) and a rabbit monoclona antibody anti-MDR-1 (1:100
dilution, Abcam, 2 h incubation). The reaction was revealed by means of supersensitive nonbiotin
detection system (BioGenex) and diaminobenzidine as chromogen. The number of vessels was
counted on 10 fields/sample, while quantification of MDR-1 expression was performed by
ImagePro Plus software on 5 fields/sample. Magnification 40x (vessels number); magnification 20x
(MDR-1 expression).

3.3.18 Apoptosis assay

Paraffin embedded tumor sections (n = 6/group) were treated with the Tumor TACS In Situ
Apoptosis Detection kit (Trevigen) according to manufacturer’s protocols, which labels apoptotic
nuclei in paraffin-embedded tissue sections. Apoptotic nuclel were counted on 10 squares/sample (n
= 6/group). Magnification 20x.

3.3.19 Histopathological analysis

Liver, kidneys, spleen, heart, brain, gut and lung samples obtained from Balb/C mice (n =
3/group) were fixed in 10% buffered formalin for at least 48 h and embedded in paraffin. Three
micrometer sections were cut, stained with hematoxylin and eosin, and examined in a blinded
manner. For cardiomyocyte cross-dimensions analysis, heart sections were deparaffined by washing
sections with xylene for 30 min at room temperature. Then, sections were washed with ethanol
100%, 95%, 90%, 85%, 80%, 70% and thrice with water, fixed with 4% paraformaldehyde in PBS
for 1 h and stained 1 h with Wheat Germ Agglutinin coupled to Alexa Fluor 488 (1:200; Whesat
Germ Agglutinin, Alexa Fluor488-conjugate, Invitrogen). Tissue were washed with PBS and
mounted with Prolong Gold (Invitrogen). Slides stained with wheat germ agglutinin were acquired
at using fluorescence microscope (Nikon Eclipse 80i) at magnification 40x. Image dimensions 2560
x 1920 pixels. Cardiomyocyte areas were quantified using |mageJ software.
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3.3.20 Ultrastructural analysis (TEM)

Small portions of hearts (n = 3/group) samples were fixed in 2.5% glutaraldehyde in 0.1 M
phosphate buffer, pH 7.2, for 2 h. After one 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 means of a
transmission electron microscope (TEM, Tecnai Spirit (FEI)). For mitochondria quantification at
least 9 images/group were taken at 4200x magnification. Three mice were used for each
experimental condition. Mitochondrial morphometric measurements were performed using Imagel
software on at least 10 images/group acquired at 11.500x magnification measuring the area of at
least 100 mitochondria/lsample. The percentage of area occupied by mitochondria cristae was
measured by ImageJ software imposing athreshold value of 118.

3.3.21 Mitochondria isolation and evaluation of membrane
potential

Heart tissue (50 mg) were homogenized in a potter (Glas-Col) in 2 mL of Mitochondria
Isolation Buffer supplemented with 1 mg mL ™" Bovine Serum Albumin (225 mM mannitol, 75 mM
sucrose, 10 mM HEPES, 10 mM EDTA) and centrifuged for 10 min at 1000 xg. Supernatants were
centrifuged 10 min at 12000 xg to harvest crude mitochondria pellet. Pellets were washed thrice in
Mitochondria Isolation Buffer. Protein concentrations were determined using Bradford assay.
Mitochondria membrane potential was determined in isolated mitochondria using JC-1 reagent
(Life Technologies) according to the manufacturer’s protocols. Briefly, mitochondria were labeled
with 1.5 mg JC-1/mg protein and acquired in flow cytometry (Cytoflex, Beckman Coulter).
Samples were excited using a 488 nm laser source. The signal of JC-1 monomers was captured by
FL1, while the signal of JC-1 aggregates was collected by FL2. The mitochondria membrane
potential is represented by the ratio between the median fluorescence intensity of FL2 and FL1
normalized on protein concentration.

3.3.22 Glutathione assay

The measurement of reactive oxygen species (ROS) was performed by quantifying reduced
glutathione (GSH) in hearts. 50 mg of heart tissue was washed in heparin (10000 U mL™),
homogenized in PBS supplemented with 2 mM EDTA (1 mL) with a potter (Glas-Col) and
centrifuged for 10 min at 10000 xg. The GSH levels of the collected supernatants were assessed
using a luminescence-based GSH-Glo Glutathione assay (Promega) according to the manufacturer’s
protocol.

3.3.23 Assessment of kidney and liver functionality

Kidney and liver functionality were assessed by measuring the amount of urea, creatinine,
AST and ALT in plasma (n = 3/group) before (day 5) and after (day 21) the treatment with placebo,
DOX (1.24 mg kg '), pl-DOX (1.24 mg kg™ DOX) and HFn-DOX (1.24 mg kg DOX).
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Quantifications were performed according to the manufacturer’s protocols using the following kits:
QuantiChrom™ Urea Assay Kit, QuantiChrom™ Creatinine Assay Kit, EnzyChrom™ Aspartate
Transaminase Assay Kit and EnzyChrom™ Alanine Transaminase Assay Kit (BioAssay Systems).

3.3.24 Statistical analyses

Statistical analyses were conducted using two-tailed Student’s t-test. All plots show mean
values = SE. All tests assumed normal distribution and the statistical significance threshold was set
at P< 0.05.

The in vivo experiments described hereinafter were performed by Dr. Serena Mazzucchelli,
prof. Corsi’s research group at the Department of Biomedical and Clinical Sciences “L. Sacco”,
University of Milan (Italy).
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3.4 Results and discussion

3.4.1 In vitro uptake and cytotoxicity of HFn-DOX in 4T1 breast
cancer cells

The 4T1 cell line (4T1-L) was selected as in vitro and in vivo BC model for three main
reasons. 1) tumor aggressiveness due to 4T1 genetic patterning, which results in high level of
proliferation, migration and invasiveness, 2) basal expression of MDR-1 transporter, which
switches into overexpression upon treatment with DOX resulting in chemoresistance™; 3) stable
luciferase expression, which allowed us to follow the tumor progression and metastases. 4T1-L
cells were first treated with FITC-labeled HFn (FITC-HFn)> to investigate the nanoparticle-cell
interaction. Cells were incubated with FITC-HFn for 15 min, 1, 3 and 48 h, and analyzed by
confocal microscopy to evaluate the uptake and intracellular trafficking. HFn was quickly
internalized, since it was recovered inside the cell cytoplasm after only 15 min of incubation, and it
continued accumulating in the cytosol until 3 h (Fig. 3.2 A). The intracellular signal intensity
decreased after 48 h probably due to ferritin disassembly, consistent with previous evidence™. HFn
was found partly compartmentalized in early endosomes and partly free in the cytosol (Figure S1),
while the absence of colocalization with lysosomes, Golgi and transferrin (Tf) marker suggested
that HFn did not follow lysosomal degradation, elimination or recycling, respectively, in agreement
of previous evidence™. Binding assays with HFn at 20 or 100 pg mL ~* confirmed a dose-dependent
recognition of tumor cells (Fig. 3.2 B).

AT1-L cells were treated with DOX or HFn-DOX at increasing concentrations of DOX to
assess cell proliferation, cell death, DNA damage and nuclear DOX accumulation. Proliferation was
arrested for at least 72 h after treatment with 1 yM HFn-DOX, while DOX reduced cell
proliferation for 24 h only, suggesting the onset of chemoresistance upon incubation with DOX
(Fig. 3.2 C). Cdll viahility was evaluated by incubating the cells with 0.01, 0.1 and 1 pM DOX or
HFn-DOX for up to 72 h. Results reported in Fig. 3.2 D show that inhibition of BC cell viability
using HFn-DOX was significantly higher than that after treatment with DOX. Such a drop in
viability was ascribed to a remarkable increase in cell death (Fig. 3.2 E). Treatment with 0.01 pM
HFn-DOX caused pronounced apoptosis and necrosis induction and double strand breaks in
contrast to DOX (Fig. 3.2 F). It can be assumed that the increase in cytotoxicity of HFn- DOX
resides in the efficiency of HFn in promoting DOX nuclear translocation (Fig. 3.2 G), as aready
described for different tumor cell lines™>°. Quantitative fluorescence analysis of confocal images
gave a nuclear DOX concentration of 15.2 and 9-fold higher than that detected in cultures treated
with DOX at 0.1 and 1 pM, respectively (Figure S2).
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Fig. 3.2 Invitro activity of HFn-DOX nanocages toward tumor cells. a. Intracellular localization of HFn nanoparticles.
Confocal microscopy merged images of 4T1-L cells, incubated with 100 ug mL ™ of FITC-HFn (green). Nuclei were
stained with DAPI (blue). Scale bar: 10 um. b. HFn binding. 4T1-L cellswere incubated 2 h at 4 °C with FITC-HFn (20
and 100 pg mL %) and then processed for flow cytometry. Untreated cells were used as control to set the positive region.
c. Proliferation profiles of cells treated with 1 uM DOX or HFn-DOX for up to 72 h. Untreated cells are used as control.
Values are mean of six replicates + SE. d. Viability of cells treated with free or nanoformulated DOX. 4T1-L cells were
treated with 1, 0.1, and 0.01 pM DOX or HFn-DOX for up to 72 h. Viability was assessed by MTT assay, normalized
on proliferation of untreated cells. Statistical significance vs. CTRL #P<0.05, ##P<0.005; Statistical significance vs.
DOX *P<0.01; **P<0.005. e. Cell death assay using DOX or HFn-DOX. 4T1-L cells were treated with 1, 0.1, and 0.01
UM DOX or HFn-DOX for 3 or 24 h. Cell death was assessed on the basis of the exposure to Annexin V, evaluated by
flow cytometry. Untreated cells were used to set region of positivity. Values are mean of three replicates + SE.
Statistical significance vs. DOX *P<0.005; **P<0.0005. f. Double-strand break of DNA after DOX exposure. Confocal
microscopy images of 4T1-L cells incubated with 0.01 pM DOX or HFn-DOX. Anti-yH2A.X antibodies were used to
reveal the DNA double-strand breaks (DSB; yellow). Nuclei were stained with DAPI (blue). Scale bar: 10 pm. g.
Doxorubicin release inside the nuclear compartment. Confocal microscopy images of 4T1-L cells incubated with 0.1
UM DOX or HFn-DOX and with 1 pM DOX for 3 h at 37 °C. DOX signal is represented in magenta, while DOX
degradation product in green. Scale bar: 10 pm.
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3.4.2 In vivo targeting and biodistribution of HFn nanocarrier

An orthotopic 4T1 metastatic BC model was obtained by implanting 4T1-L cells (10°cells)
subcutaneously in the mammary fat pad of female Balb/C mice®. This murine tumor was reported
to metastasize primarily, yet not exclusively, by a hematogenous route leading to metastatic spread
to lung, liver and lymph nodes®. The reliability of the model was confirmed by following tumor
progression and early onset of metastases by bioluminescence intensity (BLI) imaging over 20 days
(Figure S3A). Histopathological analysis performed on excised tumors confirmed that the primary
mass was indeed derived from epithelial cancer cells without undesired morphological alterations
(Figure S3B). 4T1 mice were injected into the tail vein with Alexa Fluorgs-labeled HFn (AF660-
HFn) at 5 pg kg 1 and monitored by live fluorescence imaging at 1, 2, 24 and 48 h. An intense
epifluorescence signal (Epf) at the bladder was detected within the first 2 h, which however
disappeared after 24 h (Fig. 3.3 A and B), suggesting renal excretion of HFn within 1 day. Epf of
excised tumors 1, 2, 24 and 48 h after AF660-HFn injection displayed rapid tumor uptake, which
progressively decreased in intensity over time (Fig. 3.3 C). Confocal images acquired on
cryosections of excised tumors confirmed that HFn reached the 4T1 cell cytoplasm and thus were
not confined to the tumor stroma or vessels, but actively entered into cancer cells (Figure $4).
Combined data reported in Fig. 3.3 A-C suggested that a prevaent fraction of nanoparticles that
were not captured by the tumor were rapidly sequestered by the kidneys, and presumably eliminated
into the bladder. This hypothesis was confirmed by Epf analysis of excised kidneys that exhibited a
detectable AF660-HFn fluorescence emission at 1 and 2 h (Fig. 3.3 D and E) and further evidence
was provided by fluorescence measurement of collected urine (Fig. 3.3 F). Besides kidney filtration,
our results suggested preferential distribution of HFn in the liver within the first 24 h and
appreciable Epf was also detected in the spleen for up to 2 h. In contrast, HFn were not recovered in
the lungs, heart and brain (Fig. 3.3 D and E).
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Fig. 3.3 In vivo targeting and distribution of void HFn nanocarrier. a. Epifluorescence (Epf) images of mice bearing
4T1-L tumors acquired 1, 2, 24 and 48 h after intravenous (i.v.) injection into the tail vein of 5 pg kg * AF660-HFn and
b. averaged Epf intensity of the bladder region of interest (ROI). c. Epf of isolated 4T1 tumors and averaged Epf
intensity of tumor ROI acquired 1, 2, 24 and 48 h after exposure to HFn. d. Epf of isolated spleen (S), kidneys (K), liver
(L), brain (B), heart (H), lungs (Lu), and e. averaged Epf intensity of the ROI obtained after 1, 2, 24 and 48 h exposure
to HFn. f. Fluorescence intensity of urine collected 1, 2, 24 and 48 h after i.v. injection of AF660-HFn. The color scale
in panels a, ¢ and d indicates the averaged epifluorescence expressed as radiant efficiency [(p/sec/cm,/sr)/ (mW/cmy)],
where p/sec/cm,/sr is the number of photons per second that leave a square centimeter of tissue and radiate into a solid
angle of one steradian (sr). Values reported in panels b, ¢, e and f are mean + SE of at least 4 different samples under
each experimental condition.
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3.4.3 Bioavailability of HFn-DOX and accumulation at the tumor

To evaluate the bioavailability of nanoformulated drug, 2 groups of heathy mice (5
mice/group) were treated with DOX or HFn-DOX at 1.24 mg kg . Blood samples were collected
from the retro-orbital plexus at 15, 30, 45 and 60 min. These tight time points were chosen to detect
possible changes in blood bioavailability of DOX or HFn-DOX soon after administration, asin both
cases the drug was injected intravenously. DOX was extracted from collected samples and
quantified by fluorescence intensity analysis (FLI) at Aem = 550 nm (Aex = 500 nm)®%. Blood samples
taken before drug administration were set as reference. Bioavailability of HFn-DOX was two-fold
higher than DOX although the kinetic seems to maintain the same shape. To better discriminate
kinetic's variations due to nanoformulation, a 10-fold higher dosage of DOX or HFn-DOX (i.e.
12.4 mg kg ') has been administered to healthy mice. Results reported in Fig. 3.4 A display
different plasma distribution profiles and confirming that HFn-DOX increases drug bioavailability
in comparison to DOX of at least four-fold at each time point.

Accumulation of DOX at primary tumors (Fig. 3.4 B) was determined by fluorescence after
chemical extraction from homogenates of resected tumors at 1, 2, 24, and 48 h after single injection
of HFn-DOX or DOX at 1.24 mg DOX kg *°". DOX was found in higher concentration in tumors
of mice treated with HFn-DOX compared to DOX within 1 h. HFn-DOX displayed faster
localization at the tumor compared to DOX, (Fig. 3.4 B), suggesting a crucial role for nanoparticle-
mediated delivery in enhancing the tumor targeting, although after 2 h the DOX levels are
equilibrated in both cases. Confocal images of 4T1-L dissociated from tumors excised at 2 h evoked
higher tumor cell accumulation of DOX in samples treated with HFn-DOX compared to DOX (Fig.
3.4 C). Combining these results suggested that HFn-DOX were efficiently captured by tumor cells,
while DOX was confined in blood vessels of the tumor to a much larger extent.

344 Impact of LDNM monotherapy on breast cancer
management

Eight-week old Balb/C female mice were implanted with 4T1-L cells at day 0. Tumor-
bearing mice were randomly divided into three experimental groups at day 5 and treated with
placebo, DOX, pl-DOX or HFn-DOX under our LDNM setting: drug administration (1.24 mg DOX
kg ') was performed at day 5, 9, 13 and 17. The progression of tumor volume was monitored in
vivo before each individual drug injection by bioluminescence imaging. |mages suggested that HFn-
DOX could decrease tumor growth and metastatic spread (Fig. 3.5 A). Indeed, while DOX
displayed a tumor progression similar to the control along the experimental window (Fig. 3.5 B),
HFn-DOX could suppress the tumor growth as long as the drug was administered (day 17) and
exhibited a prolonged effect up to the experimental endpoint (day 21). An even better effect was
achieved with pl-DOX, which was indeed able to arrest the tumor development.
Immunohistochemical analysis of tumor sections showed that the apoptotic effect of pl-DOX and
HFn-DOX on BC cells was better than that of DOX (Fig. 3.5 C and Figure S5), presumably due to
the improved tumor accumulation of the drug. However, the absence of statistical significance in
apoptosis between HFn-DOX and DOX treated samples advocated alternative factors in the
stronger antitumor efficacy of HFn-DOX beyond mere cytotoxicity.
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Fig. 3.4 Bioavailability and tumor accumulation of HFn-DOX in comparison with free DOX. a. Bioavailability of DOX
and HFn-DOX at different time points. Plasma concentration of DOX after i.v. injection of HFn-DOX (black circles) or
DOX (gray triangles) at 1.24 mg kg “and 12.4 mg kg "in healthy mice. b. DOX accumulation at 4T1-L tumor in mice
at different time points after administration of 1.24 mg kg 'DOX as free molecule or HFn-DOX. Female Balb/C mice
orthotopically implanted with 4T1-L murine mammary carcinoma cells were injected 6 days after implantation (time 0)
with DOX or HFn-DOX. DOX levels in tumor have been determined 1, 2, 4, and 24 h after i.v. injection following
acidified isopropanol extraction from tumor homogenates. Aliquots from six mice per each time point concentration
have been extracted and analyzed by spectrofluorimeter. Reported values are means of 3 samples/group £ SE. P values
are summarized in Table Sb. c. Confocal microscopy images of 4T1-L cells dissociated from tumor harvested 2 h after
i.v. injection of DOX and HFn-DOX. DOX signal is represented in green, while nuclei were stained with DAPI (blue).
Scale bar: 10 pm.
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Fig. 3.5 Efficacy of LDNM treatment with HFn-DOX. a. DOX and HFn-DOX in vivo efficacy. Bioluminescence
imaging of female Balb/C mice (n = 12/group) orthotopically implanted (day 0) with 4T1-L murine mammary
carcinoma cells were treated with placebo or with 1.24 mg kg 'of DOX, pl-DOX or HFn-DOX. Drug injections were
performed into the tail vein at day 5, 9, 13 and 17. Mice were sacrificed at day 21. b. Quantification of tumor volume.
Tumor volume was quantified by measuring the bioluminescence intensity signal of 4T1-L cells 5 min after
intraperitoneal injection of luciferin. Dots represent the normalized mean value of BLI tumor signal + SE. Statistical
significance vs. placebo #P<0.05 ###P<0.005; vs. DOX *P<0.05 ***P<0.005. ¢. Quantification of apoptosis in tumor
tissue upon treatment with HFn-DOX. Tumors excised at day 21 (n = 6/group) were fixed with formalin and embedded
in paraffin. Histological slides were processed to label DNA fragments of apoptotic cells. Reported values are the mean
of apoptotic cells number/field/sample + SE. The count was performed on 10 fields/sample. Magnification 20x.
Statistical significance vs. placebo ##P<0.005; vs. DOX ***P<0.005.

3.4.5 Impact of LDNM regimen on tumor angiogenesis and
chemoresistance

In line with the observed discrepancy in the results from the DNA fragmentation assay (Fig.
3.5 C), we investigated the possible involvement of antiangiogenic effect of HFn-DOX under the
LDNM regimen. Vessal labeling with anti-CD31 antibody in BC histological slides revealed a
remarkable decrease in the number of CD31-positive cells compared to DOX (Fig. 3.6 A and Figure
$6), suggesting a role of the HFn-DOX-promoted antiangiogenic effect on the inhibition of tumor
progression and diffusion. Analogoudly, it is likely that the strong inhibition in tumor growth
observed with pl-DOX (Fig. 3.5 B) was primarily due to antiangiogenic activity (Fig. 3.6 A). 4T1-L
BC cells have been described to develop drug resistance owing to induced overexpression of MDR-
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1 protein upon standard treatment with DOX . Western blot performed on 4T1 cells treated for 72
h with 0.1 pM DOX corroborated DOX induction of MDR-1 expression in vitro (Figure S7). We
examined MDR-1 expression in tumor tissues dissected after LDNM treatment. Tumor sections
from DOX and pl-DOX-treated mice displayed a three-fold and five-fold increase in MDR-1-
positive cells, respectively, compared to animals treated with placebo and HFn-DOX treated
animals (Fig. 3.6 B and Figure S8). As expected, both DOX and pl-DOX induced an obvious
overexpression of MDR-1 in tumor cell membranes, which was particularly pronounced in the
proximity of the tumor endothelium®. In contrast, MDR-1 expression was undetectable in tumor
cell membranes after HFn-DOX treatment and was found only to a limited extent in tumor vessels
after HFn-DOX treatment, at the same level of the placebo. This result is relevant in view of a
protracted metronomic treatment preventing the onset of chemoresistance, and it is even more
surprising considering that pl-DOX is commonly used in patients previously treated with
anthracyclines and therefore affected by potentially chemoresistant cancers.
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Fig. 3.6 Impact of LDNM regimen on tumor angiogenesis and chemoresistance. a. Quantification of angiogenesis in
tumor tissue upon treatment with HFn-DOX. Tumors excised at day 21 (n = 5/group) were fixed with formalin and
embedded in paraffin. Immunohistochemistry of histological slides were processed to label CD31+ cells. Reported
values are mean of vessel number counted in 10 fields/sample + SE. Magnification 40x. Statistical significance vs.
placebo #P<0.005 ##P<0.00005; vs. DOX ***P<0.00005; vs. pl-DOX 888P<0.0005. b. Quantification of MDR-1-
expression. Excised tumors (n = 5/group) were processed for immunohistochemistry of MDR-1 antigen. The percentage
of image area positive for MDR-1 expression was quantified using ImagePro Plus Software. Reported values are the
mean of the percentage of MDR-1 positive signal counted in 5 fields/sample £ SE. Statistical significance vs. Placebo
##P<0.0005 ##P<0.00005; vs. DOX **P<0.005 *** P<0.0005; vs. pl-DOX §§§P<0.0005.

3.4.6 HFn-DOX suppresses DOX cardiotoxicity and systemic
dysfunction under a LDNM therapeutic setting

Cardiotoxicity represents a life-threatening unresolved issue associated to DOX
chemotherapy under clinically relevant settings®. To evaluate the incidence of LDNM
monotherapy on cardiotoxicity, we followed a multiparametric approach®. First, histological slides
of heart tissues were treated with FITC-conjugated wheat germ agglutinin (FITC-WGA), a cell
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membrane label, and imaged by fluorescence microscopy (Figure S9). Cardiomyocyte cross-
sections from mice treated with HFn-DOX, pl-DOX, DOX or non-treated were measured at day 21.
Images showed a significant increase of cardiomyocyte area in DOX and pl-DOX samples
suggesting a strong cellular damage response compared to HFn-DOX samples (Fig. 3.7 A).
Detailed ultrastructural analysis of cardiac cells in DOX and pl-DOX treated samples revealed an
increased number of mitochondria compared to HFn-DOX (Fig. 3.7 B and Figure S10). In addition,
changes in mitochondria morphology, including larger surface area and cristae depletion, typical
effects of DOX-induced cardiomyopathy®™, were clearly evident in DOX and pl-DOX treated
samples but not in HFN-DOX samples (Fig. 3.7 C-E). Therefore, the absence of obvious alterations
in mitochondria number and morphology in heart samples from mice treated with HFn-DOX
strongly supports the lack of cardiotoxicity in LDNM HFn-DOX treatment, even compared to pl-
DOX, which is currently considered the most safe anthracycline therapy in terms of cardiotoxicity.

To further investigate if the ultrastructural alterations were associated to mitochondrial
dysfunction, mitochondria isolated from heart tissue of DOX, pl-DOX or HFn-DOX treated mice
were analyzed in detail. The membrane potential decreased by 30% in DOX and pl-DOX samples
compared to HFn-DOX (Fig. 3.7 F). As mitochondrial impairment was expected to generate
reactive oxygen species (ROS)®, we quantified the level of the ROS quencher glutathione (GSH) in
heart tissue®’. Fig. 3.7 G displays the lower amount of reduced GSH in DOX and pl-DOX-treated
mice in comparison to HFn-DOX, confirming mitochondrial dysfunction induced by treatment with
free and liposomal DOX only.

Finally, we assessed the systemic toxicity of HFn-DOX by histopathological examination of
liver, kidneys, lung, spleen, heart, gut and brain isolated at day 21. No histological lesions were
found in al organs (Figure S11). Liver and kidney functionalities were also determined to further
evaluate the toxicity profile of HFn-DOX treatment. Serum levels of aspartate transaminase (AST)
and aanine transaminase (ALT), and urea and creatinine, were monitored as markers of liver and
kidney condition, respectively. Our results showed that AST/ALT and urea/creatinine ratios in
HFn-DOX treated mice were comparable to the control and in the range of reference, confirming
the overall nanodrug safety.
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Fig. 3.7 (I) Examination of cardiotoxicity of HFn-DOX, pl-DOX and DOX. a. Nanodelivery protects cardiomyocytes
from DOX-induced hypertrophy. Hearts excised at day 21 (n = 3/group) from mice treated with placebo or with 1.24
mg kg ' of DOX, pl-DOX or HFn-DOX were fixed with formalin and embedded in paraffin. Histological slides of
cardiac sections stained with FITC-WGA were analyzed with Image] software to measure cross-section area of
cardiomyocytes. Quantification was performed on at least 5 images/group, reporting the mean value of cross-section
area of 250 cells/groupt SE. Statistical significance vs. Placebo ##P<0.00005; vs. DOX ***P<(.00005; vs. pl-DOX
§88P<0.00005. b. Nanodelivery protects against DOX-induced mitochondrial toxicity. Hearts excised at day 21 (n =
3/group) from mice treated with placebo or with 1.24 mg kg-1 of DOX, pl-DOX or HFn-DOX were fixed with
glutaraldehyde and embedded in epoxy-resin. TEM images of ultrathin heart sections of cardiac tissues acquired at
4200 magnifications were analyzed with ImageJ to measure the number of mitochondria in heart tissue. Quantification
was performed on at least 9 images/group, reporting the mean mitochondria number/image + SE. Statistical significance
vs. Placebo ##P<0.00005; vs. DOX *** P<(0.00005 * P<0.005; vs. pl-DOX 888P<0.00005. c. Representative images of
hearts excised at day 21 (n = 3/group) from mice treated with placebo or with 1.24 mg kg—1 of DOX, pl-DOX or HFn-
DOX. TEM images of ultrathin heart sections of cardiac tissues have been acquired at 11500 magnifications.
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Fig. 3.7 (1) Examination of cardiotoxicity of HFn-DOX, pl-DOX and DOX d. Nanodelivery reduces the mitochondrial
size growth due to DOX treatment. Quantification of TEM images (ImageJ) of ultrathin heart sections acquired at
11500 magnifications. Quantification was performed on at least 10 images/group, measuring at least 100
mitochondria/sample. Vaues represent the mean mitochondrial area + SE. Statistical significance vs. Placebo
###P<0.00005 #P<0.05; vs. DOX ***P<0.00005; vs. pl-DOX §88P<0.00005. e. Nano delivery limits the damage of
mitochondrial cristae from DOX. Quantification of TEM images (Image J) of ultrathin heart sections acquired at 11500
magnifications. Quantification was performed on at least 10 images/group, measuring at least 100 mitochondria/sample.
Values represent the percentage of mitochondrial area occupied by cristae + SE. Statistical significance vs. Placebo
##P<0.00005; vs. DOX ***P<0.00005; vs. pl-DOX 888P<0.00005 f. HFn-DOX does not affect mitochondrial
membrane potential. Mitochondrial membrane potential was measured by staining-isolated mitochondria from mouse
heart tissue dissected at day 21 (n = 3/group) from mice treated with placebo or with 1.24 mg kg—1 of DOX, pl-DOX or
HFn-DOX. Statistical significance vs. Placebo #P<0.05; vs. pl-DOX 8P<0.05. g. HFn-DOX does not decrease the
concentration of reduced GSH. The extent of reduced GSH was measured in lysates of hearts excised at day 21 (n =
3/group) from mice treated with placebo or with 1.24 mg kg—1 of DOX, pl-DOX or HFn-DOX. Values represent the
mean GSH concentration in heart extractst SE. Statistical significance vs. Placebo #P<0.05; vs. pl-DOX 8§P<0.05.
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3.5 Conclusions

In the present study a highly aggressive metastatic BC model based on murine 4T1 cellswas
established. This alowed us to simulate the dramatic clinical picture of advanced BC patients and
to evaluate the impact of DOX nanoformulation under LDM monotherapy in compromised
subjects, as DOX remains a mainstay therapy in various solid tumors. Our results suggest that DOX
monotherapy does not affect tumor progression significantly: although the expected cytotoxicity
was confirmed in vitro, this did not translate into substantial antitumor activity in vivo in an
advanced-stage BC model, whereas off-target tissue accumulation and myocardial damage largely
occurred. Thisresult is reminiscent of the frustrating clinical condition in which chemotherapy fails
to overcome BC progression and combination therapies become necessary to control the disease.
Therefore, the potential of LDM DOX to overcome the limitations of dose-dense regimens in
advanced-stage tumors remains questionable, since DOX requires high doses to gain a proper drug
concentration at cancer deposits®®. In contrast, the results of our study demonstrate that our
LDNM strategy, which combines LDM administration of DOX with HFn-delivery resulted in a
targeted effect of DOX on 4T1 cancer cells together with a sustained antiangiogenic activity in the
tumor microenvironment. Indeed, HFn-DOX exhibited potent antitumor activity when administered
at frequent doses as low as 1.24 mg kg *in vivo compared to free DOX and placebo. Such a
strongly improved activity correlates with the pharmacokinetic profile of LDNM DOX, as emerged
from a recent biodistribution study™. Indeed, while DOX displayed reduced bioavailability, high
levels of HFNn-DOX were recovered in plasma during the first few hours post-injection that were
attributable to a lower sequestration by off-target organs®. HFn-DOX could accumulate in the
tumor site exploiting the EPR effect’ or by endothelial wall transcytosis promoted by TfR-1
recognition’® and it is internalized in tumor cells by receptor-mediated endocytosis’®. HFn-mediated
target selectivity conferred earlier intra-tumor activity to the drug, lower off-target accumulation
with fast liver metabolism and rapid clearance of circulating excess drug by renal excretion,
suggesting optimal therapeutic index in future clinical translation®”. Beyond its favorable
bioavailability and target selectivity, a plausible explanation for enhanced antitumor activity of
LDNM HFn-DOX resides in HFn propensity to behave like a Trojan horse, imparting DOX with
drastically enhanced nuclear penetration even in resistant cancer cells™ ™. Such HFn property can
greatly improve current strategies of LDM chemotherapy, due to sustained nuclear release of a
DNA-damaging drug. Indeed, our in vitro experiments showed that HFn-mediated delivery allowed
a 15.2-fold increase of DOX nuclear concentration within 3 h as compared to the drug aone.

Even drug resistance significantly impacts on BC management, accounting for a relevant
proportion of patients in which anthracycline therapy fails to persistently eradicate the tumor™.
MDR-1 protein is one of the most active multidrug resistance mediators in BC and it is gradually
overexpressed under DOX chemotherapy regimens™. Negligible MDR-1 induction in tumor cellsin
vivo after LDNM DOX administration suggested that the multidrug resistance machinery of BC
cells did not “sense” the cytotoxic agent in HFn-DOX. Otherwise, the dramatic increase of MDR-1
expression observed in samples from mice treated with DOX and even with pl-DOX, suggested that
LDNM administration associated with cell nuclear targeting could circumvent DOX resistance
dependent by MDR-1.

The general assumption that LDM therapy is essentialy due to inhibition of angiogenesis,
rather than directly killing residual cancer cells'®, should be reconsidered in the framework of
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LDNM regimen, in which a key role of targeted action could be reappraised. Combining our data
from angiogenesis inhibition with the results from tumor progression (i.e BC growth curves and
DNA fragmentation assay) we concluded that targeted action of HFn-DOX on BC cells and
antiangiogenic effect of LDNM regimen could play a synergistic role in the increased antitumor
efficacy of HFn-DOX compared to DOX alone.

Importantly, LDNM chemotherapy exhibited a safe toxicity profile, as proven by apparent
lack of systemic side effects. This is expected to have great clinical impact because cardiotoxicity
and general side effects lead to major restriction in the clinical use of anthracyclines. HFn-DOX
was less cardiotoxic compared to DOX and even to pl-DOX, although the latter has been associated
with improved cardiac safety in various clinica studies. Nevertheless, myocardial alterations
provoked by pl-DOX (Fig. 3.7) are not surprising. Indeed, a certain degree of myocardial damage
has been previously demonstrated in endomyocardial biopsies of patients treated with pl-DOX, and
ultrastructural damage of pl-DOX has not been explored®” . Moreover, athough pl-DOX is less
cardiotoxic, it does not significantly reduce relevant cardiac events, and a clinician’s preference for
pl-DOX over conventional DOX to avoid clinically significant cardiac events is not justified in
patients without concurrent cardiac disorders that were not previously subjected to anthracycline
exposure”’. Therefore, the general confidence on low cardiotoxicity of pl-DOX should be
reconsidered in the light of these considerations. Otherwise, LDNM treatment with HFn-DOX
didn’'t display anthracycline-related cardiotoxicity, even in comparison with pl-DOX, and it is
therefore a promising option for anthracycline therapeutic regimensin cardiosensitive subjects.

We acknowledge a potential limitation relating to immunogenicity in clinical tranglation of
HFN-DOX "8, Although it is difficult to predict the long-term effect of prolonged treatments in
humans, we have collected preliminary data suggesting negligible immunogenicity of HFn in
animals. Another limitation of the study is the experimental timespan limited to three weeks.
However, based on our findings we could postul ate that after 21 days the metronomic treatment by
HFn-DOX would lead to further reduction of cancer deposits, as expected by the excellent
cytotoxicity showed by HFn- DOX in vitro. Moreover, the fact that MDR-1 expression remained
stable over time upon treatment with HFn-DOX suggests avoidance of chemoresistance, thus a
sustained anticancer activity even after 21 days is expected. About cardiotoxicity, our findings
suggest that substantially no myocardial damage is present after treatment with HFn-DOX, and we
should expect the same lack in cardiotoxicity even after experimental timespan.

In summary, this study provides robust evidence that LDNM monotherapy with HFn-DOX
is expected to remodel the therapeutic outcome of advanced metastatic BC compared to the drug
alone and also to improve anthracycline therapies based on liposomal DOX, with a redefinition of
the central role of DOX for solid malignancies under the new perspective of metronomic
treatments. Further investigations are necessary to thoroughly elucidate the individual contributions
of targeted therapy and neoangiogenesis inhibition in the strong enhancement of the antitumor
efficacy of HFn- DOX. On the horizon after this study is the possibility of countless developments,
one of which is a reappraisal of current clinical settings by combining low toxic LDNM regimens
with administration of established antiangiogenic agents.
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3.6 Supporting information

Supplementary Figure S1: Subcellular analysis of HFn interaction with 4T1 BC cells reveals early intracellular
localization in endosomes: colocalization with markers of endocytic pathway. Confocal microscopy merged images of 4T1-
L cells, incubated for 1, and 4 h at 37 °C with 100 pg mL *of HFn (green). Early endosomes, lysosomes, Golgi and recycling
endosomes were recognized with primary antibodies against early endosome antigen-1 (EEA-1), lysosomal protein Cathepsin D
(CatD), Golgi marker 130 (GM-130) and Transferrin (Tf) as recycling endosome marker, respectively, and labeled with an anti-
mouse secondary antibody conjugated with Alexa Fluor 546 (red). Nuclei were stained with DAPI (blue). Scale bar: 10 um.
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Supplementary Figure S2: Quantification of DOX nuclear accumulation in vitro upon treatment with DOX or HFn-
DOX. Quantification of the mean fluorescence signal of DOX in the nucleus. Reported values are mean of
measurements performed with ImageJ software on nuclei of twenty different cells normalized with respect to their area.
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Supplementary Figure S3: Development of 4T1-L breast cancer model: tumor growth and metastasis. a. Balb/C female
mice were injected in the mammary fat pad with 10° cellsmouse. Bioluminescence intensity emitted upon
intraperitoneal injection of luciferin was acquired 5 and 20 days after tumor implantation. b. Hematoxylin-eosin
staining of 4T1-L tumor section.
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Supplementary Figure S4: HFn nanoparticle localization in tumor cryosections. Confocal microscopy merge images of

cryosections obtained from 4T1-L tumors excised 1, 2, 24 and 48 h after HFn (green) intravenous injection. Nuclei
were stained with DAPI (blue). Scale bar: 10 um.
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Supplementary Figure S5: Immunohistochemistry of Apoptosis assay in tumor. Representative images of tumors
excised at day 21 (n = 6/group) from mice treated with placebo and 1.24 mg kg * of DOX, pl-DOX or HFn-DOX.
Samples were fixed with formalin, embedded in paraffin and histological slides were stained with Tumor TACS In Situ
Apoptosis Detection kit to reveal apoptosis.
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Supplementary Figure S6: Immunohistochemistry of CD31 expression in tumor. Representative images of tumors
excised at day 21 (n = 5/group) from mice treated with placebo and 1.24 mg kg * of DOX, pl-DOX or HFn-DOX.
in paraffin and histological slides were subjected to

Samples were fixed with formalin, embedded

immunohistochemistry staining with the CD-31 antibody to reveal tumor angiogenesis.
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Supplementary Figure S7: Basal and DOX-induced expression of MDR-1 in 4T1-L cells. a. 4T1-L cells incubated for
72 h with or without DOX 0.1 uM were lysed. Whole cell extracts were loaded on SDS-PAGE application buffer,
electrophoresed and immunoblotted using either anti-MDR-1 and anti-otubulin antibodies. b. Quantification of the
relative intensities of immunoblotted bands performed using ImageJ. Reported values represent the mean + SE (n = 3).

*P<0.05(0.026).
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Supplementary Figure S8: Immunohistochemistry of MDR-1 expression in tumor. Representative images of tumors
excised at day 21 (n = 5/group) from mice treated with placebo and 1.24 mg kg * of DOX, pl-DOX or HFn-DOX.
Samples were fixed with formalin, embedded in paraffin and histological dlides were subjected to
immunohistochemistry staining with the rabbit monoclonal antibody anti- MDR-1 to reveal MDR-1 overexpression.
Scale bar = 50 pm.

Placebo HF-DOX

Supplementary Figure S9: Fluorescence images of WGA-labeled cardiomyocytes membrane. Representative
fluorescence images of hearts excised at day 21 (n = 3/group) from mice treated with placebo or with 1.24 mg kg * of
DOX, pl-DOX or HFn-DOX. Samples were fixed with formalin, embedded in paraffin and histological slides were
stained with FITC-conjugated Wheat Germ Agglutinin.
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Supplementary Figure S10: Ultrastructural evaluation of heart tissue sections after LDNM chemotherapy cycle.
Representative TEM images of hearts excised at day 21 (n = 3/group) from mice treated with placebo and with 1.24 mg
kg * of DOX, pl-DOX or HFn-DOX. TEM images of ultrathin heart sections of cardiac tissues have been acquired at
4200x magnification. Scale bar: 5 um.

105



HFn-DOX

Supplementary Figure S11: Histopathology of liver, spleen, kidneys, lungs, heart, gut and brain after LDNM treatment.
Histopathological analysis of tissue samples. No histological lesions were observed in liver, spleen, kidneys, lungs,
heart, gut and brain. Hematoxylin-eosin staining. Magnification 20x.

106



10.

11.

12.

13.

14.

15.

16.

17.

18.

3.7 References

Mazzucchelli, S. et al. Nanometronomic treatment of 4T1 breast cancer with nanocaged
doxorubicin prevents drug resistance and circumvents cardiotoxicity. Oncotarget (2016).
doi:10.18632/oncotarget.14204

Kareva, |., Waxman, D. J. & Lakka Klement, G. Metronomic chemotherapy: an attractive
aternative to maximum tolerated dose therapy that can activate anti-tumor immunity and
minimize therapeutic resistance. Cancer Lett. 358, 100-106 (2015).

Loven, D., Hasnis, E., Bertolini, F. & Shaked, Y. Low-dose metronomic chemotherapy:
from past experience to new paradigms in the treatment of cancer. Drug Discov. Today 18,
193-201 (2013).

Kaur, H. & Budd, G. T. Metronomic therapy for breast cancer. Curr. Oncol. Rep. 6, 49-52
(2004).

Skipper, H. E. et al. Implications of biochemical, cytokinetic, pharmacologic, and
toxicologic relationships in the design of optimal therapeutic schedules. Cancer Chemother.
Rep. 54, 431-450 (1970).

Pasquier, E., Kavalaris, M. & André, N. Metronomic chemotherapy: new rationale for new
directions. Nat. Rev. Clin. Oncol. 7, 455-465 (2010).

Cao, Y. & Langer, R. Optimizing the Delivery of Cancer Drugs That Block Angiogenesis.
i, Trangl. Med. 2, 15ps3-15ps3 (2010).

Savage, P., Stebbing, J., Bower, M. & Crook, T. Why does cytotoxic chemotherapy cure
only some cancers? Nat. Clin. Pract. Oncol. 6, 43-52 (2009).

Hanahan, D. & Weinberg, R. A. The hallmarks of cancer. Cell 100, 57—70 (2000).

Bergers, G. & Hanahan, D. Modes of resistance to anti-angiogenic therapy. Nat. Rev.
Cancer 8, 592-603 (2008).

Gasparini, G. Metronomic scheduling: the future of chemotherapy? Lancet Oncol. 2, 733—
740 (2001).

Kerbel, R. S., Klement, G., Pritchard, K. I. & Kamen, B. Continuous low-dose anti-
angiogenic/metronomic chemotherapy: from the research laboratory into the oncology
clinic. Ann. Oncol. 13, 12-15 (2002).

Klement, G. et al. Continuous low-dose therapy with vinblastine and VEGF receptor-2
antibody induces sustained tumor regression without overt toxicity. J. Clin. Invest. 105,
R15-24 (2000).

Browder, T. et al. Antiangiogenic scheduling of chemotherapy improves efficacy against
experimental drug-resistant cancer. Cancer Res. 60, 1878-1886 (2000).

Hanahan, D., Bergers, G. & Bergdand, E. Less is more, regularly: metronomic dosing of
cytotoxic drugs can target tumor angiogenesis in mice. J. Clin. Invest. 105, 1045-1047
(2000).

Kerbel, R. S. & Kamen, B. A. The anti-angiogenic basis of metronomic chemotherapy. Nat.
Rev. Cancer 4, 423-436 (2004).

Kerbel, R. S. Improving conventional or low dose metronomic chemotherapy with targeted
antiangiogenic drugs. Cancer Res. Treat. Off. J. Korean Cancer Assoc. 39, 150-159 (2007).

Abu Lila, A. S. & Ishida, T. Metronomic chemotherapy and nanocarrier platforms. Cancer
Lett. (2016). doi:10.1016/j.canlet.2016.11.007

107



19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Bocci, G., Nicolaou, K. C. & Kerbel, R. S. Protracted low-dose effects on human
endothelial cell proliferation and survival in vitro reveal a selective antiangiogenic window
for various chemotherapeutic drugs. Cancer Res. 62, 6938-6943 (2002).

Klement, G. et al. Differences in therapeutic indexes of combination metronomic
chemotherapy and an anti-VEGFR-2 antibody in multidrug-resistant human breast cancer
xenografts. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 8, 221-232 (2002).

Tran, J. et al. A rolefor survivin in chemoresistance of endothelial cells mediated by VEGF.
Proc. Natl. Acad. ci. U. S, A. 99, 43494354 (2002).

Bertolini, F. et al. Maximum tolerable dose and low-dose metronomic chemotherapy have
opposite effects on the mobilization and viability of circulating endothelial progenitor cells.
Cancer Res. 63, 4342-4346 (2003).

Shih, T. & Lindley, C. Bevacizumab: an angiogenesis inhibitor for the treatment of solid
malignancies. Clin. Ther. 28, 1779-1802 (2006).

Kerbel, R. S. Inhibition of tumor angiogenesis as a strategy to circumvent acquired
resistance to anti-cancer therapeutic agents. BioEssays News Rev. Mol. Cell. Dev. Biol. 13,
31-36 (1991).

Greaves, M. & Maley, C. C. Clonal evolution in cancer. Nature 481, 306-313 (2012).

Reya, T., Morrison, S. J., Clarke, M. F. & Weissman, I. L. Stem cells, cancer, and cancer
stem cells. Nature 414, 105-111 (2001).

Folkins, C. et al. Anticancer therapies combining antiangiogenic and tumor cell cytotoxic
effects reduce the tumor stem-like cell fraction in glioma xenograft tumors. Cancer Res. 67,
3560-3564 (2007).

Lutsiak, M. E. C. et al. Inhibition of CD4+25+ T regulatory cell function implicated in
enhanced immune response by |ow-dose cyclophosphamide. Blood 105, 2862—2868 (2005).
Tanaka, H., Matsushima, H., Mizumoto, N. & Takashima, A. Classfication of
chemotherapeutic agents based on their differential in vitro impacts on dendritic cells.
Cancer Res. 69, 6978-6986 (2009).

Aguirre-Ghiso, J. A. Models, mechanisms and clinical evidence for cancer dormancy. Nat.
Rev. Cancer 7, 834-846 (2007).

Sosa, M. S., Bragado, P. & Aguirre-Ghiso, J. A. Mechanisms of disseminated cancer cell
dormancy: an awakening field. Nat. Rev. Cancer 14, 611-622 (2014).

Colleoni, M. et al. Low-dose oral methotrexate and cyclophosphamide in metastatic breast
cancer: antitumor activity and correlation with vascular endothelial growth factor levels.
Ann. Oncol. 13, 73-80 (2002).

Gonzélez-Billalabeitia, E. et al. Long-Term Follow-Up of an Anthracycline-Containing
Metronomic Chemotherapy Schedule in Advanced Breast Cancer. Breast J. 15, 551-553
(2009).

Bottini, A. et al. Randomized Phase Il Tria of Letrozole and Letrozole Plus Low-Dose
Metronomic Oral Cyclophosphamide As Primary Systemic Treatment in Elderly Breast
Cancer Patients. J. Clin. Oncol. 24, 36233628 (2006).

Orlando, L. et al. Trastuzumab in combination with metronomic cyclophosphamide and
methotrexate in patients with HER-2 positive metastatic breast cancer. BMC Cancer 6, 225
(2006).

Garcia-Séenz, J. A. et al. Bevacizumab in combination with metronomic chemotherapy in
patients with anthracycline- and taxane-refractory breast cancer. J. Chemother. Florence

108



37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

ol

52.

53.

4.

55.

56.

Italy 20, 632—-639 (2008).

Maraveyas, A., Lam, T., Hetherington, J. W. & Greenman, J. Can a rational design for
metronomic chemotherapy dosing be devised? Br. J. Cancer 92, 1588-1590 (2005).
Cruz-Muiioz, W. et al. Anaysis of acquired resistance to metronomic oral topotecan
chemotherapy plus pazopanib after prolonged preclinical potent responsiveness in advanced
ovarian cancer. Angiogenesis 17, 661673 (2014).

Yu, D.-H. et al. The use of nanoparticulate delivery systems in metronomic chemotherapy.
Biomaterials 34, 3925-3937 (2013).

Nars, M. S. & Kaneno, R. Immunomodulatory effects of low dose chemotherapy and
perspectives of its combination with immunotherapy. Int. J. Cancer 132, 2471-2478 (2013).
Verones, U., Stafyla, V., Luini, A. & Veronesi, P. Breast cancer: from ‘ maximum tolerable
to ‘minimum effective’ treatment. Front. Oncol. 2, 125 (2012).

André, N., Carré, M. & Pasquier, E. Metronomics: towards personalized chemotherapy?
Nat. Rev. Clin. Oncol. 11, 413-431 (2014).

Kerbel, R. S. & Grothey, A. Gastrointestinal cancer: Rationale for metronomic
chemotherapy in phase Il trials. Nat. Rev. Clin. Oncol. 12, 313-314 (2015).

Morris, P. G. & Hudis, C. A. Optimizing dose-dense regimens for early-stage breast cancer.
Nat. Rev. Clin. Oncol. 7, 678-679 (2010).

Kerbel, R. S. Antiangiogenic therapy: a universal chemosensitization strategy for cancer?
Science 312, 1171-1175 (2006).

Ng, S. S. W. et al. Influence of formulation vehicle on metronomic taxane chemotherapy:
albumin-bound versus cremophor EL-based paclitaxel. Clin. Cancer Res. Off. J. Am. Assoc.
Cancer Res. 12, 43314338 (2006).

Riganti, C. et al. Two repeated low doses of doxorubicin are more effective than a single
high dose against tumors overexpressing P-glycoprotein. Cancer Lett. 360, 219-226 (2015).
Lotrionte, M. et al. Review and meta-analysis of incidence and clinical predictors of
anthracycline cardiotoxicity. Am. J. Cardiol. 112, 1980-1984 (2013).

Octavia, Y. et al. Doxorubicin-induced cardiomyopathy: from molecular mechanisms to
therapeutic strategies. J. Mol. Cell. Cardiol. 52, 1213-1225 (2012).

Rivera, E. Current Status of Liposoma Anthracycline Therapy in Metastatic Breast Cancer.
Clin. Breast Cancer 4, S76-S83 (2003).

Xing, M., Yan, F., Yu, S. & Shen, P. Efficacy and Cardiotoxicity of Liposomal
Doxorubicin-Based Chemotherapy in Advanced Breast Cancer: A Meta-Analysis of Ten
Randomized Controlled Trials. PLOS ONE 10, e0133569 (2015).

Corsi, F. & Mazzucchélli, S. The potential of protein-based nanocages for imaging and drug
delivery. Ther. Deliv. 7, 149-151 (2016).

Fan, K. et al. Magnetoferritin nanoparticles for targeting and visualizing tumour tissues.
Nat. Nanotechnol. 7, 459-464 (2012).

Bellini, M. et al. Protein nanocages for self-triggered nuclear delivery of DNA-targeted
chemotherapeutics in Cancer Cells. J. Controlled Release 196, 184-196 (2014).

Zhang, L. et al. H-Chain Ferritin: A Natural Nuclel Targeting and Bioactive Delivery
Nanovector. Adv. Healthc. Mater. 4, 1305-1310 (2015).

Liang, M. et al. H-ferritin-nanocaged doxorubicin nanoparticles specifically target and kill
tumors with a single-dose injection. Proc. Natl. Acad. Sci. U. S A. 111, 14900-14905
(2014).

109



S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Laginha, K. M., Verwoert, S.,, Charrois, G. J. R. & Allen, T. M. Determination of
doxorubicin levels in whole tumor and tumor nuclei in murine breast cancer tumors. Clin.
Cancer Res. Off. J. Am. Assoc. Cancer Res. 11, 6944-6949 (2005).

Bao, L. et al. Increased expression of P-glycoprotein is associated with doxorubicin
chemoresistance in the metastatic 4T1 breast cancer model. Am. J. Pathol. 178, 838-852
(2011).

Pulaski, B. A. & Ostrand-Rosenberg, S. Mouse 4T1 breast tumor model. Curr. Protoc.
Immunol. Chapter 20, Unit 20.2 (2001).

Adlakson, C. J. & Miller, F. R. Selective events in the metastatic process defined by analysis
of the sequential dissemination of subpopulations of a mouse mammary tumor. Cancer Res.
52, 1399-1405 (1992).

Fiandra, L. et al. Assessing the in vivo targeting efficiency of multifunctional
nanoconstructs bearing antibody-derived ligands. ACS Nano 7, 6092—-6102 (2013).

Mayer, L. D., Dougherty, G., Harasym, T. O. & Bally, M. B. The role of tumor-associated
macrophages in the delivery of liposomal doxorubicin to solid murine fibrosarcoma tumors.
J. Pharmacol. Exp. Ther. 280, 1406-1414 (1997).

Guo, Z., Zhu, J., Zhao, L., Luo, Q. & Jin, X. Expression and clinical significance of
multidrug resistance proteinsin brain tumors. J. Exp. Clin. Cancer Res. 29, 122 (2010).
Khiati, S. et al. Mitochondrial topoisomerase | (toplmt) is a novel limiting factor of
doxorubicin cardiotoxicity. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 20, 4873-4881
(2014).

Tsutsui, H., Kinugawa, S. & Matsushima, S. Oxidative stress and heart failure. Am. J.
Physiol. Heart Circ. Physiol. 301, H2181-2190 (2011).

Mari, M., Morales, A., Coldll, A., Garcia-Ruiz, C. & Fernandez-Checa, J. C. Mitochondrial
Glutathione, a Key Survival Antioxidant. Antioxid. Redox Signal. 11, 26852700 (2009).
Berry, G. et al. The use of cardiac biopsy to demonstrate reduced cardiotoxicity in AIDS
Kaposi’s sarcoma patients treated with pegylated liposomal doxorubicin. Ann. Oncol. Off. J.
Eur. Soc. Med. Oncol. 9, 711-716 (1998).

Todorova, V. K., Kaufmann, Y. & Klimberg, V. S. Increased efficacy and reduced
cardiotoxicity of metronomic treastment with cyclophosphamide in rat breast cancer.
Anticancer Res. 31, 215-220 (2011).

Mainetti, L. E. et al. Therapeutic efficacy of metronomic chemotherapy with
cyclophosphamide and doxorubicin on murine mammary adenocarcinomas. Ann. Oncol.
Off. J. Eur. Soc. Med. Oncol. 24, 2310-2316 (2013).

Mazzucchelli, S. et al. LC-MS/MS method development for quantification of doxorubicin
and its metabolite 13-hydroxy doxorubicin in mice biological matrices. Application to a
pharmaco-delivery study. Biomed. Chromatogr. n/a-n/a (2016). doi:10.1002/bmc.3863
Fisher, J. et al. Ferritin: a novel mechanism for delivery of iron to the brain and other
organs. Am. J. Physiol. Cell Physiol. 293, C641-649 (2007).

Li, L. et al. Binding and uptake of H-ferritin are mediated by human transferrin receptor-1.
Proc. Natl. Acad. <ci. U. S A. 107, 3505-3510 (2010).

Sengupta, S. et al. Temporal targeting of tumour cells and neovascul ature with a nanoscale
delivery system. Nature 436, 568-572 (2005).

Alkhateeb, A. A. & Connor, J. R. Nuclear ferritin: A new role for ferritin in cell biology.
Biochim. Biophys. Acta BBA - Gen. Subj. 1800, 793-797 (2010).

110



75.

76.

77.

78.

Wood, K. C. Mapping the Pathways of Resistance to Targeted Therapies. Cancer Res. 75,
42474251 (2015).

Gabizon, A. A., Lyass, O., Berry, G. J & Wildgust, M. Cardiac safety of pegylated
liposomal doxorubicin (Doxil/Caelyx) demonstrated by endomyocardial biopsy in patients
with advanced malignancies. Cancer Invest. 22, 663-669 (2004).

Y amaguchi, N. et al. Comparison of cardiac events associated with liposomal doxorubicin,
epirubicin and doxorubicin in breast cancer: a Bayesian network meta-anaysis. Eur. J.
Cancer Oxf. Engl. 1990 51, 2314-2320 (2015).

Truffi, M. et al. Ferritin nanocages: A biological platform for drug delivery, imaging and
theranostics in cancer. Pharmacol. Res. 107, 57-65 (2016).

111



CHAPTER 4

Curcumin-encapsulated ferritin as

chemosensitizer in triple negative

breast cancer cell lines



4.1 Curcumin

4.1.1 A survey of history

Turmeric (Curcuma longa) is an herbaceous plant that belongs to the ginger family and is
widely cultivated in southern and south-western regions of tropical Asia; India is currently the
largest producing, consumer and exporter country. Turmeric was mentioned in the writings of the
Italian explorer Marco Polo, concerning his voyage to China and India around 1280 ad., but it was
first introduced in Europe only in the 13th century by Arabian traders. The Latin name Curcuma is
derived from the Arabic word “Kourkoum” which was the original name for saffron, and as a
conseguence of its golden color, Curcuma became known as “Indian Saffron” in Europe. During
the British rule of India, turmeric was combined with various other spices and renamed “curry
powder” asit is currently known in the West!?.

For many centuries this golden spice has been used in the diet of several countries, including
Iran, Malaysia, India, China, Polynesia and Thailand, not only as a component of food but also to
treat a wide variety of ailments. In addition, the brilliant yellow color of turmeric, which persists
even at very high dilutions, found its way to commercial use as a coloring agent for various items,
including cotton, silk, paper, wood, foodstuffs (food additive E100), and cosmetics.

In Ayurveda (science of long life) turmeric has been used since the second millennium BC
for many conditions, internally as a stomachic, tonic, and blood purifier and topically in the
prevention and treatment of skin diseases. Interests in this plant have grown in recent years due to
its vast array of beneficial pharmacological effects such as antioxidant, anti-inflammatory,
anticarcinogenic, antibacterial, wound healing, antispasmodic and anticoagulant activities”.
Extensive research within the last half century has proven that most of these activities, once
associated with turmeric, are due to curcumin, a yellow-orange colored lipophilic polyphenol
extract from dried rhizome of Curcuma longa. Although turmeric has been consumed as a dietary
spice and a cure, the biological characteristics of curcumin were not scientifically identified until
the mid-twentieth century. In a paper published in Nature in 1949, Scharaufstatter and colleagues
reported that curcumin has anti-bacterial properties against strains of Staphylococcus aureus,
Salmonella paratyphi and Mycobacterium tuberculosis®. Only in the 1970s curcumin became the
subject of scientific investigation, which led to the discovery of its other pharmacological activities.
Later, in the 1980s, Kuttan and colleagues demonstrated the anti-cancer activity of curcumin in both
in vitro and in vivo models® and in 1995 Aggarwal’s group demonstrated the anti-inflammatory
activity by suppressing NF-kB’. Surprisingly, the first clinical trial was reported already in 1937, in
Lancet, against biliary diseases®. Over the years, curcumin has been shown to exhibit a wide range
of pharmacological activities, like antioxidant, anti-inflammatory, antiviral, antibacterial,
antifungal, and anticancer and thus it has a potential against many malignant diseases, such as
Alzheimer's disease, atherosclerosis, alergies, type Il diabetes, rheumatoid arthritis, multiple
sclerosis and other chronic illnesses. Evidence indicates that the divergent effects of curcumin are
dependent on its pleiotropic molecular effects, which include the regulation of various transcription
factors, growth factors, inflammatory cytokines, protein kinases, and other enzymes”. Moreover,
curcumin is non-toxic even at high dose, so it could have multiple benefits associate with a safety
profile: the U.S. Food and Drug Administration has approved curcumin as a “generally regarded as
safe” compound®’®. Dose-escalating studies have demonstrated the safety of consuming up to 12 g
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of curcumin per day, with no detrimental effects™. Considering the scientific concept that
multitargeted therapy is better than monotargeted therapy for most diseases, curcumin can be
considered an ideal “Spice for Life”. Anyway, most of the known activities of curcumin are based
only on in vitro and in vivo studies and curcumin has yet not been approved for treatment of any

human disease™.

4.1.2 Structure and features

Curcuma spp. contains turmerin (a water soluble peptide), essential oils (such as turmerones
and zingiberene) and curcuminoids, including curcumin. Curcumin is the phytochemical that gives
ayellow color to turmeric and depending on origin and soil conditions, it is estimated that turmeric
contains 2—-10% of curcuminoids, among which curcumin is the major component?,

Curcumin was first isolated from turmeric in 1815 by Vogel and Pelletier™® and in 1910
Milobedzka and Lampe identified its chemical structure as diferuloylmethane™. In 1918 Lampe for
the first time synthesized curcumin, in five steps, then alot of methods to synthesize curcumin and
its anal ogues were established™.

Curcumin is a symmetrical molecule, the IUPAC name is [(E,E)-1,7-bis(4-hydroxy-3-
methoxyphenyl)-1,6-heptadiene-3,5-ione], with molecular formula C1H200s and molecular weight
of 368.39 g mol™ (Fig. 4.1). In its structure it presents three chemical entities: two aromatic ring
systems, each of which carries two methoxy and two hydroxyl groups, connected by a seven
carbons linker, which has an a,B-unsaturated B-diketone moiety. The diketonic group is subject to
keto-enol tautomerism and exists in different conformers depending on the conditions, but the enol
form is generally more stable®™. Due to extended conjugation, the n electron cloud is all along the
molecule. The two symmetrically arranged chromophores and the conjugated double bond give
curcumin its yellow color™. The absorption spectrum of this molecule is characterized by the
presence of two strong bands, one in the visible region, between 410 and 430 nm and another band
in the UV region with a maximum at 265 nm. The absorption is highest in organic solvent and
drastically reduced in agueous solutions. Moreover, changing pH values the absorption spectra
show different profiles and absorption intensity®.

HO OH
OCHs3 HsCO

Fig. 4.1 Curcumin chemical structure.

114



Curcumin has a high hydrophobicity with a LogP value of about 3.0. It is very dightly
soluble in water (about 0.0004 mg/ml at pH 7.3) and readily soluble in polar solvents such as
DM SO, methanal, ethanol, acetonitrile, chloroform, ethyl acetate and in concentrated acetic acid.
Curcumin is aweak Bronsted acid, with three labile protons, and accordingly three pKa have been
estimated (Fig. 4.2). The first pKain the pH range of 7.5 to 8.5 changes curcumin color from yellow
to red. The solubility of the anionic curcumin increases at basic pH and this form of curcumin is
more water soluble than the neutral one, while there is still a debate which one of the three -OH
groups is the most acidic®. Aqueous curcumin solutions can be prepared also by adding surfactants,
lipids or cyclodextrins.

Site 1 Site 2
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Fig. 4.2 Keto-enol tautomerism and prototropic equilibria of curcumin®.

Curcumin reactivity

The three reactive sites of curcumin, the diketone and the two phenol groups, are responsible
for the excellent properties scavenger of ROS, as all these groups can undergo oxidation by electron
transfer (REV Molecules 2014). The a,p-unsaturated B-diketo moiety of curcumin participates also
in nucleophilic addition reactions (also known as Michael addition) and these are extremely useful
to explain the biological chemistry of curcumin in living cells, for example as regards the reaction
of thiols like glutathione. Furthermore, the diketonic portion has excellent binding properties and
makes the molecule a monobasic bidentate ligand capable of forming stable complexes with almost
all metals and non-metals'®.

Curcumin stability

Curcumin is subjected to an easy degradation in agueous solutions and its stability is pH
dependent. Curcumin is most stable at pH 1-6 but becomes unstable at pH >7. In dilute solutions
(micromolar) the 90% curcumin degrades in 30 minutes under physiological conditions (0.1 M
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phosphate buffer, pH 7.2, 37 °C), but this percentage decreases at high concentrations or when
curcumin is linked to lipids, liposomes, cyclodextrins or other macromolecular system'’. Several
degradation products have been identified, among them: trans-6(4'-hydroxy-3'-methoxyphenyl)-2,4-
dioxo-5-hexanal, ferulic aldehyde, ferulic acid, vanillin and feruloylmethane®*® (Fig. 4.3). The
degradation proceeds according to first-order kinetics' (Wang 1997). Furthermore, curcumin is
light-sensitive so it will degrade much more quickly when exposed to sunlight: it is a common
observation that curcumin stains can be removed by exposure to light, as the products generated by
the photodegradation are vanillin, ferulic acid and other small phenols, all colorless'®.

NN COOH SN Pz

O~ o I
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Ferulic acid | = trans-6-(4'-Hydroxy-3'-methoxy-
HO OH phenyl)-2,4-dioxo-5-hexenal
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Fig. 4.3 Chemical structures of degradation products of curcumin (0.1 M phosphate buffer, pH 7.2, 37 °C)3.

4.1.3 Bioavailability and metabolism

The bioavailability of curcumin has been studied in numerous investigations and even if
what happens in rats and humans is only partially comparable, generally curcumin oral
bioavailability is inadequate due to arelatively low intestinal absorption and a rapid metabolism in
the liver, followed by elimination through the gall bladder®. The metabolites in rodents were
characterized mainly as glucuronides of tetrahydrocurcumin and hexahydrocurcumin (Aggarwal
book), but part of the curcumin is eliminated unchanged through the feces'.

In human, plasma level of curcumin are often below 1 pmol L™, also after oral ingestion of
high doses (in the gram range)®. Curcumin is metabolized by phase | and I enzymes and two major
pathways have been identified: reduction and O-conjugation. The reduction products are
tetrahydrocurcumin (THC), hexahydrocurcumin and other minor products including ferulic acid,
while O-conjugation products are curcumin glucuronide and curcumin sulfate. The formation of
such products was confirmed by HPL C and mass spectrometry while the enzymes involved in these
reactions are still under investigation®®,

4.1.4 Biological activity and molecular target

At molecular level, curcumin has been shown to modulate a wide range of signaling
molecules, that can be upregulate or downregulate. These include transcriptor factors, inflammatory
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cytokines, enzymes, kinases, growth factors, receptors and various other proteins. Transcription
factors are proteins that bind DNA at a specific promoter or enhancer region or site and act like
“genetic switches’ to regulate the expression of various genes. Curcumin targets transcription
factors to prevent pathways that are harmful to cells norma growth. Among the most important
targets of curcumin, in fact, there are some pro-inflammatory transcriptor factors, such as the
nuclear factor kB (NF-xB), the activator protein-1 (AP-1) and STAT proteins, which regulate the
expression of genes involved in tumorigenesis, cell survival, cell proliferation, invasion and
angiogenesis. Curcumin has been shown to negatively regulate this factors'®. At cellular level,
curcumin can reduce inflammatory response by modulating the production of pro-inflammatory
molecules like cytokines. Its activity as an anti-oxidant and free-radical scavenger is related to the
presence of both the B-diketone and the methoxy groups. But also, curcumin induces endogenous
antioxidant defense mechanism and the redox-regulated transcriptor factor Nrf2 plays a key role in
this process”.

Another major target of curcumin is represented by protein kinases, like the epidermal
growth factor receptor, protein kinase C, the mitogen-activated protein kinase (MAPK) and the
PI3K/AKT pathway (Gupta 2012). All these protein are inhibited by curcumin in cancer cells®%.
Finally, curcumin mediated the expression of matrix metalloproteinase 9 (MMP-9), urokinase
plasminogen activator (UPA) and its receptor (UPAR), intercellular adhesion molecule 1 (ICAM-1),
and chemokine receptor 4%,

By way of example and in order to better understand the vastness of action of curcumin, we
go on to describe what can be considered one of his major target, NF-kB.

NF-xB

Nuclear factor kB (NF-xB) is a ubiquitously expressed eukaryotic transcription factor,
responsible for the regulation of numerous genes involved in controlling cellular proliferation and
growth, inflammatory responses, cell adhesion, and so forth. The functionally active NF-xB exists
mainly as a heterodimer consisting of subunits of the Rel family which is normally sequestered in
an inactive cytoplasmic complex by binding to an inhibitory protein, 1xB. Exposure of cellsto such
external stimuli as bacterial lipopolysaccharides (LPS), ROS or pro-inflammatory cytokines, causes
rapid phosphorylation of 1kB and its dissociation from NF-xB which allows its translocation to the
nucleus, where it induces the transcription of a large variety of target genes that normally encode
cytokines, cell adhesion molecules and growth factors. Cell culture studies have reported the
inhibition of the transcription factor NF-kB by curcumin in different cancer cell lines’. It has been
reported that curcumin inhibited 1kB kinase (1xK), suppressed both constitutive and inducible NF-
kB activation and potentiated tumor necrosis factor (TNF)-induced apoptosis®.

4.1.5 Curcumin in cancer therapy: targets and effects

Most of the drugs currently available for the treatment of cancer has a limited potential
because of poor selectivity, toxicity and cost. In order to limit these disadvantages is desirable to
find innovative therapeutic solutions and among these, the use of natural origin compounds are
acquiring considerable interest.

Curcumin has been used for thousands of years in the East as healing agent and although it
has been shown to exhibit beneficial effects in many diseases, its strong therapeutic potential on
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cancer has been the most studied by researchers in the last decades. In fact, curcumin, alone or in
combination with other agents, has already been studied for the prevention and treatment of various
forms of cancer in humans, including colorectal cancer, pancreatic cancer, breast cancer, prostate
cancer, multiple myeloma, lung cancer and oral cancer® . The explanation of this wide range of
cancers can be found in the ability of curcumin to target multiple pathways, as described before. 1t
has been proved, indeed, that curcumin is able to suppress the proliferation of cancer cells and the
development of metastasis, and that these effects are exerted by influencing the cell cycle and the
regulation of various transcription factors, growth factors, inflammatory cytokines, protein kinases
and other enzymes. Moreover, it is also able to induce apoptosis®”?%. Minor effects of curcumin in
suppressing cancer oncogenesis are related to the modulation of microRNA, DNA, histone and
mitochondria.

Going into detail, we can affirm that curcumin induce apoptosis by regulating the expression
of apoptosis-related genes and by modulating the apoptosis-related proteins. For example, induced
by curcumin, the antiapoptotic protein Bcl-2 increased, while the pro-apoptotic protein Bax
decreased, leading to an elevated Bax/Bcl-2 ratio™. Often this effect is mediated by the tumor
suppressor protein p53, as shown by Choudhuri et al in the human breast carcinoma cell line MCF-
7%, It has been demonstrated that curcumin could also affect human breast cancer cells through
inducing cell cycle arrest at the G2M phase and late S phase in MCF-7 cells. This arrest isdue to a
regulation of the spindle-related signaling pathways. chromosomes were not able to be segregated
normally and cells were arrested in the M phase® 2. Even in this case, the mediator of the effect on
the cell cycle can be p53*. Recently, it has been demonstrated that curcumin not only significantly
inhibited growth of human breast cancer cells MDA-MB-231 and MCF-7 by inducing apoptosis in
a dose- and time-dependent manner, accompanied by an increase in Bax/Bcl-2 ratios, in vitro, but
also inhibited tumor growth in mouse model®*,

As regards the development of metastases, curcumin acts in two ways:. first, it inhibits
angiogenesis factors, such as vascular endothelial growth factor (VEGF)** and second, curcumin
affects the function of molecules and receptors responsible for motility and invasion®.

In addition to its role as a chemopreventive and chemotherapeutic agent, curcumin has been
shown to act as chemosensitizer for other anticancer agents: it helps eliminate chemoresistant cells
by sensitizing tumors to chemotherapy, in part by inhibiting pathways that lead to treatment
resistance”*’. The assumption is that curcumin may modulate both the expression and function of
multidrug resistance (MDR) proteins in tumor cells. In 2002, Anuchapreeda and his collaborators
demonstrated that curcumin, interacting directly with P-gp, is able to down-regulate the expression
and to reduce transporter-mediated efflux in drug resistant human cervical carcinoma cells (KB-
V1), invitro®. A study of Limtrakul et al. prove that also a metabolite form of curcuminoids, the
tetrahydrocurcumin (THC), is able to modulate MDR in cancer cells, inhibiting the efflux function
of P-gp, MXR and MRP1 in drug resistance cell lines®. Most of the studies about MDR proteins
and curcumin utilized the commercial grade curcuminoids and were unable to identify the
individual effect of the three maor curcuminoids (curcumin, demethoxycurcumin, and
bi sdemethoxycurcumin) on P-gp. Teng et al studied individually the three curcuminoids, showing
that DMC is the most potent P-gp inhibitor. DMC treatment inhibited human P-gp function through
uncompetitive ATPase inhibition and also reversed the doxorubicin-resistant cells to doxorubicin-
sensitive cells®. The consequence of these studies is aso the development of nanoparticles
functionalized with antibodies for a direct targeting of P-gp, which alows the transport of curcumin
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to the resistant cells in order to overcome resistance and re-sensitize the cells to action of the drug
(in this case, PLGA nanoparticles combined with paclitaxel)*.

Encouraging results of preclinical findings led to a handful of clinical studiesto evaluate the
chemosensitizing effect of curcumin in cancer patients, in combination with docetaxel, quercetin,
imatinib or gemcitabine. Although these studies have established a strong basis for future
investigations into the high potential of curcumin in combination with standard chemotherapeutic
agents, it remains essential to find solutions to increase the bioavailability of curcumin, reducing the
oral dose and obtaining better efficacy™.

4.1.6 Curcumin nanoformulations

As we said before, although curcumin has demonstrated therapeutic efficacy against many
disease, it has limited bioavailability because it is poorly absorbed, rapidly metabolized and
systemically eliminated. These characteristics are limiting factors which hamper its use as
therapeutic agent. So, development of new formulations or analogues of curcumin with better
bioavailability, as well as novel routes of administration, will be critical for future applications of
curcumin. Some promising approaches include the use of adjuvants that can block the metabolic
pathway (concomitant administration of piperine inhibits glucoronidation), the design of nano-sized
delivery system such as liposomes, micelles and polymeric nanoparticles and synthesis of structural
analogues'™.

There is a variety of nanoparticles available that could potentially improve delivery and
bioavailability of curcumin and many studies have shown that nanocarriers are suitable for
increasing curcumin’s bioavailability and its targeted delivery to tumors and other sites of disease.
Nanoparticles, which are between 10 and 100 nm, have the ability to take advantage of the
enhanced permeability and retention (EPR) effect and can improve the circulation time of the
loaded therapeutic agent. Best known and FDA approved nanoparticles are the liposomes, which
are often the first choice because of their ease of formulation, possibility to vary the lipid
composition and the extensive experience with the system®™. Many liposomal curcumin
formulations, PEGylated or not, have been developed in recent years and they were found to be
useful, for example, in increasing bioavailability in rats* and to chemosensitize a mouse model of
cervical cancer to the action of paclitaxel®. In 2014 the first liposomal formulations of curcumin
have been patented*®*’,

In aternative, micelles could be an interesting system for lipophilic molecules, because of
their hydrophobic core that can accommodate hydrophobic drugs. Curcumin-encapsulated
polymeric micelles have been shown to suppress colon cancer, in vitro and in vivo®.
Nanoencapsulation of curcumin using poly(latic-co-glycolic acid) (PLGA) can also lead to induce
G2/M block in breast cancer cells, in vitro*, and enhanced oral bioavailability in rats™.

In some cases, also peptide or protein carriers were found to be useful for curcumin
nanoformulation. Curcumin was loaded in the hydrophobic core of spontaneous casein micelles,
with a solubility increased 2500 fold and application in food industry®* while nanoparticles of cross-
linked human serum albumin (HSA) have been used for drug delivery purposes®. Even ferritin has
been exploited for this purpose, and recently some works have been published***>*.
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4.2 Triple negative breast cancer (TNBC)

Triple negative breast cancer (TNBC) is a discrete subset of breast cancer (BC)
characterized by a lack of estrogen receptors (ER), progesterone receptors (PR) and HER2
expression and accounts for approximately 15-20% of BC patients®>. Commonly, but not uniformly,
the clinical classification of triple-negative breast cancer is synonymous with the basal-like subtype
which, however, is determined via gene expression microarray analysis and approximately 80% of
clinical TNBCs fall into the basal-subtype *. Indeed, using gene expression analyses, researchers
were able to identify six distinct TNBC subtype, each displaying a unique biology®".

TNBCs occur at higher rate in young and African-American or Hispanic women, are
generally of a higher grade and poor prognosis, patients have an increased probability of distant
recurrence and death compared with other types of BC*®. Also, TNBCs exhibit a high proliferation
index, an aggressive and early pattern of metastases (in particular visceral and CNS metastases) and
arelative lack of therapeutic targets, which makes them insensitive to targeted anti-hormone and/or
anti-HER?2 therapies. So, improved approaches to treatment of these cancers are critical because the
median survival of patients with metastatic TNBC is only 13 months, and virtually all women with
metastatic TNBC ultimately die of their disease despite systemic therapy: it remains the hardest BC
subtype to treat®®. For al these reasons, TNBC is currently receiving a huge and appropriate amount
of research attention and the identification of more affective and promising therapies remains an

important clinical challenge®™®.

4.2.1 Current and futuretreatments

The main treatment for TNBCs continues to be the conventional chemotherapy, with good
initial response to anthracyclines and taxanes, but tumor is rarely eradicated. Therefore, new
targeted therapies represent an urgent need and investigators have been fervently working in order
to advance the development of novel therapeutic agents aimed at treating this clinically aggressive
phenotype™. Aswe gain a deeper understanding of the biologic processes driving TNBC, the list of
therapeutic agents will continue to evolve, including new strategies targeting enzymes, receptors,
angiogenesis and beyond.

Currently, both preclinical and clinica studies indicate that tumors with BRCA1
dysfunction, the majority of which are triple negative, harbor deficient double-stranded DNA break
repair mechanisms and are sensitive to DNA-damaging chemotherapeutic agents, such as platinum
agents, including carboplatin and cisplatin®>®. Moreover, PARP1 chemical inhibitors, such as
Olaparib, leads to a severe toxicity in BRCA1-defective cells, since PARPL is a poly ADP-ribose
polymerase with a key role in the repair of single-strand DNA breaks. If DNA breaks occur in the
absence of PARP1, the replication fork stalls, resulting in accumulation of DNA lesions brings to
chromosomal instability, cell cycle arrest and subsequent apoptosis™.

Simultaneously, others groups focused their attention on EGFR/HER1, a cell surface
transmembrane tyrosine kinase receptor and perhaps the most well-known protein overexpressed
among triple-negative breast cancer. Anyway, the anti-EGFR Cetuximab has not given, up to now,
the desired results®. Also the treatment with Bevacizumab, a mAb targeting vascular endothelial
growth factor (VEGF) is controversial®. Numerous other experimental approaches are under way
with the goal of identifying targets in TNBC, with mTOR inhibitors, MEK inhibitors and histone
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deacetilase inhibitors under consideration, but keeping an eye also on other routes and signaling
pathways™. Continued research aimed at more fully characterizing the molecular and epidemiologic
factors, as well as patterns of metastases observed among TNBCs, will advance the development of
prevention and treatment strategies aimed at improving outcomes for patients diagnosed with this

aggressive disease™.

4.2.2 Chemoresistancein TNBC

Standard chemotherapy remains the backbone of systemic TNBC treatment. At present, the
cure for cancer continues to escape oncologists due in a large part to chemoresistance, which
accounts for 90% of drug failures in metastatic cancers. Six different mechanisms of
chemoresistance are described in TNBC: (1) ABC transporters efflux chemotherapeutics out of
cancer cells, (2) B-tubulin 111 overexpression induces paclitaxel resistance, (3) mutations in DNA
repair enzymes such as topoisomerase 1l and enzymes altering drug sensitivity, (4) alterations in
genes involved in apoptosis prevent chemotherapy-induced apoptosis, (5) ALDH1 and GSH/GST
overexpression mediate chemotherapeutic inactivation/detoxification, (6) NF-xB signaling aberrant
regulation®.

In particular, three ABC transporters have been extensively studied in TNBC:

a) multidrug resistant protein-1 (MRP1) which confers resistance to vinca akaloids and

anthracyclines,
b) breast cancer resistance protein (ABCG2) which is responsible for the efflux of drugs
such as doxorubicin;

c) p-glycoprotein (MDR1) which pumps a wide array of chemotherapeutics, including

paclitaxel.

For example, it has been demonstrated that alow cytotoxic Olaparib treatment clearly led to
an increase expression of both BCRP an MDR1 in SUM 1315 TNBC cells, in vitro®.

Moreover, breast cancer cells are subjected to a high level of oxidative stress and it is known
that TNBC is associated with a more hypoxic phenotype, possibly due to activation of the mTOR
pathway. Importantly, hypoxia compromises chemotherapeutic efficacy due to the varying levels of
oxygen present in the tumor and furthermore a hypoxic tumor environment results in an increase in
cellular senescence and therefore potentially propagating a chemoresistance phenotype®. Other
mechanisms, such as senescence and autophagy, are also related to chemoresistance in TNBCs®.
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4.3 Aim of thework

Under the definition of breast cancer awide variety of clinical formsisincluded. About 15%
of BCs are known as triple negative (TNBCs) that are characterized by the lack of three specific
molecular markers. progesterone receptor (PR), estrogen receptor (ER) and human epidermal
growth factor 2 (HER2). This means that a targeted therapy against PR, ER or HER2, currently
used in clinic for breast cancer, is mostly ineffective. Patients have other treatment options: in fact,
these tumors seem to be particularly chemosensitive to anthracyclines and taxanes, which are part
of the standard therapy used for high risk patients. In spite of this, however, there is an overall
poorer survival and therisk of relapse for TNBC patients in the first 3-5 years is significantly higher
than for patients presenting hormone positive breast cancer. Moreover, these tumors are more
prevalent in young women, display an higher prevalence of brain metastases and a rapid
progression from the onset of metastasis to death®™®*. This aggressive behavior pattern, a relative
lack of effective therapies and a poor prognosis have encouraged to develop new therapies. Among
these, the possibility to combine drugs that target different signalling pathways are currently a
major trend in drug design and discovery®.

Curcumin, a hydrophobic polyphenol extracted from Curcuma Longa has been recognized
as an effective anticancer agent that negatively regulates various growth factors, protein kinases,
transcription factors, inflammatory cytokines, cell receptors, and other oncogenic proteins.
Induction of apoptosis and/or cell cycle arrest at different phases contribute to the antiproliferative
effects of curcumin in cancer cells®. Even if various clinical trials and research articles had been
demonstrated the great potential of curcumin, due to its influence of numerous biochemical and
molecular pathways, this molecule has not yet been approved as a therapeutic agent because of its
limitations. The flaws limiting the use of curcumin are multiple, in particular poor solubility and
fast metabolism, which result in an insufficient bioavailability. To make this compound more
attractive for medical applications is therefore necessary to find solutions to overcome these
defects. In this project, we have encapsulated curcumin within ferritin protein shells, aiming at
increasing its solubility and stability. To do this, we exploited the capability of HFn to assemble and
disassemble its quaternary structure in a pH-dependent manner, opting for a loading in akaline
environment. Our goal is making curcumin available and effective on triple negative breast cancer
cells through this nanoformulation.
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4.4 M aterials and methods

4.4.1 Curcumin purification

Commercially available curcumin from Curcuma Longa generaly contains other
curcuminoids as secondary products. The powder purchased by Sigma Aldrich was purified by
column chromatography on silica gel (mobile phase Chloroform/Methanol 98:2) to get the desired
product as a yellow solid. After elution, the purity of the fractions containing curcumin was
evaluated with thin-layer chromathography (TLC), using the same mobile phase. Fractions
containing the product of interest were collected and evaporated under reduced pressure.

4.4.2 HFn nanocage design, expression and purification

The cDNA encoding for the heavy chain of human ferritin, modified by inserting the
restriction sites for Ndel and Notl (respectively in 5" and 3'), was synthesized and subcloned into
the vector pET30b(+) by Eurofins MWG Operon, in order to express HFn under the control of a T7
promoter, as reported in Bellini et al®. The resulting plasmid pET30b/HFn was used to transform
Escherichia coli expression strain BL21(DE3) by heat-shock method. The recombinant expression
vector was confirmed by restriction endonuclease digestion and DNA sequencing.

H-ferritin (HFn) was expressed and purified following the protocol previously published®.
Briefly, BL21(DE3)/pET30b/HFn cell were grown at 37 °C in Luria Bertani kanamicim medium
until ODgrp=0.6 and induced with 0.5 mM isopropy! B-D-1-tiogalactopiranoside (IPTG) for 2 h and
30 min. After growing, the cells were collected, washed and resuspended in lysis buffer with
lysozyme and DNase |. In order to prepare the crude extract, cellular suspension was sonicated and
centrifuged. After heat treatment, the supernatant was loaded onto DEAE Sepharose anion
exchange resin and the purified protein was eluted with a stepwise NaCl gradient in 20 mM KMES,
pH 6.0. Fractions were analyzed by SDS-PAGE using 12% (v/v) polyacrylamide gel and proteins
detected with Imperial Protein Stain (ThermoFisher Scientific). Protein content was determined by
both measuring absorbance at 280 nm and Coomassie Plus (Bradford) Assay with IgG as standard
protein.

4.4.3 HFn loading with curcumin

Encapsulation of curcumin inside ferritin cavity was obtained exploiting the
disassembly/reassembly method. The pH of a HFn solution (1 mg mL™ in 0.15 M NaCl) was
adjusted to 12.5 adding the appropriate volume of 1 M NaOH. After 15 min, a400 uM solution of
purified curcumin, freshly solubilized in 0.1 M NaOH, was added. Immediately, the pH value was
reduced to 7.5 using 1 M HCI. The resulting solution was stirred at room temperature for 2 h to
promote the assembly of the protein. Later, the solution was centrifuged through a 100 kDa Amicon
filter (Millipore), washed several times with sterile PBS buffer and finally refine on Zeba™ Spin
Desalting Columns (ThermoFisher Scientific), in order to remove the excess curcumin and the
adsorbed molecules. The encapsulated curcumin will be retained inside the apoferritin shell because
its sizeis larger than the pore size of the protein channels (3-4 A)®’, while the excess molecules will
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be removed in the washing steps. The final product, called CFn (curcumin-encapsulated ferritin),
was subsequently characterized and used for in vitro experiments.

To evaluate the intracellular fate of CFn, the HFn shell was aso labeled with fluorescein
isothiocyanate (FITC) according to the manufacturer's protocol (Sigma, Invitrogen).

4.4.4 L oading efficiency

The amount of the encapsulated molecules was determined comparing the absorbance
intensity at 423 nm of different CFn dilutions in acetic acid with a predetermined calibration curve,
using EnSight™ Multimode Plate Reader (Perkin ElImer®) and 96-multiwell plates. Placing CFn in
acetic acid the pH of the samples was reduced to 2.0, allowing the encapsulated curcumin to be
released from ferritin. In order to construct the calibration curve, individual working standard
solutions of purified curcumin (from 1 to 95 M) were freshly prepared from curcumin stock
standard solution by diluting in acetic acid.

4.4.5 CFn and curcumin stability

CFn was characterized analyzing its stability in physiologic and akaline conditions, in
comparison with a free curcumin solution. The nanocages and the free molecules were resuspended
in phosphate buffer saline (PBS, pH 7.2) and sodium hydroxide (0.1 M NaOH, pH 13), at the same
final concentrations. Since curcumin is soluble in alkaline environment but poorly soluble in water,
for the stability in PBS a 50 mM solution of purified curcumin dissolved in DMSO was used as
stock solution and then diluted in PBS buffer (final curcumin concentration = 50 uM or 100 puM).
The concentration of DM SO in final aqueous solution was negligible.

At predetermined time points (30 min, 1 h, 2 h, 3 h, 4 h,5h, 6 h, 24 h, 48 h) an aliquot of
the solutions was transferred into a cuvette and the absorption spectrum was analyzed by Nanodrop
2000c UV-Vis Spectrophotometer (Thermo Scientific), scanning UV/Vis spectra from 210 to 600
nm. The average absorbance of three different samples, at each time, was used to evaluate the
stability of the solution over time.

4.4.6 TEM and DL Sanalyses

To check the morphology of CFn, the nanocages were analyzed by transmission electron
microscopy (TEM). For the analysis, a sample of a CFn solution were dropped onto the surface of a
copper net and stained with 2% phosphotungstic acid for 10 min. The molecular structure of the
sample was directly observed using TEM at 60 K and 200 kV magnification after drying the
samples at room temperature for 120 min.

For dynamic light scattering (DL S) experiments, CFn nanoparticles and free curcumin were
suspended in PBS, pH 7.20 at afinal concentration of 50 uM (of curcumin).

4.4.7 Cdl cultures

MDA-MB-231 and MDA-MB-468 TNBC cell lines were cultured in Minimum Essential
Media (MEM) and Dulbecco's Modified Eagle's Medium (DMEM), respectively, supplemented
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with 10% fetal bovine serum (FBS), 2 mM L-glutamine, penicillin (50 Ul mL™) and streptomycin
(50 mgmL™) at 37 °C in humidified atmosphere containing 5% CO, and sub-cultured prior to
confluence using trypsin/EDTA. Cell culture medium, supplements and antibiotics were purchased
from EuroClone.

4.4.8 Interaction of CFn with TNBC cells

For uptake analysis, MDA-MB-231 and MDA-MB-468 were plate (3 x 10° cells) in 12-
wells plate and incubated for 24 h at 37 °C. Then, cells were treated with 20 uM of free curcumin,
50 ug mL™* of CFn and HFn, both labeled with FITC, for 15 minutes, 1, 4, 24, 48 and 72 h at 37 °C.

For the binding assay, MDA-MB-231 and MDA-MB-468 were harvested (3 x 10° cells) in
FACS tubes. After centrifugation, cells were washed with PBS, 1% BSA solution and incubated for
2 hat 4 °Cwith 50 ug mL™ of CFn labeled with FITC in PBS, 1% BSA.

For both experiments, after the incubation times cells were washed and analyzed by
Gallios™ Flow Cytometer (Beckman Coulter Inc.). The mean fluorescence intensity of curcumin
and FITC signals were analyzed acquiring 10000 events per samples. Results obtained are
expressed as mean + standard deviation of three independent biological replicates.

4.4.9 Viability assay

To test CFn and free curcumin toxicity, MTT assay (CellTiter 96 Non-Radioactive cell
proliferation assay - Promega) was performed. MDA-MB-231 and MDA-MB-468 (10° cells cm™)
were seeded in 96-well plate, five replicates per concentration. 24 h after plating, both cell lines
were treated with 0.5, 1, 5, 10, 20, 35 and 50 uM of curcumin or CFn and incubated for 24, 48 and
72 h. Regarding the concentration of CFn, we referred to the concentration of curcumin
encapsulated inside nanocages, in order to compare the effect with the free molecule.

According to the manufacturer’s instructions, at the end of the exposure time 10 uL/well of
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) stock solution were
added. After 4 h of incubation at 37 °C a solubilizing solution (0.1 mL per well) was added to
solubilize the formazan crystals and the absorbance was read at 570 nm and at 620 nm, as
background, with EnSight™ Multimode Plate Reader (Perkin EImer®). Results were expressed as
percentage + standard deviation of three independent biological replicates, normalized with
untreated cells as control.

4.4.10 Sensitization of cellsto Doxorubicin treatment

Firstly, we assessed the activity of the three major ABC transporter proteins, responsible for
chemoresistance, using a specific assay kit (EFFLUX-ID Gold multidrug resistance assay kit —
Enzo Life Science Inc.). MDA-MB-231 and MDA-MB-468 cells (5 x 10°) were collected inside
FACS tubes, centrifuged and resuspended in DMEM without phenol red in the presence of P-gp
and MRPL1 inhibitors. After 5 minutes of incubation at 37 °C, a non-fluorescent compound
(provided by the kit) was added to each samples: this compound readily penetrates the cell
membrane and unless it is pumped out of the cells by MDR proteins, it is hydrolyzed to a
hydrophilic fluorescent dye by intracellular esterases. After 30 minutes at 37 °C, cells where
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analyzed by flow cytometry quantifying the fluorescence of the compound inside cells. The use of
specific inhibitors for MDR proteins will give an higher fluorescence intensity and alows to
measure the activity of each MDR protein.

To evaluate the effect of our nanoconstruct on sensitization of TNBC cells to doxorubicin
treatment, we used MTT assay. 10° cells of MDA-MB-231 and MDA-MB-468 were seeded in 96-
well plate and treated for 24, 48 and 72 h with 0.1, 0.5, 1, 2.5, 5, 7.5 uM of doxorubicin, five
replicates per concentration, in order to evaluate the cytotoxicity of the anthracycline drug. To
analyze if CFn and curcumin could enhance the sensitivity of the cells to doxorubicin treatments,
we combine the range of doxorubicin tested with 5, 10 and 20 uM of free curcumin or CFn.

According to the manufacturer’s instructions, at the end of the exposure time 10 uL/well of
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) stock solution were
added. After 4 h of incubation at 37 °C a solubilizing solution (0.1 mL per well) was added to
solubilize the formazan crystals and the absorbance was read at 570 nm and at 620 nm, as
background, with EnSight™ Multimode Plate Reader (Perkin EImer®). Results were expressed as
percentage + standard deviation of three independent biological replicates, normalized with
untreated cells as control.

4.4.11 Cell cycle analysis

MDA-MB-231 and MDA-MB-468 cells were seeded in a 12-well plate (3 x 10° cells per
well) and incubated for 24 h. Then, cells were treated with 5, 10 and 20 uM of free or encapsulated
curcumin and incubated for 24 and 48 h at 37 °C. At the indicated time point, cells were collected
and fixed (70% ethanol), then cellular DNA was stained with a mixture of propidium iodide (10 ug
mL™) and RNase A (20 ug mL™). 10000 events were acquired for each sample, using flow
cytometry equipped with a doublet discriminator module (Gallios™ Flow Cytometer - Beckman
Coulter Inc.) and the DNA content was analyzed by FlowJo software (TreeStar Inc., OR, U.S.A.).

4.4.12 Quantification of NF-xB phosphorylation

To quantify the decrease of NF-«xB phosphorylation we used the AlphaScreen® SureFire®

NF-«B p65 p-Ser536 assay (Perkin EImer), a sandwich immunoassay for quantitative detection of
specific protein in cellular lysates using Alpha Technology.

MDA-MB-231 and MDA-MB-468 cells were seeded in a 96-well plate (35 x 10° cells per
well) and after 24 h were treated with 20 uM free curcumin or CFn for 4 and 24 h at 37 °C. After
incubations, the AlphaScreen® SureFire® were carried out according to manufacturer’s instruction.
Briefly, cells were lysed with lysis buffer provided by the assay kit, to which protease and
phosphatase inhibitors mix were added. Then two-step assay procedures were used: the lysates
(30 pl) were added to white 96-well half area plate and 15 pl mix of acceptor beads were added to
the well. The plate was covered with a lid and incubated at room temperature for 1 hour.
Subsequently, 15l of donor beads were added, the plate was covered again with a lid and
incubated at room temperature for another 1 h in the dark. The AlphallSA signal was measured
with EnSight™ Multimode Plate Reader (Perkin EImer®).
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4.5 Results and discussion

4.5.1 Curcumin purification

Commercially available curcumin is generally composed of about 77% curcumin, 17%
demethoxycurcumin and 3% bisdemethoxycurcumin® while commercially available curcumin in
pure form is very expensive. However, it is possible to separate the three curcuminoids using
crystallization and column chromatography®. This is why we purified the commercia product
(Curcumin from Curcuma longa, powder, Sigma Aldrich) using silica column chromatography,
choosing as a mobile phase a mixture of chloroform and methanol, 98:2. After elution, the purity of
the curcumin-containing fractions was evaluated by thin-layer chromathography (TLC), using the
same mobile phase. Then, all the fractions containing the product were collected and evaporated
under reduced pressure. A TLC of the final product confirmed the purity of the compound (Fig.
4.4), TLC).

Fig. 4.4 Thin-layer chromatography (TLC) analysis of curcuminoids. Curcuminoids and pure curcumin were devel oped
on asilicagel TLC plate with chloroform : methanol (98:2 v/v). (1) Curcumin from Sigma Aldrich, (2) standard of pure
curcumin, (3) curcumin product after silica column chromatography.

4.5.2 Curcumin-encapsulated Ferritin (CFn) characterization

Although curcumin has a great potential for applications in cancer therapy and human
health, it is unstable and easily degraded, resulting in loss of its biological properties. In contrast,
the apoferritin shell is remarkably stable, so we assessed the ability of our nanoparticle formulation
to improve its bioavailability and to prevent degradation, as compared with free drug stability.

The procedure for drug encapsulation into the ferritin shell exploits the ability of HFn to
modify its quaternary structure in response to pH changes: HFn shell is unfolded into single
subunits at acidic (around 2-3) and akaline (around 11-12) pH and refolds with perfect shape
memory when the pH of the solution is brought back to neutrality. Unlike our previous work® and
other reports*>***, in this work we took advantage of the alkaline pH disassembly of ferritin for
curcumin incorporation. In this way, we could avoid the use of DM SO to solubilize this molecule, a
procedure generally required, due to the poor curcumin solubility in agueous solvents at neutral pH.
Instead, curcumin is soluble at high pH values, athough quite unstable. In particular, it is only
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stable up to 2 hin 0.1 M sodium hydroxide, although its stability increases in agueous solutions at
pH>11.73"%°_ For this reason we ran the reaction briefly (less than 30 min) at pH 12.5, then the pH
was rapidly brought to neutrality allowing ferritin to enclose curcumin. NMR analysis confirmed
that the molecule did not undergo a major degradation processes (data not shown).

The encapsulation procedure allows to improve some aspects related to curcumin
employment as a drug. In particular, curcumin's pharmacological potential is limited because of its
extremely poor water solubility. Data from literature indicate a solubility in agueous solvents
around 0.5 pg/mL "*™. After encapsulation we assessed by UV-vis measurements, that each ferritin
shell can accomodate about 80-90 molecules of curcumin (Fig. 4.5), which implies that solutions at
a final 350 pg mL™* curcumin concentration can be easily obtained. This represent a 700-fold
increase in solubility.

Curcumin calibration curvein acetic acid
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Fig. 4.5 Calibration curve obtained by measuring absorbance intensity of standard solutions of purified curcumin (from
1to 95 uM) in acetic acid.

Molecules inside the HFn cavity are also more stable and protected from the external
environment. Since curcumin possess a typical absorption peak, a set of absorption analyses were
performed under both akaline and physiological conditions, in order to confirm the stability
enhancement for the nanoformulated curcumin. Free curcumin exhibits a maximal absorption at
~430 nm, while the HFn-loaded curcumin sample has a maximal absorption around 400 nm,
suggesting a possible interaction with the protein shell. According to previous studies, the free
curcumin decomposes rapidly at neutral pH**’: as shown in Fig. 4.6, the intensity of the peak at 430
nm decreases over time, while a new peak appears at ~270 nm, probably due to degradation
products, such as ferulic acid and vanillin. In contrast, the encapsulated molecules maintained their
stability over time, and about the 70% was almost unchanged after 48 h (Fig. 4.7). In addition, it
should be underlined that the yellow-orange color of CFn solutions at pH 7.2 was maintained, while
the free curcumin, even if stored in the dark, gradually lose color confirming the photosensitivity of
the molecule. Stability analysis performed at akaline pH confirmed the rapid degradation even of
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encapsulated curcumin: under these conditions the protein shell opens and ferritin no longer
protects curcumin from degradation, then the two profiles are similar.

Transmission electron microscopy (TEM) analyses of CFn (Fig. 4.8) showed that the
nanoparticles generated are spherical with a diameter of about 12 nm, as expected, very similar to
the control sample of apoferritin. This result is confirmed by aso the DLS, with a hydrodynamic
diameter of 14,3 £ 0,18 nm (Fig. 4.9). Noteworthy, free curcumin dissolved in DM SO, then diluted
in PBS displayed a large hydrodynamic diameter in DL S, suggesting that the lipophilic character of
curcumin promotes the formation of aggregates, probably micellar.
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Fig. 4.6 UV spectraof (a) curcumin and (b) CFnin PBSpH 7.2, 25 °C, at different time points.
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Fig. 4.7 Stability of free and encapsulated curcumin, in PBS pH 7.2 at 25 °C, obtained by analyzing the absorption
intensity at A = 434 nm and 403 nm, respectively.

Fig. 4.8 Characterization of the nanocages. CFn morphology was evaluated with TEM analysis, obtaining a
monodispersed solution of nanocages with spherical shape and a diameter of 12 nm, just like standard ferritin.
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Fig. 4.9 Dynamic Light Scattering (DLS) analyses of (a) CFn in PBS buffer, (b) curcumin in DMSO and (c) curcumin
solubilized in DM SO and then diluted in PBS buffer. The green, red and blue lines represent three different samples.

4.5.3 Interaction of CFn with TNBC cells

In the present work, MDA-MB-468 and MDA-MB-231 cancer cells derived from human
breast adenocarcinoma were selected for the in vitro experiments as TNBC model cell lines. After
the characterization of our nanocage, CFn nanoparticles were labeled with FITC (CFn-FITC) and
used to evaluated tumor cell internalization. For this purpose, we treasted MDA-MB-468 and MDA -
MB-231 cells with 50 pg mL™ of CFn-FITC and HFn-FITC, as a control, analyzing the
fluorescence signal of FITC by flow cytometry at different time points. As shown in Fig. 4.10 CFn
showed the same internalization kinetics observed for HFn in both cell lines, suggesting that our
encapsulation does not affect the functionality and efficiency of nanocages. In addition, the data are
consistent with our previous observations®®, whereby ferritin cages were internalized rapidly in the

131



first 4 h, while the fluorescence decreased after 24 h, suggesting that exogenous protein was
degraded or combined with the endogenous unlabeled one.
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Fig. 4.10 Interaction of CFn with TNBC cells. For uptake anaysis, MDA-MB-231 and MDA-MB-468 cells were

treated with 50 ug mL™ of CFn or HFn, both labeled with FITC, for 15 minutes, 1, 4, 24, 48 and 72 h at 37 °C. The
mean fluorescence intensity of FITC was determined by flow cytometry.

To confirm that even after curcumin loading the internalization was mediated by TfR1
resulting in clathrin-dependent uptake, we inhibited active endocytosis by incubating CFn-FITC
and maintaining cells at 4 °C for 2 h (Fig. 4.11). Results obtained by flow cytometry show that the
inhibition of all active endocytosis pathways reduced the uptake of CFn up to 77% + 0.70% and
68% = 0.68% in MDA-MB-468 and MDA-MB-231 respectively, compared to the physiological
condition at 37 °C, confirming that our nanovehicle exploits an active endocytosis pathway to enter
the cells, presumably mediated by TfR1. Furthermore, the percentages that we have obtained also
match the amount of internalized CFn by TNBC cells after 1 h of treatment.
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Fig 4.11 Effects of endocytosis inhibition on CFn internalization in MDA-MB-468 and MDA-MB-231. Histograms
represent the percentage of CFn-FITC (50 ug mL™) internalized by cells without any endocytosis inhibition (at 37 °C)
and cells maintained at 4 °C for 2 h. The percentage of uptake was calculated by fluorescence intensity, as measured by
flow cytometry, setting at 100% the uptake of untreated cells. **, P<0.01 after one-way ANOVA.

4.5.4 Comparison of free curcumin and CFn cytotoxicity

One purpose of our work was to enhance the bioavailability of curcumin through its
encapsulation inside the nanocages, thus increasing anticancer activity of the molecule against
TNBC cells. We assessed preliminarily the cytotoxicity of free and nanoformulated curcumin (CFn)
on MDA-MB-468 and MDA-MB-231 by the MTT viability assay, by treating both cell lines with
the drug in a concentration range 0.5 to 50 uM. The range of concentration was established based
on our previous work and on data from literature, without exceeding a 0.1% DMSO
concentration®4°73,

The data presented in Fig. 4.12 show that free curcumin exerts a dose and time-dependent
effect, which is not detected when the molecule is encapsulated inside HFn. This is more evident
for MDA-MB-231 cells, where CFn shows the same effect at all concentrations, suggesting that the
nanoformulation alows a stronger effect at minimal concentrations, compared to free drug.
Furthermore, the action of CFn was faster on both cell lines: actually, after 24 h the percentage of
viability was much lower in comparison to free curcumin, but the difference decreased at later
times. Moreover, it isinteresting to note that the treatment with CFn is more reproducible compared
to free curcumin, probably due to the enhancement of the solubility of the molecule in agueous
solution.
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Figure 4.12 MTT-based cytotoxicity of free curcumin (A,B) and CFn (C,D) on TNBC cells. MDA-MB-468 (A,C) and
MDA-MB-231 (B,D) were treated with different concentrations of free and nanoformulated curcumin for 24, 48 and 72
h. At the end of incubation time, MTT was added to cells and absorbance of formazan salt product was read at 570 nm.
The profiles represent percentage of cell viability compared to untreated cells set at 100% * standard deviation.

4.5.5 Sengitization of cellsto doxorubicin treatment

As curcumin acts as a chemosensitizer, we evaluated the modulation of doxorubicin
treatment by CFn, by incubating two cell lines with doxorubicin (0.1 to 7.5 uM), adding at the same
time different concentrations of CFn or free curcumin (5, 10 and 20 pM equivalent to curcumin). At
different time points (24, 48 and 72 h) we analyzed cell viability by the MTT assay (Fig. 4.13)
observing that already after 24 h CFn enhanced the sensitization of MDA-MB-468 to doxorubicin
much more than curcumin alone and also at the minimal concentration. In MDA-MB-231 CFn
slightly enhanced the effect of doxorubicin only after 72 h of treatment, but also in this case as low
as 5 UM of CFn is more effective than free curcumin.
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Figure 4.13 Cytotoxicity of free curcumin and CFn in combination with doxorubicin, on TNBC cells. MDA-MB-468
and MDA-MB-231 were treated with different concentrations of free and nanoformulated curcumin for 24, 48 and 72 h.
At the end of the incubation time, MTT was added to cells and absorbance of formazan salt product was read at 570 nm.
The profiles represent percentage of cell viability compared to untreated cells set at 100% =+ standard deviation (*
P<0.05vs DOX, ©~ P<0.05 vs DOX+CUR).

As mentioned above, curcumin has a "pleiotropic” effect, being able to act on multiple
cellular targets related to cancer. One among its numerous activities is the capability of altering the
functionality of MDR proteins through a direct inhibition of the efflux or the decrease in the genes
expression®*, and MDR transporters are the main mechanism by which cells become resistant to
doxorubicin. So we checked whether the observed effect in this type of cells could be mediated by
an action of curcumin on these proteins. We assessed the presence of a basal MDR mechanism due
to the presence of P-gp and MRP1 on our cell lines, using a specific assay (eFluxx-ID Gold
multidrug resistance assay kit). The kit contains a hydrophobic non-fluorescent compound that
penetrates the cell membrane and is subsequently hydrolyzed by intracellular esterases that cleave
the compound, which becomes fluorescent. In this way, the dye is trapped inside the cells and could
be effluxed only by MDR proteins. The addition of specific inhibitors of ABC transport allows us
to analyze the activity of a particular ABC transporter quantifying the dye signal by flow cytometry.
Our analysis demonstrated that in both cell lines the activity of P-gp (specific inhibitor: Verapamil)
and MRP1 (specific inhibitor: MK571) is present, but in MDA-MB-231 MRP1 seems to be
predominant (Fig. 4.14).
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Fig. 4.14 The activity of ABC transporters was assessed using a specific assay kit in the presence and the absence of P-
gp or MRPL1 inhibitors. A non-fluorescent compound readily penetrates the cell membrane and unless it is pumped out
of the cells by MDR proteins, it is hydrolyzed to a hydrophilic fluorescent dye by intracellular esterases. Cells where
analyzed by flow cytometry by quantifying the fluorescence of the compound inside the cells.

4.5.6 Effect of CFn on cell cycle

Another important activity of curcumin is the ability to modulate the cell cycle causing the
accumulation of cellsin G2/M phase®*2. When treating the two TNBC cell lines with 5, 10 and 20
MM of curcumin up to 48 h we noticed the same effect reported in literature, in particular for MDA-
MB-468 incubated with 20 pM of curcumin® (Fig. 4.15). As regards the treatment with CFn, all
three concentrations assayed induced the accumulation of MDA-MB-468 in G2/M phase after 48 h
of treatment. In the case of MDA-MB-231, we observed instead an increase in GO/G1 phase and a
decrease in G2/M phase after 48 h of treatment. These data suggest that in this cell lines the
nanoformulated curcumin could block the proliferation of cells, instead of inducing apoptosis.
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Fig. 4.15 Cell cycle analysis. Cell counts in each phase of cell cycle of MDA-MB-468 AND MDA-MB-231 treated
with different concentrations of free or encapsulated curcumin.
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4.5.7 Effect of CFn on the NF-kB pathway

It is well known that curcumin possesses anticancer properties also due to the inhibition of
the NF-«B pathway, thus decreasing the proliferation of cancer cells™”. NF-«B is a transcription
factor existing in latent state in the cytoplasm through the binding with 1kB protein. Under various
stimuli, the IKK complex phosphorylates IkB proteins causing their degradation, while other
protein kinases promote the translocation of NF-«B into the nucleus by phosphorylating p65, one
of the NF-«B subunits”. Curcumin is able to interact with the IKK complex, thus inhibiting the
degradation of 1B proteins and avoiding the activation of the transcription factor’.

Using a novel technique called Alpha Technology (Perkin EImer), we analyzed if curcumin
encapsulated inside our nanoconstruct could induce a decrease in NF-«B activity in our TNBC cell
line models. Alpha Technology is a bead-based proximity assay by which it is possible to quantitate
complex cellular processes using simple no-wash microtiter plate based assays. Using beads
specific for the phosphorylation of the p65 NF-xB subunit, we evaluated the Alpha signal of cell
lysates after curcumin or CFn treatment. As expected, we observed that in both cell lines free
curcumin induced a significant decrease in NF-xB phosphorylation after 4 and 24 h of treatment
(Fig. 4.16). Surprisingly, the nanoformulation of curcumin was active only on MDA-MB-468 after
24 h of treatment, rather than in MDA-MB-231. We can therefore assume that NF-xB is no longer a
preferred target for curcumin after its encapsulation: perhaps the cage, changing some of its
features, directs curcumin primarily to other targets, which could still justify the observed effects.
NF-xB does not seem any more to be a maor mediator of curcumin action, while further
experiments are required to identify what pathways modulate the action of CFn.
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Fig. 4.16 Quantification of the decrease in NF-xB phosphorylation using a sandwich immunoassay for quantitative
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4.6 Conclusions

Turmeric offers a great potential as a source of a natural therapeutic such as curcumin,
recognized as safe. Unfortunately, curcumin does not possess the characteristics that would make it
a good drug candidate, and even though it is known since centuries and multiple therapeutic
activities are ascribed to it, it still has dark sides, enough to be considered an "invalid metabolic
panaceas’. On one hand, it was used in Chinese medicine as early as the second millennium BC for
the treatment of multiple diseases and it is considered to be active on many intracellular pathways.
On the other hand, no double-blinded, placebo controlled clinical trial of curcumin has been
successful .

In this work, by taking advantage of ferritin, we have developed a system that has enable us
to overcome some of the most critical aspects related to curcumin administration: poor solubility,
chemical instability, pharmacokinetic, pharmacodynamics and ADME problems. Nevertheless,
other important issues have still to be addressed. HFn maintains the capability of self-assembling,
disassembling and reassembling with shape memory into a 24-H subunit nanocage depending on
pH changes: in particular, by exploiting basic pH, it was possible to load curcumin, in asimple and
quite reproducible manner. Noteworthy, we worked on pure curcumin, purified from a commercial
mixture by flash chromatographic on silicagel. In this way, we focused on a single active molecule,
removing possible ambiguities that are often associated with the use of curcumin or more generally
of turmeric extracts.

Once encapsulated, the protein shell protects the molecules from the external environment,
increasing the stability of curcumin in agueous solution under conditions that normally lead to a
rapid degradation: actually, about 70% of curcumin was still stable after 48 h. Furthermore, the
system allowed obtaining high concentrations of the drug in aqueous medium, thus overcoming the
poor solubility of the molecule.

We then compared the effect of our curcumin nanoformulation with that of free curcumin,
by assaying the effect of both on triple negative breast cancer cell lines, which are the most
refractory to treatments, being resistant to common cytotoxic drugs and lacking receptors for a
targeted therapy. We first verified that HFn was uptaken by the cells, as already seen in other cell
lines® 8. As expected, ferritin cages were internalized rapidly and this process was still mediated
by TfR1, resulting in clathrin-dependent uptake. Subsequently, we used CFn to treat MDA-MB-468
and MDA-MB-231 cells and comparing the effects with those exerted by equal concentrations of
free molecule. The results obtained from viability assays revealed that encapsulated curcumin at
minimal concentration was more effective compared to free drug. This is probably due to various
factors, including the increase in solubility and chemical stability, but also because the free drug, in
this concentration range, forms colloidal aggregates (as highlighted in DLS) which make its action
more variable.

One of our goals was to verify the action of curcumin on resistance mechanisms that make
this type of tumors scantily responsive to even the most effective drugs, such as doxorubicin. So, to
evauate the modulation of doxorubicin treatment by CFn, we treated both cell lines with a
combination of doxorubicin and curcumin or CFn, then analyzed cell viability. CFn strongly
enhanced the sensitization of MDA-MB-468 to doxorubicin, being much more effective than
curcumin alone. In MDA-MB-231 cells this effect was weaker and appeared at longer times, but
was still detectable. Unfortunately, it was not possible to clarify the mechanisms underlying CFn’s

140



activity. It is generally accepted that it has a pleiotropic effect?, as it acts on multiple cellular
pathways. We therefore analyzed three of them, i.e., MDR proteins, cell cycle and NF-xB pathway.
First, we sought to test whether CFn acts on proteins involved in MDR, namely the ABC
transporters, that are primarily responsible for the resistance to treatments with doxorubicin. In both
cell lines, the activity of P-gp and MRP1 was present, but in MDA-MB-231 the effect of latter was
apparently stronger. It will be important to check whether the action and the expression of these
proteins is modulated by curcumin, free or nanoformulated. Some previous reports have
demonstrated this activity®*>°, but our preliminary experiments have yielded contradictory results:
so thisis an issue that should be definitely addressed and more thoroughly investigated. As regards
the cell cycle, the accumulation observed in GO/G1 (in MDA-MB-231) or G2/M (in MDA-MB-
468) phases after 48 h of treatment suggested that nanoformulated curcumin could block the
proliferation of cells instead of inducing apoptosis. This result is only partialy in agreement with
previous works reporting on the effect of other types of nanoparticles, on breast cancer cells®.

Finally, after encapsulation, NF-xB was no longer a preferred target for curcumin because
the nanoformulation did not induce a significant decrease in NF-xB phosphorylation, unlike free
curcumin. Perhaps the cage might primarly direct curcumin on other targets.

It can be concluded that ferritin overcomes some shortcomings in curcumin use, making it a
promising molecule for cancer treatment. Further investigations are required to clarify the
mechanisms underlying its action and of course, bioavailability studies will be also required. In any
case HFn-encapsulated curcumin can be still regarded as an useful tool in the treatment of triple
negative breast cancer.
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CHAPTER 5

Apoferritin nanocages for targeted
delivery of miRNA inhibitorsto
overcome Trastuzumab resistance
iIn HER2+ breast cancer



5.1 HERZ2 positive breast cancer

Human epidermal growth factor receptor 2 (HER2) is overexpressed in about 20-30% of
breast cancer tumors and it is associated with a more aggressive disease, higher recurrence rate and
shortened survival™? It may be important to emphasize that although HER2 overexpression has
been described in a variety of human malignant conditions, gene amplification is rare except in
breast cancer where amplification of the gene occurs in approximately the same proportion of
protein overexpression”.

HER?2, also referred to as HER2/neu or ErbB2, is a 185 kDa receptor first described more
than three decades ago® and it is part of the epidermal growth factor (EGF) family, along with 3
other receptors. epidermal growth factor receptors HER1 (ErbB1), HER3 (ErbB3) and HER4
(ErbB4). These transmembrane tyrosine kinase receptors lie at the head of a complex signal
transduction cascade that normally regulate cell growth and survival, adhesion, migration,
differentiation and other cellular responses’ (Fig. 5.1 A). The intracellular tyrosine kinase domains
are activated by both homodimerization and heterodimerization, generally induced by ligand
binding, but HER2 is able to adopt a fixed conformation resembling a ligand-activated state,
permitting it to dimerize with one of the other EGF receptors in the absence of aligand. Moreover,
it is the only receptor in the EGF family without identified ligands’.

While growth-factor-induced EGFR signaling is essential for many processes and involved
in numerous additional cellular responses, the aberrant activity of members of this receptor family
has been shown to play a key role in the development and growth of tumor cells. In particular,
HER2 overexpression plays a crucial role in pathogenesis of many human cancer types®. Sure
enough, HER2 signaling promotes cell proliferation through the RassMAPK pathway and inhibits
cell death through the PISK/Akt/mTOR cascade. MAPK is a protein kinase that regulates cell
function including proliferation, gene expression, differentiation, mitosis, cell survival and
apoptosis; AKT is a serine/threonine-specific protein kinase involved in cellular survival pathways,
by inhibiting apoptotic processes (programmed cell death); mTOR regulates the cellular functions
that integrate upstream signaling inputs and is a central regulator in mammalian metabolism and
physiology®.

Of our particular interest is a member of the PI3K/Akt pathway, the phosphatase and tensin
homolog (PFTEN). PTEN is a dua phosphatase that mainly dephosphorylates membrane
phosphatidylinositol-(3,4,5)-triphosphate (PIP3) leading to the biphosphate product PIP2 and
therefore resulting in inhibition of the AKT signaling pathway"®. Loss of PTEN function have been
reported in nearly 50% of breast cancers and in many other cancer types™°.
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Fig. 5.1 Signal Transduction by the HER Family and Potential Mechanisms of Action of Trastuzumab. As shown in
Panel A, the four members of the HER family are HER1, HER2, HERS, and HER4. There are receptor-specific ligands
for HER1, HER3, and HER4. An intracellular tyrosine kinase domain exists for HER1, HER2, and HERA4.
Phosphorylation of the domain by means of homodimerization or heterodimerization induces both cell proliferation and
survival signaling. HER? is the preferred dimerization partner for the other HER family members. The phosphorylated
(activated) tyrosine residues on the intracellular domain of HER2 activate the lipid kinase PI3K, which phosphorylates
a phosphatidylinositol that in turn binds and phosphorylates the enzyme Akt, driving cell survival. In paralel, a guanine
nucleotide exchange factor (SOS) activates RAS enzyme that, in turn, activates RAF and then the mitogen extracellular
signal kinase (MEK). MEK phosphorylates, among others, the MAPK, driving cellular proliferation. One of many other
downstream effects is the production of vascular endothelial growth factor (VEGF) supporting angiogenesis. The most
well-documented potential mechanisms of action are shown in panels B-F. (B) Cleavage of the extracellular domain of
HER2 |leaves a membrane-bound phosphorylated p95, which can activate signal-transduction pathways. (C) Binding of
trastuzumab to HER2 reduces shedding of the extracellular domain, thereby reducing p95. (D) Trastuzumab may reduce
HER2 signaling by physicaly inhibiting either homodimerization or heterodimerization. (E) Trastuzumab may recruit
Fc-competent immune effector cells and the other components of antibody-dependent cell-mediated cytotoxicity,
leading to tumor-cell death. (F) Additional mechanisms such as receptor down-regulation through endocytosis have
been postul ated®.
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5.1.1 Trastuzumab treatment

Prior to the development of HER2-targeted therapy, HER2-positive BC was characterized
by a very aggressive cancer phenotype and a poor prognosis, including higher mortality in early
stage, reduced time to relapse and an increased incidence of metastasis"*!. Over the past decade,
the management of these cancers has evolved considerably, thanks to advances in screening, genetic
testing, imaging, surgical and radiation techniques, but also innovations in medical therapy
including widespread use of HER2-directed therapy in early and advanced BC'. An ample
numbers of agents that target the receptor have been introduced, including monoclonal antibodies,
small molecule and antibody drug conjugates (Tab. 5.1). The prototype of this directed therapy is
Trastuzumab, (TZ, Herceptin®) a humanized monoclonal antibody targeting the HER2 receptor,
which was approved by the FDA in 19982, It consists of two antigen specific sites that bind to the
juxtamembrane portion of the extracellular domain of the receptor, preventing ligand-independent
HER2 signaling and downregulating HER2 expression. The remainder of antibody is a human 1gG
with a conserved Fc portion®.

Tab. 5.1 HER? directed targeted therapy approved for the management of HER2-positive breast cancer™.

Class Comments

Monoclonal antibodies

Trastuzumab A humanized monoclonal antibody directed
against the extracellular domain of the HER2
receptor that prevents ligand-independent
HER?2 signaling.

Pertuzumab A humanized monoclonal antibody that binds
to the extracellular domain Il of HER2 and
inhibits ligand-dependent HER2-HER3
dimerization.

Antibody drug conjugates
Ado-trastuzumab  An antibody-drug conjugate consisting of the
emtansine cytotoxic agent DM linked to trastuzumab.

Small molecules inhibitors

Lapatinib An oral dual EGFR/ErbB2 reversible tyrosine
kinase inhibitor blocking both HER| &
HER?2 that suppresses the downstream
pathways.

Afatinib, neratinib Irreversible tyrosine kinase inhibitor of EGFR/
HER2/HER4

Trastuzumab: mechanism of action

The mechanism of action of TZ has not been clearly understood and it is likely multifaceted.
Being an 1gG1, its proposed functions may be divided into those mediated by Fab (fragment antigen
binding) or Fc (fragment crystallisable) regions. The Fab contains the antigen-binding sites of the
antibody, whereas the Fc contains the binding sites for Fc receptors present on immune cells,
platelets, hepatocytes and endothelial cells™.
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Several possible mechanisms by which TZ might decrease intracellular signaling include
prevention of HER2-receptor dimerization, increased endocytotic destruction of the receptor,
inhibition of proteolytic cleavage that results in shedding of the extracellular domain and production
of atruncated and phosphorylated (active) membrane-bound fragment, p95HER23*? (Fig. 5.1 B-F).
All these processes led to a cytostatic effect that is associated with G1 arrest, a noted increase in p27
levels and a decrease in cyclin D1 and cyclin-dependent kinase 2 activity™>™.

TZ aone does not seem to promote a significant level of apoptosis, but it is synergistic with
most chemotherapeutics, probably due to the inhibition of the PI3K/Akt signaling pathway, which
normally promotes cell survival’®. In 2004, Nagata et al. demonstrated that treatment with TZ
quickly reduced the level of phosphorylated and activated Akt, in BT474 and SKBR3 breast cancer
cells, and that this effect is mediated by PTEN, whose phosphatase activity dramatically increased.
Moreover, TZ induces PTEN activation by increasing its translocation from the cytoplasm to the
membrane, through reducing the inhibitory tyrosine phosphorylation of PTEN. TZ activates PTEN
by inhibiting Src association with HER2 in HER2-overexpressing breast cancer cells’. Furthermore,
normal PTEN levels are required for the antiproliferation function of TZ and consequently a PTEN
reduction led to resistance to the antiproliferation effect of TZ in BC cells and in fact patients with
PTEN-deficient breast cancers have a poor clinical response to trastuzumab® (as we will discuss
later).

Nevertheless, the innate response alone does not fully explain the effect of TZ on tumor
regression. Adaptive mechanisms are also present and involve antibody-dependent cell-mediated
cytotoxicity (ADCC) and the need of an operationa Fc receptor for trastuzumab antitumoral effect
was shown in several xenograft models'”*8. This s likely to be T-cell mediated, through activation
of the Fc receptor, leading to increased cell death™. At the same time, the clinical importance of
complement activation mediated by TZ Fcislessclear.

Apart from the Fc-mediated cytotoxicity, the Fc portion of human IgG1 such as trastuzumab
is important also for maintaining the serum levels of the antibody: intact 1gG has been long
recognized as more stable in serum and having longer half-life than Fab fragments. Untouched
human 1gG1 Fc binds to FCRn (neonatal Fc receptors) on endothelial cells and on phagocytes,
becomes internalized and recycled back to the blood stream to enhance its half-life within the
body13'2°.

Therapeutic efficacy of Trastuzumab treatment

TZ has been shown to be effective and relatively safe in combination with most
chemotherapeutic agents used in the treatment of breast cancer. In particular, it should be
considered for the management of al metastatic breast cancers with HER2 overexpression:
patients with moderate to high-risk, rapidly progressive cancer characterized by a negative
hormone-receptor status and extensive visceral metastases are candidates for immediate treatment
with chemotherapy and should receive the appropriate agent (or agents) with TZ. The benefit of TZ
in the first-line treatment was demonstrated in a pivotal phase I11 trial in which women received
standard chemotherapy (paclitaxel or anthracycline and cyclophosphamide) with or without
trastuzumab®. Other trials showed similar findings and demonstrated the benefit of adding
trastuzumab to taxanes-based chemotherapy®?3, but also to other chemotherapeutic agents such
as platinum compound and gemcitabine.
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Indeed, it is not clear whether antibody therapy should precede, follow, or be added to
hormone therapy for the subgroup of patients with HER2-positive and hor mone receptor positive
disease but surely the administration of HER2-targeted therapy plus an aromatase inhibitor is an
effective treatment strategy for the subset of postmenopausal women with HER2-positive
metastatic breast cancer .

However, since trastuzumab monotherapy appears to be effective for the treatment of
advanced metastatic breast cancer, its use as a single agent for newly discovered metastatic
disease can be considered and this strategy would delay the initiation of chemotherapy with its
attendant side effects, possibly resulting in a better quality of life>%.

Lastly, the efficacy and adverse-event profile of trastuzumab for HERZ2-dependent
metastatic breast cancer led to investigation of this antibody as adjuvant treatment for women
with early-stage, HER2-positive breast cancer. Based on results from five randomized trials, one

year of adjuvant TZ has become standard therapy for women with HER2-positive breast cancer®*.

Limitationsin the use of trastuzumab

Despite the impact of TZ and improvement in outcomes for women with HER2-positive
breast cancer, this drug present also some negative aspects. One important limitation is that it is a
large molecule and does not efficiently cross the intact blood-brain barrier, to reach possible
metastases in the brain. Thus, the central nervous system appears to serve as a sanctuary for the
tumor, with disproportionate rates of relapse in the brain and baleful consequences’”®. New
approaches to HER2-positive central nervous system disease are therefore needed.

Moreover, TZ therapy has been associated with an increased risk of cardiac toxicity,
especially when used in combination with anthracyclines. Herceptin can damage the heart and
itsability to pump blood effectively. This risk has ranged between 5% to 30%. In addition, it
causes flu-like symptoms (fever, chills, muscle aches, nausea) in about 40% of the people who take
it?.

Resistance to trastuzumab therapy has also been documented: the response rate to TZ
monotherapy is less than 35%, while the 60% of patients with HER2 positive cancers on regimens
combining trastuzumab with microtubule stabilizing drugs do not respond to treatment®.
Additionally, most patients who achieve an initial response develop resistance to trastuzumab
within 1 year™. Resistance is a major clinical issue, occurring in both early and advanced breast
cancer. For this reason, much effort has been spent on searching for biomarkers of trastuzumab
sengitivity, other than HER2, and exploring the mechanisms underlying development of
trastuzumab resistance. However, to date, thereis still no convincing conclusion®.

5.1.2 Trastuzumab resistance

Trastuzumab has become widely and successfully used for the treatment of HER2 positive
breast cancer but as we touched on in the previous paragraph, resistance to this drug is an important
issue which affects outcome for a subset of patients. Understanding the mechanisms of action and
resistance to trastuzumab is therefore crucia for the development of new therapeutic strategies.
Several models of resistance have been proposed; no clear etiology has been identified, but several
hypotheses have emerged.

Generally, have been identified four mechanisms that can explain the development of
resistance: (1) obstacles for trastuzumab binding to HER2, (2) upregulation of HER2 downstream
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signaling pathways, (3) signaling through alternate pathways and (4) failure to trigger immune-
mediated mechanisms to destroy tumor cells®,

Obstaclesfor trastuzumab binding to HER2

It has been identified a congtitutively active but amino terminal truncated form of HER2
receptor, called p95-HER2, which has kinase activity but lacks the extracellular domain and the
binding site of trastuzumab (Fig. 5.2 A). A retrospective study revealed a strong association
between the presence of p95-HER2 and clinical resistance to TZ treatment.

Not only the lack of TZ binding site, but also the epitope masking has been investigated as a
mechanism of resistance to TZ: for example, mucin 4 (MUC4) is a large, highly O-glycosylated
membrane-associated glycoprotein, which may interfere with trastuzumab binding to the HER2
receptor® (Fig. 5.2 B).

Up-regulation of HER2 downstream signaling pathways

As we know PTEN normally inhibits the activation of PI3K and therefore PTEN loss or
decreased levels (caused by mutation of PTEN itself or by transcriptional regulation) results in
increased PI3K/Akt phosphorylation and signaling, preventing TZ-mediated growth arrest of
HER2-overexpressing breast cancer cells®’ (Fig. 5.3). Clearly even PI3K mutations and Akt
changes have been implicated in trastuzumab resistance through PI3K/Akt/mTOR pathway
activation: for example, TZ-resistant BT474 cells generated by continuous culture of previously
sensitive cellsin TZ-containing medium have elevated levels of phosphorylated Akt and Akt kinase
activity as compared with BT474 parental cell line®**,

So, reduced PTEN expression has been identified as a strong indicator to predict TZ
resistance in BC patients and members of the PI3K pathway, as well as PTEN, are molecular targets

for overcoming trastuzumab resistance”*.

Signaling through alter nate pathways

This mechanism has been linked to TZ resistance in various preclinical models, but more
detailed studies are needed. Lu and colleagues showed that the trastuzumab-induced growth
inhibition in HER2-overexpressing cells can be compensated for by increased IGF-IR (insulin-like
growth factor receptor) signaling, resulting in resistance to trastuzumab®*’. As an aternative,
overexpression of HER3, EGFR homodimers and EGFR/HER3 heterodimers, lacking HER2, could
potentially bypass TZ blockade and contribute to resistance™®.

Failuretotrigger immune-mediated mechanisms

Polymorphism influencing the affinity of 1gG1l to the Fc receptor can lead to failed
activation of immune-mediate mechanisms which should destroy tumor cells. And thisis even more
important taking in account that recent evidences has increasingly stressed the importance of ADCC
asamajor player in TZ antitumoral effect™.
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Fig. 5.2 General mechanisms of resistance to trastuzumab: obstacles for trastuzumab binding to HER2. (A) A
constitutively active truncated form of HER2 receptor that has kinase activity but lacks the extracellular domain and the
binding site of TZ is originated from cleavage of the full-length HER2 receptor. TZ does not bind to p95HER2 and
therefore has no effect. The remaining intracellular domain of p95HER2 has operational kinase domains and can be

targeted by the TK inhibitor lapatinib. (B) Epitope masking by mucin MUC4 or CD44/polymeric hyaluronan
complex®,
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Fig. 5.3 General mechanisms of resistance to trastuzumab: presence of upregulation of HER2 downstream signaling
pathways. PTEN is atumor suppressor. TZ binding stabilizes and activates PTEN and consequently down-regulates the
PI3K/Akt signaling pathway. When PTEN function is lost, PI3K remains constitutively active regardless of binding of
TZ to HER2. Genomic aberrations in the PI3K pathway produce constitutive activation of the pathway, which will
signal downstream to the nucleus regardless of TZ binding to HER2".

5.1.3 Other therapeutic options

The emergence of patterns of resistance to trastuzumab has led to the discovery of new
monoclonal antibodies and other targeted agents aimed at overcoming TZ resistance and improving
survival in patients diagnosed with HER2 positive breast cancers.

Lapatinib (Tykerb /Tyverb, GlaxoSmithKline) is a dual EGFR and HER2 reversible tyrosine
kinase inhibitor (blocking both HER1 and HER2) that suppress the downstream signaling involving
MAPK/Erk1l/2 and PI3K/Akt pathways. Lapatinib has been shown to be effective in inhibiting
growth of breast cancer cell lines known to be resistant to TZ*. Scaltriti and colleagues tested
Lapatinib also in p95-HER2 preclinical models, as a strategy to prevent HER2 signaling despite
loss of the TZ binding site™.

Pertuzumab is a humanized monoclonal antibody that targets HER2 but attaches to a
different site (domain I1) on the receptor and, as such, inhibits heterodimerization between HER2
and other HER receptors®. So, its mechanism of action is complementary to TZ and in fact it has
shown modest antitumor clinical activity alone, but appears to be avery good synergistic drug when
combined with TZ*,

Others HER2-directed therapies include Afatinib and Neratinib, irreversible binders of the
HER receptors, aswell as Hsp90 inhibitors and PI3K inhibitors.
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Finally, active immunotherapy using therapeutic vaccine to activate patient’s own immune
system is a potential therapeutic option, based on the observation that some HER2 positive BC
patients develop spontaneous anti-HER2-specific immunity with both cellular and humoral
responses. HER2-directed vaccines which include peptide/protein-based, DNA-based, whole tumor
cell-based, and dendritic cell-based vaccines are currently under various phases of investigation®.
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5.2 MicroRNAs

Micro-RNAs (miRNAS) are a class of non-coding and single-stranded small RNAs (20-24
nucleotides) that are endogenously expressed in mammalian cells. They modulate gene expression
by negatively regulating the stability or trandational efficiency of their target mRNAS, in one of
two ways depending on the degree of complementarity between the miRNA and the target®*“2.
MiRNAs that bind with perfect or nearly perfect complementarity to protein-coding mRNA
sequences induce the RNA-mediated interference (RNAI) pathway, resulting in the degradation of
target MRNAs. However, most miRNAs are thought to use a second mechanism: they bind to
imperfect complementary sites within the 3 untranslated regions (UTRs) of their mRNA targets
and repress gene expression at the level of transation® (Fig. 5.4). The human genome may encode
over than 1000 miRNAs.

ORF -\—/
Translational repression
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Nature Reviews | Cancer

Fig. 5.4 The biogenesis of microRNAs. MicroRNA (miRNA) genes are generally transcribed by RNA Polymerase 11
(Pol 1) in the nucleus to form large pri-miRNA transcripts, which are capped and polyadenylated. Pri-miRNA
transcripts are processed by the RNase 111 enzyme Drosha and its co-factor, Pasha, to release the ~70-nucleotide pre-
miRNA precursor product. RAN-GTP and exportin 5 transport the preemiRNA into the cytoplasm. Subsequently,
another RNase |11 enzyme, Dicer, processes the pre-miRNA to generate a transient ~22-nucleotide miRNA:miRNA*
duplex. This duplex is then loaded into the miRNA-associated multiprotein RNA-induced silencing complex (miRISC),
which includes the Argonaute proteins, and the mature single-stranded miRNA is preferentially retained in this
complex. The mature miRNA then binds to complementary sites in the mRNA target to negatively regulate gene
expression in one of two ways that depend on the degree of complementarity between the miRNA and its target.
miRNAs that bind to mRNA targets with imperfect complementarity block target gene expression at the level of protein
translation. Complementary sites for miRNAs using this mechanism are generally found in the 3’ untranslated regions
(3 UTRs) of the target mMRNA genes. miRNASs that bind to their mRNA targets with perfect (or nearly perfect)
complementarity induce target-mRNA cleavage. miRNAS using this mechanism bind to miRNA complementary sites
that are generally found in the coding sequence or open reading frame (ORF) of the mRNA target™®.
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The current challenge is to accurately identify targets that are regulated by miRNAs.
Because miRNAs usually bind to their targets with incomplete complementarity, the identification
of gene targets with a simple BLAST (Basic Local Alignment Search Tool) is impossible.
Moreover, asingle miRNA might bind to as many as 200 gene targets, which can be diverse in their
function. So, miRNASs potentially control the expression, at least, of about one-third of human
mRNAs*,

Out of hundreds of miRNAs that have been identified, a small number have been
characterized and they have been shown to control cell growth, differentiation and apoptosis.
Consequently, impaired miRNA expression has been implicated in tumorigenesis and may function
as oncogenes or tumor suppressing genes™**’. Another evidence is that about 50% of human
mMiRNAs are located in areas of the genome, known as “fragile sites’, that are associated with
cancer. For example, mir-125b-1 islocated in a fragile site on chromosome 1124, which is deleted
in asubset of patients with breast, lung, ovarian and cervical cancers®,

For their role in cancer, miRNAs could potentially represent novel clinical and prognostic
markers and they are likely to have alarge effect on gene therapies that are designed to block tumor
progression. Large-scale expression screens, that compare miRNA levels in tumors versus normal
tissues, will be useful in identifying novel miRNAs that are involved in cancer while the
administration of synthetic anti-sense oligonucleotides that encode sequences complementary to
mature oncogenic MiRNAs might effectively inactivate miRNAs in tumors and slow their growth.
Conversely, techniques to overexpress miRNAS that function as tumor suppressors could be used to
treat specific tumor types **. But development of all these methods is needed before miRNA
treatments can move from the laboratory bench to the bedside.

As regards in particular breast cancers, miRNAs associated with HER2 status have been
explored by miRNA expression profiling of breast cancer specimens. It was found that 5 miRNAs
were significantly up-regulated as HER2 expression increased, while other 26 miRNAs were
inversely correlates with HER2 expression®. In another study, a set of 69 miRNAs was found to
distinguish tumor subtypes defined by immunohistochemical expression of ER, PR and HER2%
The identified mMiRNASs may not only be potential biomarkers of HER2 status but also be attractive
candidates for further studies.

HER? itself is a target for several miRNAS: transfection of these miRNAs aone or in
combination successfully downregulates HER2 expression and inhibits HER2 signaling
downstream, resulting in alteration of malignant cell behaviors such as proliferation, migration and
invasiveness’.

5.2.1miR-21

Although most of the tumor-related miRNAs are down-regulated in cancer tissues as
compared with their normal counterparts, miR-21 is one of the few miRNAS that are consistently
up-regulated in malignancies of various tissue origins, including the breast®. Over the years,
several studies have been published on miR-21 and cancer: miR-21 has been found to be up-
regulated in glioblastoma™, breast cancer®?, lung cancer> and chronic lymphocytic leukaemia™. As
an example, it was found to be expressed at a 5-100-fold higher rate in gliomas than in normal
tissue and antisense studies showed that it controls cell growth by inhibiting apoptosis but does not
affect cell proliferation, which implies an oncogenic role for this miRNA".
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Interestingly, miR-21 (as well as other) have been reported as direct regulators of the tumor
suppressor PTEN in various type of carcinomas™®. Kajiro et al. proved that miR-21 can bind
directly to the 3 UTR of PTEN mRNA and decrease PTEN expression in HER2 positive gastric
cancer cells, suppressing apoptosis induced by TZ%. However, as mir-21 is not a tissue-specific gene
and miR-21 expression is increased also in human breast cancer samples, this miRNA might have a
wider function in tumor progression. In particular, it was demonstrated that miR-21 is significantly
up-regulated in a subgroup of BCs and high miR-21 expression has been associated with
unfavorable pathological and molecular features of the disease, including advanced tumor stage,
high tumor grade, lymph node metastasis, negative hormone receptor status and poor patient
survival®. Given that a single miRNA has multiple targets and different miRNAs might target the
same gene, it has been speculated that increased miR-21 expression might block a panel of genes
that regulate cell proliferation and apoptosis. In 2008 Yan et al., in addition to evaluated that miR-
21 expression level in BC was significantly higher (upregulated greater than twofold), suggested
also that the up-regulation was acquired in the course of tumor progression and, in particular, during
the acquisition of metastatic potential*’. Furthermore, in breast cancer miR-21 expression was up-
regulated also after trastuzumab therapy, in both the resistant and sensitive tumors and in line with
miR-21 up-regulation, the protein expression of PTEN was significantly lower in trastuzumab-
resistant tumors as compared with the sensitive ones™.

Researchers have screened for trastuzumab-responsive miRNAs and available evidence
suggests that the regulation of mMiRNAs on TZ is mainly associated with HER2 signaling pathway
components and HER2 compensatory receptors (Fig. 5.5): PTEN is a target gene for both miR-21
and miR-221 in breast cancer®®%®. Leticia De Mattos-Arruda et al. confirmed that miR-21
downregulating PTEN contributed to trastuzumab resistance. Besides, the expression level of
MiRNA-21 was lower in sensitive tumors than in resistant ones among patients with primary
HER2-positive breast cancer who received trastuzumab as neoadjuvant therapy®’.

MiRNAs in tumors and plasma have been explored for new biomarkers for trastuzumab
treatment but inconsistent results of miR-21 and miR-210, may be due to limited clinical samples,
have obtained. So far, no robust MmIRNA biomarker for trastuzumab therapy has been
demonstrated®.
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Fig. 5.5 Proposed mechanisms of miRNA regulation on TZ resistance. MiRNAS that regulate TZ resistance via HER2
signaling pathway components include miRNAs targeting HER2, reducing PTEN and inhibiting p-AKT. Other
miRNAs enhance TZ sensitivity by targeting HER3 and |GF1R®.
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5.3 Aim of thework

Overexpression of HER2 in a large subgroup of mammary carcinomas circumscribes the
disease and alows to define an appropriate treatment for the patients. The development of targeted
therapies, has improved the outcome of the disease and mortality rates have been declining among
women in many western countries (the 5-year survival trend increased from 75% in 1975 to 90% in
2008 and death rates have been falling on average 1.9% each year over 2004-2013, in USA)*,

Trastuzumab is the first anti-HER2 monoclonal antibody that allows remarkably improved
outcomes of patients with HER2-positive breast cancer, mostly in combination with traditional
chemotherapy or as adjuvant therapy. Despite remarkable progress in treatment, patients frequently
develop resistance to therapies through the alteration of different pathways that govern the survival
of cancer, resulting in recurrences that exhibit increased aggressiveness and lower sensitivity to
treatment. This problem also affects trastuzumab therapy and HER2 signaling network and
mechanisms underlying the resistance have been broadly investigated in order to develop strategy to
overcome the dilemma’®. Several molecular mechanisms have been suggested for trastuzumab
desensitization in breast cancer, including the dysregulation of HER2 downstream signaling
pathways, alternative pathways and blocking of trastuzumab binding™.

Furthermore, recent studies have demonstrated that miRNA expression patterns are altered
in various human cancers, resulting in the dysregulation of numerous target genes, including
oncogenes and tumor-suppressor genes™*’. Previous works identified sets of miRNAs reduced or
up-regulated in resistant cell lines when compared with the parental ones®. Among them, miR-21 is
consistently up-regulated in various types of malignant diseases, such as breast, prostate,
esophagus, colon, and liver cancers and may be crucial not only for cancer progression, but also for
resistance to anticancer agents®®°. Gong et al. established that miR-21 have been reported as direct
regulator of tumor suppressing PTEN via targeting to its 3 UTR and by inhibiting the protein
expression of PTEN, and as well as other miRNAS, promotes oncogenesis and progression of
various carcinomas, contributing to chemotherapeutic resistance™.

The discovery of miRNAs provides new hope for accomplishing novel therapeutics,
attracting much attention of the researchers, so there are continuous advances in the development of
a miRNA-based therapy®. Until now, successful suppression of breast cancer cells by miRNA-
based drugs have been demonstrated in a number of cell experiments but despite these promising
results, delivery of therapeutic miRNA-based drugs to the target tissue remains a problem®.
Limitations of miRNAs include low cellular uptake, immunogenicity, renal clearance, degradation
by nucleases, elimination by phagocytic immune cells, poor endosomal release and untoward side
effects’.

In this work, we developed a system that could permit atargeted delivery of an anti-miRNA
to tumor cells, releasing it into the cytoplasm. We chose H-ferritin nanocage as vector for its well-
known characteristics, which allow easy functionalization and promote a specific uptake through
TfR1. We focused our attention on anti-miR21, choosing to treat HER2-positive breast cancer cell
lines to evaluate the ability of our construct to overcome the resistance, re-sensitizing cells to the
treatment with TZ.
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5.4 Materials and methods

5.4.1 HFn nanocages design, expression and purification

The cDNA encoding for the heavy chain of human ferritin, modified by inserting the
restriction sites for Ndel and Notl (respectively in 5" and 3'), was synthesized and subcloned into
the vector pET30b(+) by Eurofins MWG Operon, in order to express HFn under the control of a T7
promoter, as reported in Bellini et al.%?. The resulting plasmid pET30b/HFn was used to transform
Escherichia coli expression strain BL21(DE3) by heat-shock method. The recombinant expression
vector was confirmed by restriction endonuclease digestion and DNA sequencing.

H-ferritin (HFn) was expressed and purified following the protocol previously published®.
Briefly, BL21(DE3)/pET30b/HFn cell were grown at 37 °C in Luria Bertani kanamicim medium
until ODgpp=0.6 and induced with 0.5 mM isopropy! B-D-1-tiogalactopiranoside (IPTG) for 2 h and
30 min. After growing, the cells were collected, washed and resuspended in lysis buffer with
lysozyme and DNase |. In order to prepare the crude extract, cellular suspension was sonicated and
centrifuged. After heat treatment, the supernatant was loaded onto DEAE Sepharose anion
exchange resin and the purified protein was eluted with a stepwise NaCl gradient in 20 mM KMES,
pH 6.0. Fractions were analyzed by SDS-PAGE using 12% (v/v) polyacrylamide gel and proteins
detected with Imperial Protein Stain (ThermoFisher Scientific). Protein content was determined by
both measuring absorbance at 280 nm and Coomassie Plus (Bradford) Assay with I1gG as standard
protein.

5.4.2 Locked nucleic acids (LNA™) and nuclease-free buffers

The Locked Nucleic Acid (LNA™) anti-miR21, directed against miRNA-21, and a negative
control (cel-miR39, that is miR39 from C. elegans) were synthesized by Exiqon Inc. with the
sequences and the desired modifications reported in table 5.2. A 3'-thiol modification (C3 S-S) was
inserted into both sequences for conjugation to SPDP crosslinker and a 5-TYE™ 705 dye
(Aecc=686, Aem=705) was attached for in vitro studies. The LNAS were resuspended in nuclease-free
water, following the protocol from Exigon miRCURY LNA™ instruction manual, aliquoted and
stored at -20 °C.

Tab. 5.2 Custom LNA sequences and modifications.

Anti-miR21 ISTYE705/TCAGTCTGATAAGCT/3ThioMC3-D/
Cel-miR39 ISTYE705/TGATTTACACCCGGTG/3ThioMC3-D/

In preliminary experiments we al so used random oligonucleotide sequences (hereafter called
only "Oligo"), which alow us to mimic expensive miRNAs and set up the reactions protocol.

For all the reactions described below a PBS buffer (10 mM K;HPO,, 1,8 mM KH,PO,4, 150
mM NaCl) added with ImM EDTA and adjusted to a final pH 7.5 has been used (PBS-EDTA
buffer). The buffer was prepared starting from UltraPure™ DNase/RNase-Free Didtilled Water
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(Invitrogen) and as last step treated overnight with 0,1 % diethyl pyrocarbonate (DEPC, Sigma
Aldrich) and autoclaved.

Since LNA™ oligonucleotides are susceptible to degradation by exogenous nucleases
introduced during handling, all operations were performed wearing powder-free gloves, using
DNase-free reagents and filter pipette tips and working under a sterile hood. All non-sterile
equipment (NAP-5 column, PD-10 column, Amicon Ultra filter device) was pretreated with 0,1 M
NaOH and washed with UltraPure™ DNase/RNase-Free Distilled Water (Invitrogen) before use, as
suggested by the manufacturers.

5.4.3 HFN-SPDP preparation

Recombinant HFn obtained as previoudy described was further conjugated to
heterobifunctional linker N-succinimidyl 3-[2-pyridyldithio]-propionate (SPDP, Sigma Aldrich) in
order to provide athiol reactive terminus for miRNA conjugation. Briefly, 50 pL of a20 mM SPDP
solution in dimethyl sulfoxide (DM SO) were incubated with 5 mg of HFnin PBS-EDTA buffer, pH
7.5for 1 hat 4 °C, stirring. The product was purified on PD-10 desalting column (contain Sephadex
G-25 resin, GE Healthcare Life Science) in order to remove unreacted SPDP.

Later, the “Pyridine-2-Thione Assay” has been used to determine the level of SPDP-
modification. Briefly, SPDP-modified HFn (HFn-SPDP) was diluted 1:10 in PBS-EDTA buffer and
the absorbance at 343 nm was measured, in triplicate. Then, 10 pL of 15 mg mL™* DTT solution
were added to the protein samples and mixed to promote the reduction of the S-S bond, which
releases the pyridine-2-thione group. After exactly 15 minutes the absorbance was read again and
the difference between the absorbance values allows calculating the molar ratio of SPDP to HFn,
using the following equation (were the value 8080 reflects the extinction coefficient for pyridine-2-
thione at 343 nm, 8.08 x 10° M™* cm™):

AA MW of Protein _
X = moles of SPDP per mole of Protein

8080 mg/mL of Protein

To perform some in vitro experiment, HFn-SPDP was labeled with fluorescein
isothiocyanate (FITC), smply incubating HFn-SPDP with a molar excess of FITC, in PBS buffer
overnight, at 4 °C. The final product was purified on PD-10 desalting column (GE Healthcare Life
Science).

5.4.4 HFn-SPDP functionalization with anti-miRNA

The thiolate 3 -terminus of the LNA™ sequences was activated via 1,4-dithiothreitol
treatment (DTT, 23 mg/mL), for 30 minutes at 4 °C, shaking, and then purified on Illustra NAP-5
Columns (GE Healthcare Life Science) to remove excess of DTT which would interfere with the
upcoming formation of the disulfide bond. Activated LNA™ oligonucleotides were added to a
HFn-SPDP solution in PBS-EDTA buffer, pH 7.5 and stirred for 18 h at 4 °C to alow the reaction
between the —SH group of custom miRNA and the reactive terminus of SPDP. The resulting
complex was purified on Amicon® Ultra 2 mL Centrifugal Filters (Millipore), washing with PBS-
EDTA, pH 7.5.
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Fluorescence spectroscopy was used to determine the amount of LNA™ sequences tied to
HFn. The fluorescence signal intensity (Aec=686, Aem=705) of different dilutions of the final
product was measured with a multi-plate reader (EnSight™ Multimode Plate Reader, PerkinElmer)
and then compared with a calibration curve obtained from known samples of fluorescent miRNAS.
For each of the two sequences has been built a different calibration line.

The product obtained by reaction with a random oligonucleotide sequence and used for
preliminary experiments will be indicated as HFn-SPDP-Oligo.

5.4.5 Cdll cultures

SKBR3 and BT474-TR human breast cancer cell lines were selected as HER2-positive
breast cancer cell lines. SKBR-3 were purchased by LGC Standards S.r.l. and cultured in RPMI
supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, penicillin (50 Ul mL™) and
streptomycin (50 mg mL ™).

BT474-TR cells were generous gift from Dr. Santarpia (Humanitas Clinical and Research
Center) who established TZ-resistant BT474 cell line by continuous treatment with low-dose
trastuzumab. BT474-TR cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) high
glucose, supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, penicillin
(50Ul mL™) and streptomycin (50 mgmL ™). Both cell lines were maintained at 37 °C in
humidified atmosphere containing 5% CO, and sub-cultured prior to confluence using
trypsin/EDTA. Cell culture medium, supplements and antibiotics were purchased from Euroclone.

5.4.6 Cdll binding assay

Cells (3 x 10° cells/tube) were seeded onto 6-well tissue culture plates and incubated 1 h at
37 °C in the presence of 0.01 or 0.1 mg mL™* of FITC-labeled HFn, FITC-labeled HFn-SPDP-Oligo
and HFn-SPDP-cel-miR39. After incubation, cells were washed twice with PBS, detached from the
plate with Trypsine/EDTA and processed for flow cytometry. Labeled cells were resuspended with
0.5 mL of PBS and analyzed by Gallios flow cytometer (Beckman Coulter) exploiting the
fluorescence of FITC or Tye705. 10,000 events were acquired for each anaysis, after gating on
viable cells and on singlets; a sample of untreated cells was used to set the appropriate gates. The
results are expressed as average percentage of positive cells + standard error.

5.4.7 Confocal laser scanning microscopy

BT474-TR cells were cultured on collagen pre-coated cover glass dlides until sub-
confluence and incubated with 0.1 mg mL ™ FITC-labeled HFn-SPDP-anti-miR21 nanoparticles,
for 15 min, 1, 4, 24 and 48 h at 37 °C and then harvested for immunofluorescence analysis. Briefly,
cells were washed with phosphate-buffered saline, fixed for 5 min with 4% paraformaldehyde
(Sigma Aldrich) and then treated for 10 min with 0.1 % Triton X-100 (Sigma Aldrich). A blocking
step was performed for 2 h a RT with a solution containing 2% bovine serum abumin (BSA,
Sigma), 2% goat serum and 0.1 pg mL™' DAPI (4’ ,6-diamino-2-phenylindole) in PBS.
Microscopy analysis was performed with a Leica SPE microscope confocal system equipped with
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laser excitation lines 405 nm, 488 nm, 514 nm and 633 nm. Images were acquired with 63x
magnification oil immersion lenses at 1024x1024 pixel resolution.

5.4.8 Viability assay

SKBR3 and BT474-TR cells were cultured on a 96 multiwell dish at a density of 3000 cells
cm . Then, cells were treated with the molecules to be tested (nanoparticles aone or in
combination with TZ): 15 pg mL™ HFn-SPSP-miRNAs and 10 pg mL™ TZ by adding fresh
components/drugs 3 times over 7 days of analysis. At the indicated time points (3, 5 and 7 days),
cells were washed with PBS and incubated with 0.1 mL of MTS reagent solution, containing [3-
(4,5-dimethylthiazol -2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium  inner
salt and phenazine ethosulfate (PES) diluted in in DMEM without phenol red for 3 h at 37 °C
(CelTiter 96® AQueous One Solution Reagent; Promega). Absorbance was recorded at 490 nm
and a reference wavelength of 630 nm using a 96-well plate reader. The results are normalized on
viability of untreated samples and expressed as means + standard error (s.e.).

5.49 Western Blot

BT474-TR cells were cultured in a 6-wells plate and treated with HFn-SPDP-miRNAS (15
Hg mL™ HFn, which correspond to about 106 ug mL™ miRNA) for 6, 12, 24 or 48 h in culture
medium. Then cells were lysed with 300 pL lysis buffer (20 mM Tris HCI pH 7.6, 150 mM NaCl, 1
mM EDTA, 1% Triton X-100, 10% glycerol, 1 mM Na3Vv 04, 10 mM NaF, 4% Protease Inhibitor
Cocktail, 1 mM PMSF). Proteins from each sample were separated by SDS-PAGE using 12% (v/v)
polyacrylamide gels and then transferred onto PV DF membrane. The membrane was first blocked
in 5% BSA in TBS with 0.1 % Tween 20 for 1 h and later incubated for 3h with rabbit mAb
antibody against PTEN (138G6, Cell Signaling) at 1:1000 dilution or a rabbit antibody anti-
GAPDH (Sigma Aldrich) at 1:5000 dilution in 5% BSA in TBS with 0.1 % Tween 20 for 1 h. The
membrane was washed three times with TBS with 0.1 % Tween 20 and reacted 1 h with the
secondary antibody anti-rabbit conjugated with horseradish peroxidase (1:10,000; Abcam) for 1 h.
The bound antibody was revealed using ECL star reagent (Euroclone) and the chemoluminescence
signal was detected using the Chemidoc System (Biorad).
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5.5 Results

5.5.1 Nanoparticles synthesis

To carry on antisense inhibition experiments, we purchased oligonucleotides from Exiqon
custom LNA™. LNA™ oligonucleotides are defined as DNA or RNA nucleotides containing one
or more LNA™ nucleosides, a class of nucleic acid analogues in which the ribose moiety possesses
an extra bridge connecting the 2’-O and 4'-C atoms and locking the carbohydrate in the 3'-endo
conformation. LNA nucleotides can be mixed with DNA or RNA residues in the oligonucleotide
whenever desired and the locking structure constrains LNA in the ideal conformation for Watson-
Crick binding. Among the benefits of an anti-miRNA sequence containing these nucleosides we can
list: (1) the high affinity binding to complementary RNA, resulting in superior potency when used
for antisense inhibition, (2) the superior single nucleotide discrimination, (3) the resistance to exo-
and endonucleases, resulting in high stability in vivo and in vitro applications, (4) the compatibility
with standard enzymatic processes.

Two sequences were used for this study, one directed against miRNA-21 (anti-miR21) and
one as a universal negative control (cel-miR39), have been modified by the insertion of a 3'-thiol
modification, for conjugation to SPDP crosslinker, and of a5 -TYE™ 705 dye (Aecc=686, Aem=705)
for invitro studies. In some case, to set up the experiments, we used a HFn functionalized with a
random oligonucleotide sequence, indicated as HFn-SPDP-Oligo.

The functionalization reaction of HFn was carried out following a scheme in two steps: (1)
conjugation of N-succinimidyl 3-(2-pyridyldithio) propionate (SPDP) to the amino groups of H-
ferritin; (2) activation of the anti-miRNA terminal thiol and conjugation to H-ferritin, through the
cross-linker (Fig. 5.6). For each of these steps the best reaction conditions in terms of solvent, pH,
reducing agent, and reaction time have been studied.

1° step
PBS- EDTA
o NZ H75 AN
Q- i,
\ j‘/ s
—, © 1h RT o
SPDP
2° st
& PBS-EDTA
2 pH 7.5
H L] N HNTYY
@NT)/\/S\S/Q + m SH >°/N\()(\/S\sm o
18 h, 4°C

Fig. 5.6 Functionalization reaction scheme. In the first step, SPDP crosslinker was bound to amino groups exposed on
the external surface of the protein shell; the reaction proceeds for 1 hin PBS-EDTA buffer, pH 7.5. In the second step
the activated thiol group on the nucleotide sequences reacts with the pyridin-2-thione group of SPDP, with the
formation of a disulfide bridge.
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Fig. 5.7 The 3-(2-Pyridyldithio)propionic acid N-hydroxysuccinimide ester (SPDP) structure, with the two reactive
groups.

The SPDP reagent (Fig. 5.7) is a heterobifunctiona crosslinker, which produces disulfide-
containing linkages that can be cleaved by reducing agents such as dithiothreitol (DTT) or, asin our
interest, in a reducing environment such as cytoplasm. The amine-reactive portion of SPDP
reagents is the N-hydroxysuccinimide (NHS) ester, which can easily react with the amino groups
exposed on the protein surface. Instead, the sulfhydryl-reactive portion reacts optimally with thiols
resulting in the displacement of a pyridine-2-thione group, whose concentration can be determined
by measuring the absorbance at 343 nm. Both reactions may take place in buffers at pH 7-8, so we
ran the reactions to occur in PBS-EDTA buffer, pH 7.5.

At the end of the first step, the extent of disulphide modification can be monitored by UV
spectroscopy, using the pyridine-2-thione assay, i.e., by adding DTT and recording the absorbance
of the released 2-thiopyridine. The extent of SPDP-modification was estimated between 20 and 25
nmol of crossiinker bound to each H-ferritin cage (roughly one for each subunit). When using
reaction conditions different from those selected, namely changing SPDP concentrations or
increasing the reaction time, the amount of SPDP bound to each ferritin molecule did not
appreciably change.

We then functionalized the SPDP crosdinker with cel-miR39 or anti-miR21 molecules,
choosing 1:1 or 1:3 molar ratios (SPDP:miRNA), with margina changes in the outcome so we
chose routinely the 1:3 molar ratio. We could quantify the fluorescent tag bound to the custom
miRNAs by measuring the intensity of the fluorescence signal. The final products were compared
each time with a calibration curve (Fig. 5.8), which showed that about 3 and 7 anti-miRNAS per
HFn were bound in the case of anti-miR21 and cel-miR39, respectively (Tab. 5.3). It is not clear
what factors may cause this difference. In any case, we judged that the number of miRNAs bound
to the protein shell is sufficient for the following in vitro experimentations.
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Fig. 5.8 Calibration curves for anti-miR21 and cel-miR39, obtained by measuring the fluorescence of several samples
of known concentration.

Tab. 5.3 Degree of nanocages functionalization.

SPDP per HFn MiRNAs per HFn

HFn-SPDP-anti-miR21 2498 + 3.11 3.06 +0.6
HFn-SPDP-cel-miR39 2498 + 311 6.85+ 0.36

The in vitro tests described hereinafter were performed by Dr. Marta Truffi, prof. Corsi’s
research group at the Department of Biomedical and Clinical Sciences “L. Sacco”, University of
Milan (Italy).

5.5.2 Interaction with breast cancer cells

Binding assays were monitored by flow cytometry on SKBR3 and BT474-TR cell lines,
after incubating the cells for 1 h a 37 °C with different concentrations of uncovered or
functionalized HFn. Initially our aim was to compare the binding ability of HFn-SPDP-Oligo with
that of uncovered HFn, to verify that the surface modification does not interfere with the specific
recognition. As the two nanocages are |abeled with the same fluorescent dye, the results obtained in
either case are directly comparable. As shown in Fig. 5.9, they demonstrate a concentration-
dependent trend without significant differences between the two types of nanoparticle. Ferritin
functionalized with SPDP and oligonucleotide showed almost the same percentage of positive
events of non-functionalized ferritin, used as a control, given its well-known binding capacity. This
shows that lining the protein shell with the crosslinker does not ater its binding capacity to TfR1
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receptors. Likewise, even HFn-SPDP-cel-miR39 maintained the binding capacity, confirming a
remarkable HFn affinity toward cancer cells. So we can conclude that molecules bound at the
surface of HFn do not compromise its ability to bind TfR1.

Uptake (SKBR3 cells)
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Fig. 5.9 Interaction of HFn nanoparticles with sensitive and resistant BC cells. For uptake analysis, SKBR3 (a) and
BT474-TR (b) cells were treated with 0.01 or 0.1 mg mL ™ of FITC-labeled HFn, FITC-labeled HFn-SPDP-Oligo and
HFn-SPDP-cel-miR39, 1 hour at 37°C. Histograms represent the percentage of positive cells. Fig. 4.10 Interaction of
HFn nanoparticles with sensitive and resistant BC cells. For uptake analysis, SKBR3 (a) and BT474-TR (b) cells were
treated with 0.01 or 0.1 mg mL* of FITC-labeled HFn, FITC-labeled HFn-SPDP-Oligo and HFn-SPDP-cel-miR39, 1
hour at 37°C. Histograms represent the percentage of positive cells.
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Next, BT474-TR cells were incubated with HFn labeled with FITC and functionalized with
the fluorescent anti-miR21 to evaluate the intracellular fate of both HFn and bound miRNA, which
was monitored by immunofluorescence. As already observed in our previous works>®, HFn was
quickly internalized: in fact, it localized to the membrane at 15 min and aready after 1 h, amassive
internalization took place, so that both components were found in the intracellular environment
(Fig. 5.10). Over time, colocalization of the two fluorescent signals decreased, probably due to
cleavage of the thiol bond between HFn-SPDP and anti-miR21 in the reducing intracellular
environment. After 24 and 48 h, miRNA fluorescence was till strong and localized to the
cytoplasm, while the green fluorescence of HFn disappeared, probably due to HFn disassembly and
entry in the cellular ferritin pool with resulting fluorophore dilution, or to recycling to the receptor.
We concluded that, as expected, the fates of the two components (protein and oligonucleotide)
diverge as a result of the cleavage of the disulfide bridge in a reducing environment Note that the
visible fluorescent spots at 24 and 48 h are probably caused by a partial loss of HFn stability.
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HFn anti-miR21 Dapi Overlay

Fig. 5.10 Internalization of HFN-SPDP-anti-miR21 in BT474-TR cells. Confocal microscopy images of BT474-TR
cells, incubated for 15 min, 1, 4, 24 and 48 h at 37 °C with 0.1 mg mL™* FITC-labeled HFn-SPDP-anti-miR21
nanoparticles (HFn: green, mir21: violet). Nuclei were stained with DAPI (blue). Scale bar: 10 pm.
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5.5.3 Cell viability

Cell viability on both cell lines was assayed to check the effectiveness of the nanoconstructs
alone or in combination with TZ. As expected, treatment with the sole TZ did not interfere with the
proliferation of BT474-TR resistant cells (Fig. 5.11b), nor did the incubation of functionalized
nanocages negatively affect cell viability. Furthermore, the treatment with HFn lead to a slight
increase in viability, as aready observed in other works™®. Instead, the combination of TZ and
miRNAs-functionalized HFn nanoparticles decreased the viability, especialy after 5 days, but not
at the latest time. Surprisingly, no significant differences were observed between the two
microRNAS: the protein modified with the control oligonucleotide (cel-anti-miR39) also exerted a
synergistic effect with the monoclonal antibody. The effect, however, was transitory and
disappeared after 7 days of treatment.

As regards the sensitive SKBR3 cells, the effect of the constructs HFn-SPDP-miRNAs
administered along with TZ was indistinguishable from that of TZ alone, while HFn-SPDP-
mMiRNAs were ineffective (Fig. 5.11a).

These results led us to speculate that, while the two microRNAS bound to ferritin exert the
same effect, irrespective of their identity, ferritin causes cellular responses so far unknown, but
capable of enhancing free TZ effect on cell viability. To confirm this hypothesis and rule out that
this effect is due to the presence of SPDP on nanoparticle surface or to a reaction of the
nanoparticles with TZ, we repeated the MTS assay with naked or SPDP-functionalized HFn (Fig.
5.12). The results reveal atrend similar to that previously observed, namely atendency to reduction
of proliferation after co-administration of nanocages and TZ. The same decline is not detected when
the sole HFn or HFN-SPDP are administered, confirming these effects are not caused by SPDP, but
it isrequired the co-presence of HFnand TZ.
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Fig. 5.11 Cytotoxicity of HFn-miRNAs nanoparticles. Sensitive SKBR3 (@) and resistant BT474-TR (b) cells were
treated with HFn functionalized with anti-mir21 or cel-mir39, alone or in combination with trastuzumab. Histograms
represent percentage of cell viability compared to untreated cells set at 100% + standard deviation. * P<0.05; **
P<0.01; *** P<0.001 vs non treated-control (100% viability). # P<0.05; ## P<0.01; ### P<0.001 vs HFn-cel-miR39 +

TZ treatment. § P<0.05 vs TZ treatment.
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Fig. 4.12 Cytotoxicity of HFn nanoparticles. Sensitive BT474-TR cells were treated with 15 ug mL™ or 50 pg mL ™ of
HFn or HFN-SPDP, aone or in combination with TZ. Histograms represent percentage of cell viability compared to
untreated cells set at 100% + standard deviation. * P<0.05; ** P<0.01; *** P<0.001 vs non treated-control (100%
viability). § P<0.05; 88 P<0.01; 88§ P<0.001 vs HFn o HFn-SPDP.

5.5.4 PTEN expression

As mentioned above, miR-21 has been identified as a direct regulator of the tumor
suppressor PTEN in various types of carcinomas™®. As anti-miR21 could modulate PTEN
expression, we analyzed the effect of HFn-SPDP-cel-miR39 or HFn-SPDP-anti-miR21 on BT474-
TR cells. In keeping with the viability assays, the nanoparticles did not evoke significant effects.
Indeed, PTEN expression did not vary significantly in response to the treatment with miRNAs at
any time (Fig. 5.13).

6h 12 h 24h 48h
miR39 _miR21 miR39 miR21 _ __miR39 miR21
PTEN % s e o S S 0 O o e © " B 0 e

Ul g ewewwew gurewswes

Fig. 5.13: PTEN expression in BT474-TR cells after treatment with HFn-miRNA.
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5.6 Conclusions

Overexpression of HER2 occurs in a significant proportion of breast cancers and represents
an ideal target for targeted therapy. Trastuzumab is a monoclonal antibody that targets the
extracellular domain of HER2 and that is widely used in clinical treatments. However, primary and
acquired resistance remains an obstacle and contributes to treatment failure: often the tumor, albeit
initially responsive, elicits responses that make it refractory to the treatment, with resulting poor
prognosis.

MiRNAs are a group of small non-coding RNAs, which modulate cellular processes by
regulating target genes at the post-transcriptional level. Numerous miRNAs are implicated in
malignant diseases, often as oncogenes or tumor suppressing genes. In particular, miR-21 regulates
the effect of trastuzumab, altering HER2 downstream signaling pathways. This makes it an
important target for overcoming TZ resistance, for example exploiting antisense oligonucleotides.
Unfortunately, as regards gene therapy, there are some obvious issues, in particular those related to
the delivery: it is required that oligonucleotides reach target cells intact and in suitable amounts,
although this goal is not straightforward. For this purpose, we chose to use ferritin nanocages
suitably functionalized, so as to target the molecules of interest to cancer cells. The protein surface
IS susceptible to a variety of functionalization reactions. In our case, a crosslinker has been usefully
adopted, alowing, in turn, to make a thiol group available for binding to the anti-miRNA. The
reaction was effective, though the amount of bound anti-miRNA was significantly dependent on the
identity of the oligonucleotide used.

After confirming the unaltered efficient recognition of tumor cells, we observed a massive
cellular uptake of mIRNA molecules. This result is of great significance, because poor cellular
uptake is a major issue as far as miRNA-based therapies are concerned. However, HFn allowed to
efficiently transport these molecules into cancer cells.

We also analyzed the activity of HFn-SPDP-anti-miR21 on sensitive and resistant HER2+
breast cancer cells. The results did not match our expectations: athough co-administration of
nanoparticles and TZ could overcome the resistance towards the antibody, this effect was
independent from the nucleotide sequence transported, as shown by the fact that even cel-miR39
reduced cell proliferation and restored a partial and transient responsiveness of BT474-TR cells to
the drug. We can thus conclude, as also confirmed by the gene silencing experiment, that the effect
observed is not due to an anti-miR21 action on the downstream pathway of HER2, which includes
PTEN, but probably to an unknown response involving the effect of ferritin itself. Other
assumptions that must definitely be taken into consideration are the loss of functionality of the
miRNA following conjugation or even timing problems, as the effects the miRNAs are supposed to
be exerting, may be faster or slower than the experimental time used to date.
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A genetically engineered apoferritin variant consisting of 24 heavy-chain subunits (HFn) was produced to
achieve a cumulative delivery of an antitumor drug, which exerts its cytotoxic action by targeting the DNA at
the nucleus of human cancer cells with subcellular precision. The rationale of our approach is based on exploiting
the natural arsenal of defense of cancer cells to stimulate them to recruit large amounts of HFn nanoparticles
loaded with doxorubicin inside their nucleus in response to a DNA damage, which leads to a programmed cell
death. After demonstrating the selectivity of HFn for representative cancer cells compared to healthy fibroblasts,
doxorubicin-loaded HFn was used to treat the cancer cells. The results from confocal microscopy and DNA
damage assays proved that loading of doxorubicin in HFn nanoparticles increased the nuclear delivery of
the drug, thus enhancing doxorubicin efficacy. Doxorubicin-loaded HFn acts as a “Trojan Horse”: HFn was
internalized in cancer cells faster and more efficiently compared to free doxorubicin, then promptly translocated
into the nucleus following the DNA damage caused by the partial release in the cytoplasm of encapsulated
doxorubicin. This self-triggered translocation mechanism allowed the drug to be directly released in the nuclear
compartment, where it exerted its toxic action. This approach was reliable and straightforward providing an
antiproliferative effect with high reproducibility. The particular self-assembling nature of HFn nanocage makes
it a versatile and tunable nanovector for a broad range of molecules suitable both for detection and treatment

of cancer cells.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Cancer is the third cause of mortality in the world and the global
burden of cancer continues to increase [1]. The primary option for
the treatment of most solid tumors is surgery, followed by adjuvant che-
motherapy to prevent the onset of metastasis. However, in recurrent
cancer, the first clinical approach is chemotherapy [2-4]. The main ad-
vantage of chemotherapy resides in the systemic action towards both
primary and metastatic tumors. However, non-selective activity causes
severe side effects that strongly affect the therapeutic outcomes.

Doxorubicin (DOX) is one of the most widely used chemotherapeu-
tics in the treatment of solid tumors, although the development of resis-
tance and the occurrence of severe side effects, including cardiotoxicity
and myelosuppression, caused by high dosages, limits its efficacy in the
clinical practice [5]. DOX presents chemical suboptimal characteristics,
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0168-3659/© 2014 Elsevier B.V. All rights reserved.

including poor solubility and easy metabolism to doxorubicinol [6],
while the entry of DOX into cancer cells basically occurs by diffusion.
However, even at low concentrations, the process reaches saturation,
which drastically limits the uptake of the compound [7]. In addition,
DOX is subjected to the effect of multi-drug resistance mechanisms
(MDR) that remove the drug from the cytoplasm, preventing it to
exert its cytotoxic action [7]. Therefore, the increase of DOX therapeutic
index is of utmost importance in cancer research. Recent effort has led
to novel DOX delivery strategies, including the use of liposomes or
inorganic nanoparticles with the aim to reduce the drug-related toxicity
and to escape from MDR mechanisms [8-10].

Apoferritin nanoshells have been proposed to be a promising and ver-
satile solution [11]. Ferritins are a family of iron storage proteins com-
posed of a regular assembly of 24 subunits to form a spherical cage
architecture with an external size of ~12 nm [12,13]. Mammalian ferritins
consist of a mixture of two different types of self-assembling subunits
known as H (heavy) and L (light) chain [14]. H chain includes a catalytic
ferroxidase site, which catalyzes the oxidation of Fe(II) to Fe(III), while L
chain plays a role in the iron nucleation process. Ferritin inner cavity
has a diameter of 8 nm to enclose a core of hydrated iron oxide, which
can contain up to 4000 iron atoms [12]. This cavity has been exploited
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Fig. 1. Intracellular localization of HFn nanoparticles. Confocal microscopy merges images of HeLa cells, incubated for 1 h or 3 hat 37 °C with 0.1 mg mL ™" of HFn (green). Early endosomes,
lysosomes, Golgi and recycling endosomes were recognized with early endosome marker EEA1, lysosomal protein CatD, Golgi marker GM130 and recycling endosome marker
Tf antibodies, respectively, and labeled with an anti-mouse secondary antibody conjugated with Alexa Fluor 546 (red). Nuclei were stained with DAPI (blue). Scale bar: 10 um.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

in nanomaterial chemistry as a reaction chamber for the template synthe-
sis of nanoparticles with a well-defined size and shape and a narrow size
distribution [14-19]. Moreover, since the subunits can be disassembled at
acidic pH and reassembled by bringing back the pH to neutrality in a
shape-memory fashion, apoferritin can be exploited for the encapsulation
of various organic molecules thus representing an interesting scaffold for
the development of a biocompatible drug delivery system [20]. Ferritin
is specifically cross-recognized in humans by the receptor of transferrin
1 (TfR1), which is found overexpressed in many types of tumor cells
but not in normal cells and healthy tissues [21]. Recently, an RGD-
modified apoferritin cage was demonstrated to improve the delivery of
DOX in the cytoplasm of a glioblastoma cell line [11].

Ferritin plays a key role in the oxidative metabolism by converting
Fe?, which is a source of toxic reactive oxygen species (ROS), into inof-
fensive Fe> " [12]. This protective mechanism is particularly important
in the nucleus, where it is needed to shield DNA from iron-induced oxida-
tive damages [22]. In eukaryotic cells, the nuclear pore complex is respon-
sible for translocation of molecules into the nucleus, partly by passive
diffusion provided that the molecular size is small enough (<40 kDa)
[23]. However, larger molecules, including proteins, can be efficiently
transported through the involvement of signal- and energy-dependent
pathways, usually exploiting “nuclear localization signals” (NLS) [24].
These may include a peptide sequence that can bind to importin 3,
which in turn binds to the nuclear pore complex [25], or short consensus
sequences not involving the interaction with importins [26]. Recent
evidence has been provided that ferritin is translocated into the
nucleus by an active transport mechanism [22,27]. Available data
suggest that the H subunit is involved in nuclear translocation
mechanisms, which, however, occurs without any NLS involvement
[28]. It has been observed that if as low as 15% of the monomeric
H-ferritin is deleted or replaced, nuclear translocation is inhibited
and ferritin is confined in the cytoplasm [29]. Although the size of
monomeric H-ferritin (21 kDa) allows passive diffusion into the
nucleus [30], the efficiency of translocation suggests the involvement
of an active mechanism, in which the import of an integral ferritin
cage cannot be ruled out despite its molecular weight (~450 kDa).
Indeed, macromolecules with a diameter of up to 39 nm are capable
to penetrate the nucleus via an active signal-mediated transport [31].

Based on the above considerations, we reasoned that a 24-H subunit
variant of apoferritin (HFn) would facilitate the cumulative delivery of

encapsulated DOX directly inside the nucleus, potentially reducing
DOX dosages and mitigating MDR effects. Therefore, we produced the
monomeric H subunit by recombinant engineering, which proved
valuable in self-assembling in apoferritin-like nanocages. We envisaged
that HFn could be a good candidate nanocarrier specific for nuclear
delivery of chemotherapeutics, as: 1) HFn could be easily loaded with
a broad range of drugs, including DOX; 2) HFn was expected to sensi-
tively and selectively recognize tumor cells exploiting the binding
with TfR1; 3) H subunits were found in monomeric form in the nucleus
[29], suggesting a disassembly mechanism inside or in close proximity
of the nucleus, which would allow the drug to be intranuclearly
released; 4) as cancer cells exhibit greater ROS stress than normal
cells do [32-34], nuclear translocation of HFn should be also favored
in cancer cells in response to oxidative stimuli; and 5) DOX could be
passively released out of HFn shell inducing a DNA damage, which, in
turn, could further trigger HFn nuclear translocation.

The intent of this work was to investigate the interaction of HFn with
a model TfR1-positive cancer cell line, to assess the increased cytotoxic
efficacy of DOX incorporated in HFn, to study DOX release in cancer cells
and to demonstrate enhanced and self-triggered nuclear delivery.

2. Materials and methods
2.1. HFn nanocage design

The cDNA encoding for the heavy chain of human ferritin, modified by
inserting the restriction sites for Ndel and NotI (respectively in 5" and 3'),
was synthesized by Eurofins MWG Operon and subcloned into the
vector pET30b(+) from Eurofins MWG Operon to express the HFn
under the control of a T7 promoter, as reported in Figure S1b
(Supporting Information). The resulting plasmid pET30b/HFn was
used to transform Escherichia coli expression strain BL21(DE3) by
heat-shock method. The recombinant expression vector was confirmed
by restriction endonuclease digestion and DNA sequencing.

2.2. HFn expression in E. coli and purification
BL21(DE3)/pET30b/HFn cells were grown at 37 °C in Luria Bertani

kanamicin medium until ODggonm = 0.6 and induced with 0.5 mM
isopropyl 3-p-1-tiogalactopiranoside (IPTG) for 2 h and 30 min. Then,


image of Fig.�1

M. Bellini et al. / Journal of Controlled Release 196 (2014) 184-196

a) Viability of cells treated with DOX or b) Cell death assay performed with DOX

HFn(DOX) 0.1uM free or encapsulated in HFn shell
L] , DOX treated 2 @3h
100 L Hela 100 o @ 24h
£=
= HFn({DOX) w® 80 |
80
2 " treated Hela & *
5 60 = 60
o [
S 4ol O 40
2 B
20 = DOX treated 20 4
I ot o+ ' it
0 » HFn(DOX) HFn DOX HFn DOX HFn DOX
24 h 48 h 72h treated FB {DOX) {DOX) {DOX)
Time 1M 0.1 uM 0.01 uM

C) Double-strand break of DNA after DOX exposure
Nuclei: blue DSB: yellow Merge

d) Quantification of DNA double-strand breaks after DOX or HFn(DOX) exposure

DOX 0.1 uM

HFn(DOX) 0.1 uM

DOX 1 uM

HFn(DOX) 1 uM

% | i mDOX 1 uM

BHFDOX 1 uM
®DOX0.1uM
BHFDOX 0.1 uM

Mean fluorescence intensity/area
s
b

186


image of Fig.�2

M. Bellini et al. / Journal of Controlled Release 196 (2014) 184-196 187

cells were collected, washed and resuspended in lysis buffer with
lysozyme and DNase 1. In order to prepare the crude extract, cellular
suspension was sonicated six times for 10 s and centrifuged. After
heat treatment at 70 °C for 15 min, the supernatant was loaded
onto DEAE Sepharose anion exchange resin, pre-equilibrated with
20 mM K-MES, pH 6.0. The purified protein was eluted with a stepwise
NaCl gradient, from 70 mM to 420 mM, in the same buffer. A yield
of 56 mg L™ ! of culture was obtained. Fractions were analyzed by
SDS-PAGE using 12% (v/v) polyacrylamide gels [35] and the proteins
detected by Coomassie Blue staining. Protein content was determined
by both measuring absorbance at 280 nm and using the Coomassie
Plus Protein Assay Reagent (Thermo Fisher Scientific) with IgG as
standard protein. HFn for in vitro studies was labeled with fluorescein
isothiocyanate (FITC) or with Alexa Fluor 546 according to the
manufacturer's protocol (Sigma, Invitrogen).

2.3. HFn loading with DOX

HFn(DOX) was prepared using the disassembly/reassembly method.
200 pM doxorubicin hydrochloride was added to a HFn solution
(0.5 mg mL~"'in 0.15 M NaCl) and adjusted to pH 2.0 by 0.1 M HCL.
The pH was maintained for about 15 min and when the dissociation
of HFn was completed, the pH value was increased up to 7.5 using
0.1 M NaOH. The resulting solution was stirred at room temperature
for 2 h. In order to remove the excess doxorubicin and the adsorbed
molecules, the solution was centrifuged through a 100 kDa Amicon
filter (Millipore) and washed several times with PBS buffer. The amount
of the encapsulated molecules was determined extracting DOX from
HFn shell according to procedure previously described [36] and then
measuring the fluorescence intensity at 555 nm of the DOX dispersion
in chloroform by comparison with a predetermined DOX calibration
curve. To evaluate the intracellular fate of encapsulated molecules HFn
shell was also loaded with FITC using the same procedure described
for DOX encapsulation.

2.4. Kinetics of DOX spontaneous release in vitro

HFn(DOX) was stored in a dialysis device and kept in a PBS bath at
37 °C for three days under shaking. At predetermined time points
(30min, 1 h,2h,3 h,4h,6h,24h,48h, 72 h), the amount of drug
released was quantified by fluorescence analysis and the buffer was
replaced after each measurement.

2.5. Cell cultures

A Hela cell line was used as a TfR1-positive model of tumor cells;
human fibroblasts extracted from gut tunica submucosa of Crohn
patients were used as healthy cell line, while MDA-MB-468 breast
cancer cells were used as a MDR cells. HeLa, fibroblasts and MDA-
MB-468 were cultured in Dulbecco's Modified Eagle's Medium (DMEM)
supplemented with 10% fetal bovine serum, 2 mM L-glutamine, penicillin
(50 UImL™!) and streptomycin (50 mg mL™!) at 37 °C in humidified
atmosphere containing 5% CO, and sub-cultured prior to confluence
using trypsin/EDTA.

2.6. TfR1 expression

Cells (5 x 10°) were treated for FACS analysis with standard
methods. Briefly, cells were incubated for 30 min at 4 °C in blocking
buffer (PBS, 2% BSA, 2% goat serum) and then with the anti-human
TfR1 antibody (1 pg; Thermo Scientific). Cells were washed three
times with PBS and incubated 30 min at 4 °C with the secondary
antibody Alexa Fluor 488 (1 pL; Life Technologies) in blocking buffer
used. Then, cells were washed and were analyzed on a FACS Calibur
flow cytometer (Becton Dickinson). 10,000 events were acquired for
each analysis, after gating on viable cells, and isotype-control antibodies
were used to set the appropriate gates.

2.7. Cell binding assay

Cells (5 x 10°) were incubated 2 h at 4 °C in flow cytometry tubes in
the presence of 0.02 mg mL ™! of FITC-labeled HFn. After incubation,
cells were washed three times with PBS. Labeled cells were resuspend-
ed with 0.5 mL of PBS and analyzed by a FACS Calibur flow cytometer
(Becton Dickinson). 20,000 events were acquired for each analysis,
after gating on viable cells, and a sample of untreated cells was used
to set the appropriate gates.

2.8. HFn internalization

Cells were subjected to nanoparticle incubation with HFn labeled
with FITC on the shell at the concentration of 0.1 mg mL™" for 15 min,
1, 3,24 and 48 h at 37 °C and then harvested for immunofluorescence
analysis. To evaluate simultaneously the intracellular fate of HFn and
encapsulated molecules, HeLa were incubated with 0.1 mg mL™"' of
HFn labeled with Alexa Fluor 546 and loaded with FITC for 4 and 48 h
at 37 °C and then treated for immunofluorescence.

2.9. Colocalization experiments

HFn labeled with FITC on the shell was used (0.1 mg mL™!) and
different organelles were stained with GM130 (at a 1:100 dilution;
clone 35; BD Biosciences), CatD (1:50; clone BCO11; Calbiochem),
EEA1 (1:1000; clone 14; BD Biosciences), and Tf (1:100; clone 5G2;
Abcam) antibodies by incubating 2 h at RT and revealed by a AlexaFluor
546-conjugated antibody against murine IgGs (Invitrogen) at a 1:300
dilution by incubating for 2 h at RT in PBS, 2% BSA, 2% goat serum.

2.10. Confocal laser scanning microscopy

Cells were cultured on collagen pre-coated cover glass slides until
sub-confluence and incubated with HFn nanoparticles, for different
time periods. Cells were washed with phosphate-buffered saline (PBS,
EuroClone), fixed for 5 min with 4% paraformaldehyde (Sigma) and
then treated for 5 min with Triton X-100 0.1%. A blocking step
was performed for 1 h at RT with a solution containing 2% bovine
serum albumin (BSA, Sigma), 2% goat serum and 0.2 pyg mL™!
DAPI (4’,6-diamino-2-phenylindole) in PBS. Microscopy analysis
was performed with a Leica SPE microscope confocal system equipped
with laser excitation lines 405 nm, 488 nm line, 514 nm and 633 nm.
Images were acquired with 63 x magnification oil immersion lenses at

Fig. 2. a) Viability of cells treated with free DOX or HFn(DOX). Fibroblasts and HeLa cells were treated with 0.1 uM of DOX or HFn(DOX) for up to 72 h. Viability was assessed by measuring
the conversion of MTT into formazan. Reported values are the mean of six replicates + s.e., normalized on cell proliferation of untreated fibroblast or HeLa cells, respectively * P < 0.005; **
P<0.0005 (Student's t-test). b) Cell death assay with DOX free or encapsulated in HFn shell. HeLa cells were treated with 1, 0.1 and 0.01 uM of DOX or HFn(DOX) for 3 or 24 h. Cell death
was assessed on the basis of the exposure to Annexin V, evaluated by flow cytometry. Untreated cells were used to set region of positivity. Reported values are the mean of three replicates
+ s.e. " P<0.01; ** P< 0.005 (Student's t-test). c) Double-strand break of DNA after DOX exposure. Confocal microscopy images of HeLa cells incubated with 1 pM or 0.1 M DOX free or
encapsulated in HFns. Anti YH2A X antibodies were used to reveal the DNA double-strand breaks (DSB; yellow). Scale bar: 10 um. d) Quantification of fluorescence intensity due to DSB.
Reported values obtained with Image ] software represent the mean fluorescence intensity of six different cells normalized with respect to their area + s.e. ** P < 0.005. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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1024 x 1024 pixel resolution. Image quantification was performed with
Image ] software. Pearson correlation coefficient was calculated using
the Image ] plugin JaCoP.

2.11. Cell proliferation assay

Cells were cultured on a 96 multiwell dish at a density of
5000 cells cm™ . Then, cells were incubated with different amounts
of the molecules to be tested. At the indicated time points (24, 48,
72 h), cells were washed with PBS and then incubated for 3 h at
37 °C with 0.1 mL of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) stock solution previously diluted
1:10 in DMEM medium without phenol red. After incubation, MTT
solubilizing solution (0.1 mL) was added to each well to solubilize the
MTT formazan crystals (Promega). Absorbance was read immediately
using a testing wavelength of 570 nm and a reference wavelength of
620 nm. The results are expressed as means + standard error (s.e.) of
six individual experiments.

2.12. Cell death assay

Cells were cultured on a 12 multiwell dish until sub-confluence.
Then, cells were incubated 3 h and 24 h at 37 °C in the presence of
different amounts of DOX or HFn(DOX). After incubation, cells were
washed twice with PBS and treated for FACS analysis according to
Annexin V-PE-Cy5 Apoptosis Detection Kit manufacturer's protocol
(BioVision). Briefly, cells were resuspended in Binding Buffer and
incubated for 5 min in the presence of 5 pL of annexin V-PE-Cy5. Cells
were analyzed within 1 h on a FACS Calibur flow cytometer (Becton
Dickinson). 20,000 events were acquired for each analysis, after gating
on viable cells. For evaluation of late apoptosis, the same protocol
was used but incubation with 7-aminoactinomycin D (BD Biosciences;
51-68981E; 5 uL/sample) was accomplished.

2.13. DNA damage assay

Cells were subjected to nanoparticle incubation with DOX free or
encapsulated in HFn cage at the concentrations of 0.1 or 1 uM for 24 h
at 37 °C and then harvested for immunofluorescence analysis. Double
strand breaks were stained with yH2A.X antibody (1:1000 dilution)
by incubating 2 h at RT and revealed by an AlexaFluor 546-conjugated
antibody against rabbit IgGs (Invitrogen) at a 1:300 dilution by
incubating for 2 h at RT in PBS, 2% BSA, 2% goat serum.

2.14. DOX release

Cells were subjected to nanoparticle incubation with DOX free or
encapsulated in HFn cage at the concentrations of 0.1 or 1 uM for 3
and 24 h at 37 °C and then harvested for immunofluorescence analysis.
DOX was revealed exciting the sample with 488 nm laser line and
acquiring emitted signal from 550 nm to 600 nm (red). The signal
represented in green color is the emission in the acquiring window
between 520 to 545 nm, which corresponds to the fluorescence
signal of a degradation product of DOX [37].

2.15. Nuclear translocation

In experiment of endogenous ferritin nuclear translocation, cells
were incubated with 0.1 pM DOX for 15 min, 1, 3,24 and 48 h at 37 °C
and then treated for immunofluorescence. For image nuclear transloca-
tion of HFn nanoparticles, cells were incubated for 3 h at 37 °C with HFn
(0.1 mg mL™ 1), treated with DOX 0.1 uM for 15 min, 1 and 3 h and then
harvested for immunofluorescence analysis. Both endogenous and ex-
ogenous ferritin were stained with the anti-ferritin antibody (1:2000;
ab7332; Abcam) and revealed by an AlexaFluor 546-conjugated
antibody against rabbit IgGs (Invitrogen) at a 1:300 dilution by

a) Confocal microscopy images of Hela cells incubated
with 0.1 uM DOX free or encapsulated in HFns and
analysis of spatial distribution

0.1 uM DOX 3 h

L

||I| 1 | lu,.- A
4 i 0l
AU

a 10 20 30 40 50
Distance (um)

0.1 uM DOX 24 h

(T -

l] i t‘lh'fllr{l;r% I_'“';qull Lt ih: J.] i 3

0”‘# ; 20 4‘0 ; 60
Distance (um)

0.1 uM HFn(DOX) 3 h

i

o

Distance (um)
0.1 uM HFn(DOX) 24 h

10 15 20.
Distance (um)

o
w

b) Quantification of total fluorescence intensity per cell

100000
90000 *
80000
70000
60000
50000
40000
30000
20000
10000

0

=

B0.1uMDOX3h
0.1 uM DOX 24 h

0.1 uM HFn{DOX) 3 h
00,1 uM HFn(DOX) 24 h

Mean Florescence Intensity/
cell

h%

Fig. 3. Doxorubicin release inside the nuclear compartment. a) Confocal microscopy
images of HeLa cells incubated with 0.1 uM DOX free or encapsulated in HFns and analysis
of spatial distribution. Confocal laser scanning images of HeLa cells treated with 0.1 uM
DOX (DOX degradation product in green) free or encapsulated in HFn shell for 3 h or
24 h at 37 °C. Scale bar: 10 pm. Spatial analysis was performed on merged images using
Image ] plugin RGB profile plot. b) Quantification of total fluorescence intensity per cell.
Reported values are a mean of measurements performed with Image ] software on six
different cells & s.e. * P< 0.01. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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incubating for 2 h at RT in PBS, 2% BSA, 2% goat serum. In order to
assess self-triggered nuclear translocation cells were subjected to
nanoparticles incubation with HFn(DOX) at DOX concentrations
of 0.1 and 1 pM for 3 or 24 h and then harvested for
immunofluorescence analysis. The corresponding amount of HFn
void was used as control.

2.16. MDR protein inhibition

Percentage of MDR protein inhibition was determined using the
Solvo MultiDrugQuant Assay Kit according to the manufacturer's proto-
cols. Briefly 500,000 cells previously incubated with Cyclosporin-A 1 pM
(CysA) were harvested by trypsinization and washed thrice with HBSS
buffer (Sigma). Then, cells were incubated at 37 °C with calcein-AM
solution (0.2 mL/tube) for 10 min. Then reaction was stopped by rapid
centrifugation of 1 min at 2000 xg and cells were analyzed by flow
cytometry. The percentage of inhibition was determined as follows:

% MDR proteins inhibition = 100 x (Mean Fluorescencey,.q - Mean fluorescence 1)
/Mean Fluorescence ,e,ced

3. Results and discussion

3.1. HEn nanoparticles: development, interaction with tumor cells and
internalization

The H monomer of human ferritin was cloned and expressed
in E. coli and purified as reported in the Methods section. A good
degree of purity was observed in purified fractions showing a 21 kDa
band in sodium docecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) corresponding to HFn monomer (Figure S1a). Moreover,
PAGE performed under native conditions, using commercial Horse
ferritin as reference standard, confirmed that our HFn was correctly
folded and still able to spontaneously assemble in a 24-subunit
nanosphere (Figure S1c). HFn nanoparticles were then labeled with
FITC and used to evaluate tumor cell recognition. In a recent study, the
interaction between apoferritin and tumor cells was reported to be
mediated by transferrin receptor 1 (TfR1), which is overexpressed in
most tumor cells and tissues [20]. In the present work, HeLa cancer
cells derived from human cervical cancer were selected for the
in vitro evaluation as a model tumor cell line with high TfR1 expression
(supplementary Figure S2), while human fibroblasts, the most common
type of cells found in connective tissue, were used as control healthy
cells with low TfR1 expression (Figure S2). The binding assay,
performed by flow cytometry after incubating the cells for 2 h at 4 °C
with 0.02 mg mL™ ! of HFn, demonstrated at least a fourfold increase
in cell ratio in the region of positivity for HeLa cells compared to
fibroblasts, confirming a remarkable HFn affinity and selectivity toward
cancer cells (Figure S3a). Confocal laser scanning images of HeLa
cells incubated with HFn nanoparticles demonstrated that a fast inter-
action with cellular membrane occurred, since HFn was almost
completely attached to the cell surface after 15 min of incubation. In ad-
dition, HFn was already internalized after 1 h of incubation and, after
3 h, the internalization process was complete. After 24 h, the fluores-
cence signal of HFn dramatically decreased without, however,
disappearing up to 48 h of incubation. This effect suggested that
exogenous HFn was degraded or combined with the endogenous
unlabeled one (Figure S3b).

Since natural apoferritin interacts with cell membrane through TfR1,
we expected that HFn could be efficiently internalized into the
cells using the same endocytic pathway of transferrin (Tf). Therefore,
we characterized the endocytosis pathway of HFn by investigating
its colocalization with specific endocytic compartments, using EEA1
marker for early endosomes, GM130 marker for the Golgi apparatus,
CatD marker for lysosomes, and Tf as a marker for the recycling
endosomes. We found that HFn uptake took place within 1 h and HFn

basically localized at the early endosomes, corroborating our hypothesis
that also HFn is internalized by a TfR1-mediated mechanism. Confocal
images demonstrated that HFn did not localize at the Golgi and
recycling endosomes even after 3 h of incubation with cells, suggesting
that HFn neither is pushed out of the cells using recycling endosomes
nor is sent to the Golgi by late endosomes. Amazingly, colocalization
between HFn and lysosomes did not occur either after 1 or 3 h of
incubation with HeLa cells, a time long enough to promote lysosome
formation with this kind of bionanoconstructs [21]. This observation
suggested that HFn was not recognized by the cell as something to
degrade, thus remaining inside the cell for a long period of time
(Figs. 1, S4-6). This unexpected result let us postulate that HFn could
be a good candidate as a drug bionanocarrier, since it did not prove
liable to lysosomal degradation.

3.2. HFn loading and release of chemotherapeutics

In order to set up the experimental conditions required for drug
incorporation into the HFn shell, HFn was first loaded with fluorescent
molecules using the disassembly/reassembly method already reported
in the literature for native apoferritin [38]. This procedure exploited
the ability of HFn to modify its quaternary structure in response to pH
changes. In particular, in the absence of active disassembly mechanisms,
HFn shell is unfolded into monomeric subunits at acidic pH around 2-3
and is refolded with perfect shape memory when the solution is
brought to pH values around 7.5, as depicted in Figure S7a. Under the
same conditions, DOX encapsulation was straightforward and highly
reproducible and allowed us to load 28.3 molecules of DOX per HFn
shell on average, in accordance with literature data [39].

Next, we evaluated the DOX release from HFn shell in vitro. Kinetics
of release were performed dialyzing DOX-loaded nanoparticles
(HFn(DOX)) at 37 °C in phosphate buffer saline (PBS), pH 7.4, and
quantifying the leakage of drug from HFn by measuring the fluores-
cence emission in the supernatants. The amount of encapsulated DOX
remained constant for the first 6 h of incubation, then decreased by
40% over 72 h of incubation in PBS (Figure S7b), confirming the pre-
sumed good stability of the HFn nanoformulation at physiological pH.

In order to study the cellular trafficking of encapsulated molecules
after uptake, HFn was loaded under the above conditions with a more
efficient dye, fluorescein isothiocyanate (FITC). HFn shell was concomi-
tantly labeled with an orthogonal dye, AlexaFluor 546. Our intent was to
simultaneously follow the separate fate of the incorporated drug and of
the protein cage by acquiring the fluorescence images at the relevant
emission \ . vValues. This doubly fluorescent nanoparticle was incubat-
ed with HeLa cells for 4 and 48 h. Confocal laser scanning microscopy
images demonstrated that, after 4 h of incubation at 37 °C, encapsulated
FITC (green) and HFn shell (red) were still colocalized, as revealed by
the predominant presence of yellow signals inside the cells. After 48 h
of incubation at 37 °C, FITC signal was widespread inside the cells,
while the signal attributable to HFn shell was almost completely disap-
peared, thus suggesting recombination of labeled monomers with en-
dogenous unlabeled 24mers (Figure S8). These results corroborated
our hypothesis about the potential use of HFn as nanovectors for the
delivery of drugs in intracellular compartments.

3.3. Doxorubicin encapsulation in HFn improves the antitumor efficacy

Next, DOX efficacy was evaluated comparing the proliferation
of cells treated with DOX or HFn(DOX). HeLa cells were treated with
different amounts of DOX or HFn(DOX) in a DOX concentration range
between 0.01 and 1 pM, for up to 72 h. Fibroblasts were also treated
with DOX or HFn(DOX), as a healthy cell line control to assess the target
selectivity. The percentage of cell viability over time was determined on
samples treated with 0.01 M, 0.1 M and 1 uM DOX or HFn(DOX) using
the MTT assay and normalized on the cell proliferation of the respective
untreated control at different time points. As reported in Figure S9a,
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samples treated with 0.01 uM DOX or HFn(DOX) did not show any
meaningful decrease in cell proliferation, compared to untreated cells,
both in normal and in tumor cells since cell survival remained higher
than 60%. In contrast, 1 M dosage resulted in detectable effects in cell
proliferation with significant differences between groups treated with
DOX or HFn(DOX). However, a significant reduction of cell survival
was observed also on healthy fibroblasts, probably due to high DOX
concentration (Figure S9b).

Interestingly, cells treated with 0.1 uM HFn(DOX) showed instead a
substantial decrease in HelLa cell proliferation in comparison with
samples treated with the same amount of free DOX, revealing
remarkable differences in antiproliferative efficacy of DOX and
HFn(DOX) (Fig. 2a). Indeed, HFn(DOX) exhibited a far higher
efficiency in inhibiting the tumor cell proliferation in comparison
to free DOX. Less significant differences between DOX and HFn(DOX)
treatment were observed in fibroblasts suggesting that DOX cytotoxicity
was basically low at this concentration against normal cells irrespective
of the modality of DOX delivery (Fig. 2a). Hela cells were also treated
with relevant amounts of void HFn in order to assess the contribution
of the void nanovector. Results reported in Figure S10 demonstrate
that HFn does not affect cell viability.

Next, in order to determine if the arrest in proliferation was associat-
ed with an increase in cell death, the exposure to Annexin V was assayed,
which provides a positive readout only in apoptotic cells. HeLa cells were
incubated for 3 or 24 h with DOX or HFn(DOX) at decreasing concentra-
tions, including 1 uM, 0.1 uM and 0.01 pM. Annexin V assay was mea-
sured by flow cytometry using untreated cells, to set the regions of
positivity. The ratio of dead cells reported in Fig. 2b demonstrated that
HFn(DOX) was much more effective than free DOX in inducing apoptosis
at 0.1 uM after 3 h of incubation. However, at 24 h, the differences in
apoptotic effect between DOX and HFn(DOX) in cancer cells were
smoothed, suggesting a more efficient and rapid delivery of DOX
when encapsulated in a HFn shell. Cells treated with 0.01 pM
HFn(DOX) for 3 h basically did not show any increase in cell death
in comparison with free drug, since the DOX dosage was probably
too low to be effective. However, after 24 h of incubation,
significant variations were observed, reflecting a DOX accumulation
over time attributable to the effect of HFn delivery. As expected,
treatment of HeLa cells at the highest concentration (1 pM) induced
rapid and complete cell death both with DOX and HFn(DOX). As
Annexin V exposure is a characteristic feature of cells in early apopto-
sis, we decided to check if the reduced efficacy of free DOX after 3 h of
treatment was rather an apparent event attributable to a fraction of
cells that had already developed to a late apoptosis at the considered
time points. To this aim, the 7-aminoactinomycin D (7-AAD) uptake
was assessed, which occurs specifically in cells with a damaged plas-
ma membrane. After flow cytometry analysis, we concluded that
both DOX and HFn(DOX) treated cells were not in late apoptosis
(Figure S11). The reduction of viability and the increase of apoptosis
in cells treated with HFn(DOX) were further associated to a more
substantial DNA damage compared with free DOX, as evidenced in
Fig. 2c and d. The amount of double strand break, visualized using
YH2A.X antibody [40], is higher in cells treated with HFn(DOX) under
the above experimental conditions, confirming that HFn(DOX) efficacy
is incontrovertibly associated with a functional damage of nuclear DNA.

3.4. Nuclear delivery of doxorubicin
The fluorescence emission of DOX was exploited in this study to eval-

uate DOX cellular uptake and possible release from HFn. HeLa cells were
treated with 0.1 M DOX free or encapsulated in HFn for 3 or 24 h. Then,

cells were washed, fixed and prepared for confocal microscopy anal-
ysis. When DOX is excited with an argon laser (488 nm), it exhibits a
characteristic fluorescence spectra profile consisting in a double
emission with relevant maximal peaks at 505 nm (green) and at
550 nm (red), respectively, which can be detected separately by set-
ting the instrumentation appropriately [41]. Confocal images re-
vealed that HFn(DOX) exhibits improved uptake in comparison
with free DOX (Fig. 3). In particular, free DOX just entered the cells
by diffusion and, as a result, was mainly localized in the cytoplasm
(green) even after 24 h of incubation, as assessed by analysis of
DOX fluorescence spatial distribution (Fig. 3a). In contrast, the up-
take of HFn(DOX) was very fast, as it was mediated by TfR1 recep-
tor endocytosis, and DOX was almost entirely released in the
nucleus (red) ready after 3 h, as demonstrated by analysis of DOX
fluorescence spatial distribution (Fig. 3a). The significant difference
in DOX uptake at 3 h observed with HFn(DOX) in comparison with
free DOX could imply that nanoparticle formulation was capable of
bypassing the well documented multi-drug resistance mechanism
(MDR) activated by cancer cells to protect themselves from the cyto-
toxic effects of chemotherapeutics (Fig. 3b). Noteworthy, the nuclear
release of HFn(DOX) suggests that HFn shell mediates a nuclear
translocation of DOX. This effect is likely correlated with the physio-
logical function of ferritins. Indeed, as mentioned above, ferritin
plays a key role in the metabolism of iron, protecting the cell from
oxidative stress [11]. This protective role is exerted both in the cyto-
plasm and in the nucleus. Thus, ferritin is translocated into the nucle-
us in response to oxidative stimuli to protect the DNA from potential
damage caused by anomalous ROS production [11].

3.5. DOX cytoplasmatic release triggers HFn nuclear translocation

Our results let us speculate that HFn acts like a “Trojan horse”.
Indeed, 1) HFn enters the cells as a result of the interaction with TfR1
and 2) partially releases DOX in the cytoplasm through hydrophobic
channels of its architecture; 3) DOX diffuses in the nucleus where it
causes the DNA damage, 4) which triggers the nuclear translocation of
HFn(DOX), and 5) the release of DOX in the nuclear compartment. In
order to verify this hypothesis, we studied the subcellular localization
of endogenous ferritin upon DOX administration. Confocal microscopy
images of HeLa cells, which were fixed 1, 3 and 24 h after administration
of 0.1 uM DOX, clearly show that endogenous ferritin was localized
in the nuclear compartment ready after 1 h, where it continued to
accumulate over time (Fig. 4a, b). In contrast, untreated HeLa cells
(CTRL) displayed mainly a cytoplasmic confinement of ferritin, proving
that the DOX administration triggered its nuclear translocation. Next,
we determined if the treatment with DOX could trigger also nuclear
translocation of recombinant HFn. Hela cells were incubated for 3 h
with HFn labeled with FITC on the shell (HFn_FITC) in order to allow
for a complete internalization of HFn (Fig. 5). Then, 0.1 M DOX
was added to the culture medium and HFn nuclear translocation was re-
corded by confocal microscopy performed on cells fixed 15 min, 1 and
3 h after 0.1 uM DOX administration. Confocal microscopy images
clearly show that HFn was still confined in the cytoplasm 15 min after
DOX addition, even though it was apparent that HFn accumulated
in the close proximity of the nucleus. However, after 1 h, the nuclear
translocation was complete. These results confirm that the HFn
nanoparticles were directly translocated into the nucleus, suggesting
that they were recruited to carry out the physiological functions attrib-
uted to native ferritin. With the aim to assess if HFn acted by bringing
the payload across the nuclear envelope or rather by releasing it in
proximity of the nucleus, the same experiment was performed also

Fig. 4. a) Treatment with DOX triggers nuclear translocation of endogenous HFn. Confocal microscopy images of HeLa cells incubated for 1, 3 and 24 h at 37 °C with DOX 0.1 pM. Untreated
cells are used as negative control (CTRL). Nuclei were stained with DAPI (blue). Endogenous ferritin were recognized with anti-ferritin antibody and labeled with an anti-rabbit secondary
antibody conjugated with Alexa Fluor 546 (cyan; Invitrogen). Scale bar: 10 um. b) Quantification of nuclear fluorescence intensity due to endogenous ferritin. Reported values are a mean of
measurements performed with Image ] software on nucleus five different cells normalized with respect to their area + s.e. ** P < 0.0005. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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with unlabeled HFn loaded with FITC (HFn(FITC)), Figure S12). Images
of HelLa cells displayed in Figure S12 indicate that the payload was di-
rectly transported and released in the nucleus upon external cell stimu-
lation with DOX. This result is particularly relevant considering that,
different from DOX, FITC does not exhibit a natural propensity to
penetrate the nucleus, thus such a massive nuclear translocation should
necessarily imply an active transport. Finally, in order to evaluate
if HFn(DOX) nuclear translocation could be self-triggered by DOX
encapsulated in the HFn shell, 0.1 and 1 uM DOX were loaded inside
HFn_FITC and then incubated with cells (Fig. 6a). DOX and FITC fluores-
cence signal were acquired simultaneously. Confocal microscopy
images in Fig. 6a show that at a DOX concentration of 0.1 pM nuclear
translocation of HFn was only marginally visible both after 3 and 24 h
of incubation. However, at a HFn(DOX) concentration of 1 uM, HFn
was clearly localized in the nuclear compartment even after 3 h of
incubation, proving that HFn nuclear translocation was self-triggered
by DOX release from the hydrophobic channels of HFn. Moreover, the
correspondence between the signal of the nuclear HFn, here obtained
with 1 uM HFn(DOX) and the signal detected in the previous exper-
iment with 0.1 uM free DOX, provides an indirect confirmation
that the amount of DOX released into the cytoplasm to cause self-
triggered translocation was only a minor fraction of that encapsulat-
ed. Combining these results corroborate our hypothesis that the
partial release of DOX in the cytoplasm and the likely consequent
damage due to DOX intercalation in the DNA double-helix trigger
the nuclear translocation of HFn(DOX), as depicted in Fig. 6¢. There-
fore, we concluded that the DOX release was mainly accomplished

upon entrance into the nucleus. Such findings make HFn an ideal
candidate for the development of nanodevices for the nuclear delivery
of chemotherapeutics in cancer cells.

3.6. Enhanced DOX delivery by HFn in MDR cancer cells

To investigate the potential of HFn in the treatment of cancer cells af-
fected by multidrug resistance mechanism, MDA-MB-468 breast cancer
cells were used in the next experiment, as they have been demonstrated
to exhibit P-gp-promoted MDR with DOX [42] and high TfR1 expression
(Figure S2). MDA-MB-468 cells were incubated with 1 uM DOX or
HFn(DOX) for 3 or 24 h in DMEM. After washing out the unreacted
nanoparticles, cells were fixed and prepared for immunofluorescence.
Fig. 7a shows the results of confocal images acquired on isolated MDR
cells after treatment. As expected, in cells treated with free DOX,
no traces of drug could be detected inside the cytoplasm both at 3 and
24 h. The nuclei appeared not to be affected by the drug at 3 h, while
only a minimal amount of drug was revealed at 24 h. In contrast,
HFn(DOX) efficiently delivered a detectable amount of drug into the
nucleus ready after 3 h and a strong emission signal could be monitored
after 24 h, in a similar behavior to what we observed with sensitive HeLa
cells. The improved nuclear delivery of DOX due to HFn assistance was
combined with an increased DOX efficacy, as assessed by viability
assay (Fig. 7b). In order to evaluate if the increased DOX efficacy
observed for HFn(DOX) formulation is mainly due to an escape from
MDR efflux pump or to the HFn self-triggered drug release mechanism,
MDA-MB-468 cells were treated with an inhibitor of MDR proteins.
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Fig. 5. Treatment with DOX trigger nuclear translocation of exogenous HFn. Confocal microscopy images of Hela cells incubated for 3 h at 37 °C with 0.1 pg mL™" of HFn labeled with
FITC (HFn_FITC; green) and then treated (a) or not (b) with 0.1 uM DOX for 15 min, 1 or 3 h. Nuclei were stained with DAPI (blue). Ferritin were recognized with anti-ferritin antibody
and labeled with an anti-rabbit secondary antibody conjugated with Alexa Fluor 546 (red; Invitrogen). Scale bar: 10 um. c¢) Quantification of fluorescence signal of HFn_FITC in the nucleus.
Reported values are a mean of 5 measurements performed with Image | software on the nucleus of different cells normalized with respect to their area + s.e. * P < 0.005; ** P < 0.0005.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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b) Trafficking of exogenous HFn_FITC in HelLa cells not treated with DOX
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c) Quantification of the amount of Hfn_FITC in the nuclear compartment

after treatment with DOX
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Fig. 5 (continued).

MDA-MB-468 cells were treated with 1 uM HFn(DOX) and their viabil-
ity was evaluated also in the presence of 1 uM Cyclosporin-A (CysA). The
kind of inhibitor and their working concentration have been selected in
order to obtain the maximal percentage of MDR inhibition (77%)
without affecting cell viability. Results reported in Fig. 8 do not show
statistically significant variations between samples incubated with
HFn(DOX) or not with CysA at 72 h, which seems to corroborate the
hypothesis of HFn contribution in escaping from MDR efflux pump.
However, the decrease of percentage of viability observed at 24 and
48 h after treatment with CysA strongly supports the conclusion that
the major efficacy of HFn(DOX) in comparison to free DOX is mainly
due to the HFn self-triggered release mechanism, while the HFn escape
from MDR efflux pump plays a marginal role.

4. Conclusions

In summary, we have produced and purified a recombinant heavy-
chain monomer of human apoferritin (HFn) in multimilligram amounts.
HFn maintained the capability of self-assembling, disassembling and
reassembling with shape memory into a 24-H subunit nanocage in
dependence of the pH changes resembling native apoferritin. HFn was
first labeled on the external surface with a fluorescent dye and filled in
with an alternative dye to follow their internalization and fate in
representative cancer (HeLa) drug-sensitive cells, suggesting a pre-
ferred receptor-mediated endocytosis pathway of entrance in cancer
cells with remarkable selectivity in comparison with the uptake from
healthy cells (fibroblasts). Next, HFn nanocage was efficiently loaded
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Fig. 6. a) Self-triggered nuclear delivery of DOX in HFn(DOX) nanoparticles. Confocal microscopy images of HelLa cells incubated for 3 and 24 h at 37 °C with 0.1 pM of HFn(DOX).
HFn(DOX) was labeled with FITC (HFn; green) on the shell and then loaded with DOX (red). Nuclei were stained with DAPI (cyan). Scale bar: 10 um. b) Quantification of fluorescence
signal of HFn_FITC in the nucleus. Reported values are a mean of 5 measurements performed with Image ] software on the nucleus of different cells normalized with respect to
their area £ s.e. ™ P < 0.0005. c) Schematic representation of self-triggered nuclear delivery of HFn(DOX). HFn was internalized upon the interaction with TfR1 by receptor-mediated
mechanism without incurring lysosomal degradation (a). Encapsulated DOX was partially released in the cytoplasm through hydrophobic channels of its architectucture (b). Then
DOX is pumped out of the action of P-glycoprotein (c), or diffuses into the nucleus where it causes the DNA damage (d), which triggers the nuclear translocation of HFn(DOX) (e), and
the massive release of DOX in the nuclear compartment (f). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

with doxorubicin (DOX) and used to treat HeLa cells in comparison with
equal concentrations of free drug. Our results demonstrate
that HFn(DOX) complex is engulfed by cancer cells more rapidly and
efficiently than free DOX. Most important, confocal microscopy analysis
combined with a DNA damage assay provided evidence that HFn allowed
for fast and massive delivery of the antiproliferative chemotherapeutic
agent inside the nuclear compartment, thus strongly enhancing the cyto-
toxic effect of DOX. Our interpretation of this effect is that an initial re-
lease of a small amount of DOX in the cytoplasm induces a DNA
damage, triggering the recruitment of H-rich apoferritins into the nucle-
us. Indeed, under the same conditions, nontoxic dyes were principally re-
leased in the cytoplasm after prolonged incubation and not delivered to
the nucleus. Hence, the point of strength of HFn nanoparticles is that
they are activated to translocate into the nucleus upon noxious stimuli
that the cell itself signals in the presence of a DNA damage.

HFn displays two important advantages over conventional
nanocarriers of DNA-intercalating drugs: 1) the drug is principally
released at its final destination with a subcellular precision through
a self-triggered mechanism, thus optimizing the cytotoxic effect of
the drug, and 2) the self-assembling recombinant nanocage exhibits
a well documented target selectivity toward a broad selection of cancer
cell types. However, HFn can be straightforwardly modified with specif-
ic targeting peptides by standard genetic engineering, which could

further improve the nanocarrier selectivity toward specific cancer cell
types. In our strategy, HFn nanocages loaded with DOX could behave
like a “Trojan horse”: called back within the nucleus for the purpose of
defense, HFn releases, instead, the cytotoxic anticancer drug directly
into the most effective site of action. Eventually, HFn was shown to
significantly improve the accumulation of DOX in drug-resistant cancer
cells, enlarging the spectrum of possible cancer cell targets, allowing
clinicians to reconsider the use of traditional chemotherapeutics,
which have previously failed with several tumor types. We believe
that this nanovector has great potential for the delivery of DNA-
interacting molecules and anticancer drugs exerting a specific
intranuclear action for both in vitro investigations and in vivo treatment
of malignant tumors. We envisage that HFn may find application in the
treatment of several solid tumors, as the targeted nuclear delivery
would allow us to strongly reduce the dose of administered drug and
to limit severe side effects due to chemotherapeutic exposure.
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Fig. 7. a) Doxorubicin release inside the nuclear compartment of MDA-MB-468 cells.
Confocal microscopy images of MDA-MB-468 cells incubated with 1 uM DOX free or
encapsulated in HFn shell for 3 h or 24 h at 37 °C. Scale bar: 10 um. b) Viability of cells
treated with free DOX or HFn(DOX). MDA-MB-468 cells were treated with 1 uM of DOX
or HFn(DOX) for up to 72 h. Viability was assessed by measuring the conversion of MTT
into formazan. Reported values are the mean of six replicates 4 s.e., normalized on cell
proliferation of untreated cells, ** P < 0.0005 (Student's t-test).
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ABSTRACT

Chemotherapeutic treatment of breast cancer is based on maximum tolerated
dose (MTD) approach. However, advanced stage tumors are not effectively eradicated
by MTD owing to suboptimal drug targeting, onset of therapeutic resistance and
neoangiogenesis. In contrast, “metronomic’ chemotherapy is based on frequent
drug administrations at lower doses, resulting in neovascularization inhibition and
induction of tumor dormancy. Here we show the potential of H-ferritin (HFn)-mediated
targeted nanodelivery of metronomic doxorubicin (DOX) in the setting of a highly
aggressive and metastatic 4T1 breast cancer mouse model with DOX-inducible
expression of chemoresistance. We find that HFn-DOX administered at repeated doses
of 1.24 mg kg~ strongly improves the antitumor potential of DOX chemotherapy
arresting the tumor progression. We find that such a potent antitumor effect is
attributable to multiple nanodrug actions beyond cell killing, including inhibition of
tumor angiogenesis and avoidance of chemoresistance. Multiparametric assessment
of heart tissues, including histology, ultrastructural analysis of tissue morphology,
and measurement of markers of reactive oxygen species and hepatic/renal conditions,
provided evidence that metronomic HFn-DOX allowed us to overcome cardiotoxicity.
Our results suggest that HFn-DOX has tremendous potential for the development of
“nanometronomic’ chemotherapy toward safe and tailored oncological treatments.

INTRODUCTION

Over the past decades, cytotoxic chemotherapeutics
have dominated the systemic management of cancer
according to the “maximum tolerated dose” (MTD)
paradigm [1, 2]. MTD therapy requires that patients are
administered with single dose or short courses of the
highest tolerable dosage of a drug in order to achieve the
best therapeutic efficacy. Due to low tumor selectivity,
MTD treatments cannot be protracted in order to allow
recovery of healthy tissues and to reduce myelosuppression
associated with pulsed drug doses [3]. In fast-growing or
metastatic tumors, during these therapeutic breaks, a burst

in cancer cell proliferation accompanied by manifestation
of chemoresistance and accelerated angiogenesis are likely
[4, 5]. Hence, a reappraisal of advanced-stage cancer
management is ongoing, moving from the “maximum
tolerable” to the “minimum effective” dose paradigm [6].
Indeed, cytotoxic agents administered at low dosages are
expected to alow protracted treatments and have been
suggested to up-regulate antiangiogenic factors such as
thrombospondin-1 and to inhibit vascular endothelial
growth factor and platel et-derived growth factor [2, 7].
The first clinical trials using low-dose metronomic
(LDM) chemotherapy were conducted for breast,
prostate, gastrointestinal, renal and pancreatic cancers,
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as well as refractory melanoma [8-10]. This regimen
is based on a lower dose of drugs administered
more frequently, without the need of extensive
interruptions [2, 11]. While the conventional dose-
dense chemotherapeutic setting is suggested to act by
targeting the proliferating tumor cells [12], LDM is
presumed to affect the vascul ature growth and repair [8,
13], to reduce systemic toxicity and myelosuppression,
and to improve the stimulation of the host immune
system against the tumor [1, 4]. However, severd
limiting factors remain for LDM in order to displace
MTD treatments in clinical practice, including 1) low
drug accumulation at tumor site [14], 2) controversial
effectiveness against chemoresistance in advanced
metastatic cancers[15], and 3) acquired resistance after
prolonged treatment [16].

Recent advances in nanotechnology could offer
groundbreaking solutions to improve the effectiveness of
LDM chemotherapy, by taking advantage of the unique
targeting efficiency of engineered nanocarriers [17]. In
the present work, we propose a new concept of low dose
“nanometronomic” (LDNM) chemotherapy. In principle,
it is possible to obtain a prolonged antitumor effect with
LDNM by means of multitasking nanocarriers that
deliver lower dose of drug selectively to the growing
tumor, inhibit the neovascularization process and prevent
chemoresistance. Doxorubicin (DOX) is an excellent
pilot drug for usein aLDM regimen [18], as its great
anticancer efficacy is notoriously dose-limited by severe
systemic side effects above all long-term cardiotoxicity
with different severity grades from reduction in left
ventricular ejection fraction (LV EF) to severe congestive
heart failure [19, 20]. Liposomal anthracyclines,
including pegylated liposomal doxorubicin (pl-DOX),
have been introduced in clinical practice to enhance
the therapeutic index and to avoid cardiotoxicity of
these drugs thanks to higher accumulation of DOX
in the tumor with reduced concentration in off-target
organs [21]. However, meta-analyses of several clinical
trials comparing pl-DOX to conventional DOX have
demonstrated reduced (but not annulled) cardiotoxicity
of pl-DOX, without improvement in progression-free
or overall survival in advanced breast cancer (BC)
[22]. Therefore, improving the therapeutic index of
DOX remains an open challenge. As an ideal DOX
nanocarrier for our LDNM study, we used H-Ferritin
(HFn) nanocages, recently proposed as a promising
bionanoparticle for cancer targeting [23] owing to its
affinity for transferrin receptor 1 (TfR-1), which is
constitutively overexpressed in primary and metastatic
cancer cells [24]. HFn-DOX complex was recently
demonstrated to overcome chemoresistance by actively
promoting DOX nuclear translocation in vitro [25, 26]
and was tested as a MTD treatment of a DOX-sensitive
BC animal model with encouraging results [27].

RESULTS

In vitro uptake and cytotoxicity of HFn-DOX in
4T 1 breast cancer cells

The 4T1 cell line (4T1-L) was selected as in vitro
and in vivo BC model for three main reasons: 1) tumor
aggressiveness due to 4T1 genetic patterning, which
results in high level of proliferation, migration and
invasiveness; 2) basal expression of MDR-1 transporter,
which switches into overexpression upon treatment
with DOX resulting in chemoresistance [28]; 3) stable
luciferase expression, which allowed us to follow the
tumor progression and metastases. 4T1-L cells were
first treated with FITC-labeled HFn (FITC-HFn) [25] to
investigate the nanoparticle-cell interaction. Cells were
incubated with FITC-HFn for 15 min, 1, 3 and 48 h, and
analyzed by confocal microscopy to evaluate the uptake
and intracellular trafficking. HFn was quickly internalized,
since it was recovered inside the cell cytoplasm after only
15 min of incubation, and it continued accumulating in
the cytosol until 3 h (Figure 1A). The intracellular signal
intensity decreased after 48 h probably due to ferritin
disassembly, consistent with previous evidence [25]. HFn
was found partly compartmentalized in early endosomes
and partly free in the cytosol (Supplementary Figure S1),
while the absence of colocalization with lysosomes, Golgi
and transferrin (Tf) marker suggested that HFn did not
follow lysosomal degradation, elimination or recycling,
respectively, in agreement of previous evidence [25].
Binding assays with HFn at 20 or 100 ug mL™ confirmed
a dose-dependent recognition of tumor cells (Figure 1B).

AT1-L cells were treated with DOX or HFn-DOX
at increasing concentrations of DOX to assess cell
proliferation, cell death, DNA damage and nuclear DOX
accumulation. Proliferation was arrested for at least 72 h
after treatment with 1 uM HFn-DOX, while DOX reduced
cell proliferation for 24 h only, suggesting the onset of
chemoresistance upon incubation with DOX (Figure
1C). Cdll viahility was evaluated by incubating the cells
with 0.01, 0.1 and 1 uM DOX or HFn-DOX for up to
72 h. Results reported in Figure 1D show that inhibition
of BC cell viability using HFn-DOX was significantly
higher than that after treatment with DOX. Such a drop
in viability was ascribed to a remarkable increase in cell
death (Figure 1E). Treatment with 0.01 puM HFn-DOX
caused pronounced apoptosis and necrosis induction and
double strand breaks in contrast to DOX (Figure 1F). It
can be assumed that the increase in cytotoxicity of HFn-
DOX resides in the efficiency of HFn in promoting DOX
nuclear translocation (Figure 1G), as already described
for different tumor cell lines [25, 26]. Quantitative
fluorescence analysis of confocal images gave a nuclear
DOX concentration of 15.2 and 9-fold higher than that
detected in cultures treated with DOX at 0.1 and 1 pM,
respectively (Supplementary Figure S2).
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Figure 1: In vitro activity of HFn-DOX nanocagestowar d tumor cells. a. Intracellular localization of HFn nanoparticles. Confocal
microscopy merged images of 4T1-L cells, incubated for 15 min, 1, 3 and 48 h at 37 °C with 100 pg mL™" of FITC-labeled HFn (green). Nuclei
were stained with DAPI (blue). Scale bar: 10 um. b. HFn binding toward 4T1-L breast cancer cells. 4T1-L cells were incubated 2 h at 4 °C
with FITC-labeled HFn (20 and 100 pg mL™) and then processed for flow cytometry. Untreated cells were used as control to set the positive
region. c. Proliferation profiles of cells treated with 1 uM DOX or HFn-DOX for up to 72 h. Untreated cells are used as control. Values are
mean of Six replicates + SE. d. Viability of cells treated with free or nanoformulated DOX. 4T1-L cells were treated with 1, 0.1, and 0.01 uM
DOX or HFn-DOX for up to 72 h. Viability was assessed by measuring the conversion of MTT into formazan, normalized on cell proliferation
of untreated cells. Statistical significance vs. CTRL #P<0.05, ##P<0.005; Statistical significance vs. DOX *P<0.01; **P<0.005. e. Cell death
assay using DOX or HFn-DOX. 4T1-L cells were treated with 1, 0.1, and 0.01 pM DOX or HFn-DOX for 3 or 24 h. Cell death was assessed
on the basis of the exposure to Annexin V, evaluated by flow cytometry. Untreated cells were used to set region of positivity. Values are mean of
three replicates + SE. Statistical significance vs. DOX *P<0.005; ** P<0.0005. f. Double-strand bresk of DNA after DOX exposure. Confocal
microscopy images of 4T1-L cells incubated with 0.01 uM DOX or HFn-DOX. Anti-yH2A.X antibodies were used to reveal the DNA double-
strand breaks (DSB; yellow). Nuclei were stained with DAPI (blue). Scale bar: 10 um. g. Doxorubicin release inside the nuclear compartment.
Confocal microscopy images of 4T1-L cells incubated with 0.1 uM DOX or HFn-DOX and with 1 uM DOX for 3 h at 37 °C. DOX signal is
represented in magenta, while DOX degradation product in green. Scale bar: 10 pm.
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I'n vivo targeting and biodistribution of HFn
nanocarrier

An orthotopic 4T1 metastatic BC model was
obtained by implanting 4T1-L cells (10° cells)
subcutaneously in the mammary fat pad of female
Balb/C mice [29]. This murine tumor was reported
to metastasize primarily, yet not exclusively, by a
hematogenous route leading to metastatic spread to lung,
liver and lymph nodes [30]. The reliability of the model
was confirmed by following tumor progression and
early onset of metastases by bioluminescence intensity
(BLI1) imaging over 20 days (Supplementary Figure
S3A). Histopathol ogical analysis performed on excised
tumors confirmed that the primary mass was indeed
derived from epithelial cancer cells without undesired
morphological alterations (Supplementary Figure S3B).
4T1 mice were injected into the tail vein with Alexa
Fluor,, -labeled HFn (AF660-HFn) at 5 pg kg™ [31]
and monitored by live fluorescence imaging at 1, 2, 24
and 48 h. An intense epifluorescence signal (Epf) at the
bladder was detected within the first 2 h, which however
disappeared after 24 h (Figure 2A and 2B), suggesting
renal excretion of HFn within 1 day. Epf of excised
tumors 1, 2, 24 and 48 h after AF660-HFn injection
displayed rapid tumor uptake, which progressively
decreased in intensity over time (Figure 2C). Confocal
images acquired on cryosections of excised tumors
confirmed that HFn reached the 4T1 cell cytoplasm and
thus were not confined to the tumor stroma or vessels,
but actively entered into cancer cells (Supplementary
Figure $4). Combined data reported in Figure 2A-2C
suggested that a prevalent fraction of nanoparticles that
were not captured by the tumor were rapidly sequestered
by the kidneys, and presumably eliminated into the
bladder. This hypothesis was confirmed by Epf analysis
of excised kidneys that exhibited a detectable AF660-
HFn fluorescence emission at 1 and 2 h (Figure 2D and
2E) and further evidence was provided by fluorescence
measurement of collected urine (Figure 2F). Besides
kidney filtration, our results suggested preferential
distribution of HFn in the liver within the first 24 h and
appreciable Epf was also detected in the spleen for up
to 2 h. In contrast, HFn were not recovered in the lungs,
heart and brain (Figure 2D and 2E).

Bioavailability of HFn-DOX and accumulation
at thetumor

To evaluate the bioavailability of nanoformulated
drug, 2 groups of healthy mice (5 mice/group) were
treated with DOX or HFn-DOX at 1.24 mg kg™'. Blood
samples were collected from the retro-orbital plexusat 15,
30, 45 and 60 min. Thesetight time points were chosen to
detect possible changesin blood bioavailability of DOX or

HFn-DOX soon after administration, asin both cases the
drug was injected intravenously. DOX was extracted from
collected samples and quantified by fluorescence intensity
analysis (FLI) at A =550 nm (A, = 500 nm) [32]. Blood
samples taken before drug administration were set as
reference. Bioavailability of HFn-DOX was two-fold
higher than DOX & though the kinetic seems to maintain
the same shape. To better discriminate kinetic's variations
due to nanoformulation, a 10-fold higher dosage of DOX
or HFn-DOX (i.e. 12.4 mg kg™') has been administered
to healthy mice. Results reported in Figure 3A display
different plasma distribution profiles and confirming that
HFN-DOX increases drug bioavailability in comparison to
DOX of at least four-fold at each time point

Accumulation of DOX at primary tumors (Figure
3B) was determined by fluorescence after chemical
extraction from homogenates of resected tumors at 1, 2,
24, and 48 h after single injection of HFN-DOX or DOX
at 1.24 mg DOX kg [33]. DOX was found in higher
concentration in tumors of mice treated with HFn-DOX
compared to DOX within 1 h. HFn-DOX displayed faster
localization at the tumor compared to DOX, (Figure
3B), suggesting a crucial role for nanoparticle-mediated
delivery in enhancing the tumor targeting, although after 2
h the DOX levels are equilibrated in both cases. Confocal
images of 4T1-L dissociated from tumors excised at 2
h evoked higher tumor cell accumulation of DOX in
samples treated with HFn-DOX compared to DOX (Figure
3C). Combining these results suggested that HFn-DOX
were efficiently captured by tumor cells, while DOX was
confined in blood vessels of the tumor to a much larger
extent.

Impact of LDNM monotherapy on breast cancer
management

Eight-week old Balb/C female mice were implanted
with 4T1-L cells at day 0. Tumor-bearing mice were
randomly divided into three experimental groups at day
5 and treated with placebo, DOX, pl-DOX or HFn-DOX
under our LDNM setting: drug administration (1.24 mg
DOX kg') was performed at day 5, 9, 13 and 17. The
progression of tumor volume was monitored in vivo
before each individual drug injection by bioluminescence
imaging. Images suggested that HFn-DOX could
decrease tumor growth and metastatic spread (Figure
4A and Supplementary Table S1). Indeed, while DOX
displayed a tumor progression similar to the control
along the experimental window (Figure 4B), HFn-DOX
could suppress the tumor growth as long as the drug was
administered (day 17) and exhibited a prolonged effect
up to the experimental endpoint (day 21). An even better
effect was achieved with pl-DOX, which was indeed able
to arrest the tumor development. Immunohistochemical
analysis of tumor sections showed that the apoptotic effect
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Figure 2: In vivo targeting and distribution of void HFn nanocarrier. a. Epifluorescence (Epf) images of mice bearing 4T1-L
tumors acquired 1, 2, 24 and 48 h after intravenous (i.v.) injection into the tail vein of 5 ug kg™ AF660-HFn and b. averaged Epf intensity
of the bladder region of interest (ROI). c. Epf of isolated 4T1 tumors and averaged Epf intensity of tumor ROI acquired 1, 2, 24 and 48 h
after exposure to HFn. d. Epf of isolated spleen (S), kidneys (K), liver (L), brain (B), heart (H), lungs (Lu), and e. averaged Epf intensity
of the ROI obtained after 1, 2, 24 and 48 h exposure to HFn. f. Fluorescence intensity of urine collected 1, 2, 24 and 48 h after i.v. injection
of AF660-HFn. The color scale in panels a, ¢ and d indicates the averaged epifluorescence expressed as radiant efficiency [(p/sec/cm?/sr)/
(mW/cm?)], where p/sec/cm?/sr is the number of photons per second that |eave a square centimeter of tissue and radiate into a solid angle of
one steradian (sr). Vaues reported in panels b, ¢, eand f are mean + SE of at least 4 different samples under each experimental condition.
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of pl-DOX and HFn-DOX on BC cells was better than
that of DOX (Figure 4C and Supplementary Figure S5),
presumably due to the improved tumor accumulation of
the drug. However, the absence of statistical significance
in apoptosis between HFN-DOX and DOX treated samples
advocated alternative factors in the stronger antitumor
efficacy of HFn-DOX beyond mere cytotoxicity.

Impact of LDNM regimen on tumor angiogenesis
and chemoresistance

In line with the observed discrepancy in the results
from the DNA fragmentation assay (Figure 4C), we
investigated the possible involvement of anti-angiogenic
effect of HFn-DOX under the LDNM regimen. Vessel
labeling with anti-CD31 antibody in BC histological
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Figure 3: Bioavailability and tumor accumulation of HFn-DOX in comparison with free DOX. a. Bioavailability of
DOX and HFn-DOX at different time points. Plasma concentration of DOX after i.v. injection of HFn-DOX (black circles) or DOX (gray
triangles) at 1.24 mg kg and 12.4 mg kg in healthy mice. b. DOX accumulation at 4T1-L tumor in mice at different time points after
administration of 1.24 mg kg' DOX as free molecule or HFn-DOX. Female Balb/C mice orthotopically implanted with 4T1-L murine
mammary carcinoma cells were injected 6 days after implantation (time 0) with DOX or HFn-DOX. DOX levels in tumor have been
determined 1, 2, 4, and 24 h after i.v. injection following acidified isopropanol extraction from tumor homogenates. Aliquots from six mice
per each time point concentration have been extracted and analyzed by spectrofluorimeter. Reported values are means of 3 samples/group
+ SE. P values are summarized in Table S5. ¢. Confocal microscopy images of 4T1-L cells dissociated from tumor harvested 2 h after i.v.
injection of DOX and HFn-DOX. DOX signal is represented in green, while nuclei were stained with DAPI (blue). Scale bar: 10 pm.
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slides revealed a remarkable decrease in the number of
CD31-positive cells compared to DOX (Figure 5A and
Supplementary Figure S6), suggesting arole of the HFn-
DOX-promoted antiangiogenic effect on the inhibition
of tumor progression and diffusion. Analogously, it is
likely that the strong inhibition in tumor growth observed
with pl-DOX (Figure 4B) was primarily due to anti-
angiogenic activity (Figure 5A). 4T1-L BC cells have
been described to develop drug resistance owing to
induced overexpression of MDR-1 protein upon standard
treatment with DOX [28]. Western blot performed on 4T1
cells treated for 72 h with 0.1 uM DOX corroborated DOX
induction of MDR-1 expression in vitro (Supplementary
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Figure S7). We examined MDR-1 expression in tumor
tissues dissected after LDNM treatment. Tumor sections
from DOX and pl-DOX-treated mice displayed a
three-fold and five-fold increase in MDR-1-positive
cells, respectively, compared to animals treated with
placebo and HFn-DOX treated animals (Figure 5B and
Supplementary Figure S8). As expected, both DOX and
pl-DOX induced an obvious overexpression of MDR-1in
tumor cell membranes, which was particularly pronounced
in the proximity of the tumor endothelium [34]. In
contrast, MDR-1 expression was undetectable in tumor
cell membranes after HFn-DOX treatment and was found
only to alimited extent in tumor vessels after HFn-DOX
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Figure 4: Efficacy of LDNM treatment with HFn-DOX. a. DOX and HFn-DOX in vivo efficacy. Bioluminescence imaging of
female Balb/C mice (n = 12/group) orthotopicaly implanted (day 0) with 4T1-L murine mammary carcinoma cells were treated with
placebo or with 1.24 mg kg™ of DOX, pl-DOX or HFn-DOX. Drug injections were performed into the tail vein at day 5, 9, 13 and 17. Mice
were sacrificed at day 21. b. Quantification of tumor volume. Tumor volume was quantified by measuring the bioluminescence intensity
signal of 4T1-L cells 5 min after intraperitoneal injection of luciferin. Dots represent the normalized mean value of BLI tumor signal +
SE. Statistical significance vs. placebo #P<0.05 ###P<0.005; vs. DOX *P<0.05 ***P<0.005. c. Quantification of apoptosis in tumor tissue
upon treatment with HFn-DOX. Tumors excised at day 21 (n = 6/group) were fixed with formalin and embedded in paraffin. Histological
slides were processed to label DNA fragments of apoptotic cells. Reported values are the mean of apoptotic cells number/field/sample + SE.
The count was performed on 10 fields/sample. Magnification 20%. Statistical significance vs. placebo ##P<0.005; vs. DOX ***P<0.005.
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treatment, at the same level of the placebo. Thisresult is
relevant in view of a protracted metronomic treatment
preventing the onset of chemoresistance, and it is even
more surprising considering that pl-DOX is commonly
used in patients previously treated with anthracyclines and
therefore affected by potentially chemoresistant cancers.
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Figure 5. Impact of LDNM regimen on tumor
angiogenesis and chemoresistance. a. Quantification of
angiogenesis in tumor tissue upon treatment with HFn-DOX.
Tumors excised at day 21 (n = 5/group) were fixed with formalin
and embedded in paraffin. Immunohistochemistry of histological
slides were processed to label CD31+ cells. Reported values
are mean of vessel number counted in 10 fields/sample +
SE. Magnification 40x. Statistical significance vs. placebo
#P<0.005 ###P<0.00005; vs. DOX ***P<0.00005; vs. pl-DOX
§88P<0.0005. b. Quantification of MDR-1-expression. Excised
tumors (n = 5/group) were processed for immunohi stochemistry
of MDR-1 antigen. The percentage of image area positive
for MDR-1 expression was quantified using ImagePro Plus
Software. Reported values are the mean of the percentage
of MDR-1 positive signal counted in 5 fields/sample + SE.
Statistical significance vs. Placebo ##P<0.0005 ###P<0.00005;
vs. DOX **P<0.005 ***P<0.0005; vs. pl-DOX §8§8P<0.0005.

HFNn-DOX suppresses DOX cardiotoxicity and
systemic dysfunction under a LDNM therapeutic
setting

Cardiotoxicity represents a life-threatening
unresolved issue associated to DOX chemotherapy under
clinically relevant settings [35]. To evaluate the incidence
of LDNM monotherapy on cardiotoxicity, we followed a
multiparametric approach [36]. First, histological slides
of heart tissues were treated with FITC-conjugated wheat
germ agglutinin (FITC-WGA), a cell membrane label,
and imaged by fluorescence microscopy (Supplementary
Figure S9). Cardiomyocyte cross-sections from mice
treated with HFn-DOX, pl-DOX, DOX or non-treated
were measured at day 21. Images showed a significant
increase of cardiomyocyte area in DOX and pl-DOX
samples suggesting a strong cellular damage response
compared to HFn-DOX samples (Figure 6A). Detailed
ultrastructural analysis of cardiac cells in DOX and pl-
DOX treated samples revealed an increased number of
mitochondria compared to HFn-DOX (Figure 6B and
Supplementary Figure S10). In addition, changes in
mitochondria morphology, including larger surface area
and cristae depletion, typical effects of DOX-induced
cardiomyopathy [36], were clearly evident in DOX and
pl-DOX treated samples but not in HFn-DOX samples
(Figure 6C-6E). Therefore, the absence of obvious
alterations in mitochondria number and morphology in
heart samples from mice treated with HFn-DOX strongly
supports the lack of cardiotoxicity in LDNM HFn-DOX
treatment, even compared to pl-DOX, which is currently
considered the most safe anthracycline therapy in terms of
cardiotoxicity.

To further investigate if the ultrastructural
alterations were associated to mitochondrial dysfunction,
mitochondriaisolated from heart tissue of DOX, pl-DOX
or HFn-DOX treated mice were analyzed in detail. The
membrane potential decreased by 30% in DOX and pl-
DOX samples compared to HFn-DOX (Figure 6F). As
mitochondrial impairment was expected to generate
reactive oxygen species (ROS) [37], we quantified the
level of the ROS quencher glutathione (GSH) in heart
tissue [38]. Figure 6G displays the lower amount of
reduced GSH in DOX and pl-DOX-treated mice in
comparison to HFn-DOX, confirming mitochondrial
dysfunction induced by treatment with free and liposomal
DOX only.

Finally, we assessed the systemic toxicity of
HFn-DOX by histopathological examination of liver,
kidneys, lung, spleen, heart, gut and brain isolated
at day 21. No histological lesions were found in all
organs (Supplementary Figure S11). Liver and kidney
functionalities were aso determined to further evaluate
the toxicity profile of HFn-DOX treatment. Serum levels
of aspartate transaminase (AST) and alanine transaminase
(ALT) (Supplementary Table S2), and urea and creatinine
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Figure 6: Examination of cardiotoxicity of HFn-DOX, pl-DOX and DOX. a. Nanodelivery protects cardiomyocytes from DOX-
induced hypertrophy. Hearts excised at day 21 (n = 3/group) from mice treated with placebo or with 1.24 mg kg™ of DOX, pl-DOX or HFn-
DOX were fixed with formalin and embedded in paraffin. Histological slides of cardiac sections stained with FITC-WGA were analyzed
with Imagel] software to measure cross-section area of cardiomyocytes. Quantification was performed on at least 5 images/group, reporting
the mean value of cross-section area of 250 cells/group= SE. Statistical significance vs. Placebo ###P<0.00005; vs. DOX *** P<0.00005; vs.
pl-DOX 888P<0.00005. b. Nanodelivery protects against DOX-induced mitochondrial toxicity. Hearts excised at day 21 (n = 3/group) from
mice treated with placebo or with 1.24 mg kg™ of DOX, pl-DOX or HFn-DOX were fixed with glutaraldehyde and embedded in epoxy-resin.
TEM images of ultrathin heart sections of cardiac tissues acquired at 4200 magnifications were analyzed with ImageJ to measure the number of
mitochondria in heart tissue. Quantification was performed on at least 9 images/group, reporting the mean mitochondria number/image + SE.
Statistical significance vs. Placebo ###P<0.00005; vs. DOX ***P<0.00005 * P<0.005; vs. pl-DOX §88P<0.00005. c. Representative images
of heartsexcised at day 21 (n = 3/group) from mice treated with placebo or with 1.24 mg kg ™! of DOX, pl-DOX or HFn-DOX. TEM images of
ultrathin heart sections of cardiac tissues have been acquired at 11500 magnifications. d. Nanodelivery reduces the mitochondrial size growth
due to DOX treatment. Quantification of TEM images (ImageJ) of ultrathin heart sections acquired at 11500 magnifications. Quantification
was performed on at least 10 images/group, measuring at least 100 mitochondria/sample. Values represent the mean mitochondrial area
+ SE. Statistical significance vs. Placebo ###P<0.00005 #P<0.05; vs. DOX ***P<0.00005; vs. pl-DOX 8§88P<0.00005. e. Nano delivery
limits the damage of mitochondrial cristae from DOX. Quantification of TEM images (Image J) of ultrathin heart sections acquired at 11500
magnifications. Quantification was performed on at least 10 images/group, measuring at least 100 mitochondria/sample. Values represent the
percentage of mitochondrial area occupied by cristae = SE. Statistical significance vs. Placebo ###P<0.00005; vs. DOX ***P<0.00005; vs.
pl-DOX §8§8P<0.00005 f. HFn-DOX does not affect mitochondrial membrane potential. Mitochondrial membrane potential was measured
by staining-isolated mitochondria from mouse heart tissue dissected at day 21 (n = 3/group) from mice treated with placebo or with 1.24
mg kg of DOX, pl-DOX or HFn-DOX. Statistical significance vs. Placebo #P<0.05; vs. pl-DOX 8§P<0.05. g. HFn-DOX does not decrease
the concentration of reduced GSH. The extent of reduced GSH was measured in lysates of hearts excised at day 21 (n = 3/group) from mice
treated with placebo or with 1.24 mg kg ' of DOX, pl-DOX or HFn-DOX. Values represent the mean GSH concentration in heart extractst SE.
Statistical significance vs. Placebo #P<0.05; vs. pl-DOX 8P<0.05.
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(Supplementary Table S3), were monitored as markers
of liver and kidney condition, respectively. Our results
showed that AST/ALT and urealcreatinine ratiosin HFn-
DOX treated mice were comparable to the control and in
the range of reference, confirming the overall nanodrug
safety.

DISCUSSION

In the present study a highly aggressive metastatic
BC model based on murine 4T1 cells was established.
This allowed us to simulate the dramatic clinical picture
of advanced BC patients and to evaluate the impact of
DOX nanoformulation under LDM monotherapy in
compromised subjects, as DOX remains a mainstay
therapy in various solid tumors. Our results suggest that
DOX monotherapy does not affect tumor progression
significantly: although the expected cytotoxicity was
confirmed in vitro, this did not translate into substantial
antitumor activity in vivo in an advanced-stage BC model,
whereas off-target tissue accumulation and myocardial
damage largely occurred. This result is reminiscent of the
frustrating clinical condition in which chemotherapy fails
to overcome BC progression and combination therapies
become necessary to control the disease. Therefore, the
potential of LDM DOX to overcome the limitations of
dose-dense regimens in advanced-stage tumors remains
questionable, since DOX requires high doses to gain a
proper drug concentration at cancer deposits [39-40].
In contrast, the results of our study demonstrate that our
LDNM strategy, which combines LDM administration
of DOX with HFn-delivery resulted in a targeted effect
of DOX on 4T1 cancer cells together with a sustained
antiangiogenic activity in the tumor microenvironment.
Indeed, HFN-DOX exhibited potent antitumor activity
when administered at frequent doses as low as 1.24
mg kg™ in vivo compared to free DOX and placebo.
Such a strongly improved activity correlates with the
pharmacokinetic profile of LDNM DOX, as emerged
from a recent biodistribution study [41]. Indeed, while
DOX displayed reduced bioavailability, high levels of
HFn-DOX were recovered in plasma during the first
few hours post-injection that were attributable to alower
sequestration by off-target organs [41]. HFn-DOX could
accumulate in the tumor site exploiting the EPR effect
[42] or by endothelial wall transcytosis promoted by TfR-
1 recognition [43] and it is internalized in tumor cells
by receptor-mediated endocytosis [44]. HFn-mediated
target selectivity conferred earlier intra-tumor activity
to the drug, lower off-target accumulation with fast liver
metabolism and rapid clearance of circulating excess
drug by renal excretion, suggesting optimal therapeutic
index in future clinical trandation [41, 44]. Beyond its
favorable biocavailability and target selectivity, aplausible
explanation for enhanced antitumor activity of LDNM
HFn-DOX resides in HFn propensity to behave like a

Trojan horse, imparting DOX with drastically enhanced
nuclear penetration even in resistant cancer cells[25, 45].
Such HFn property can greatly improve current strategies
of LDM chemotherapy, due to sustained nuclear release of
a DNA-damaging drug. Indeed, our in vitro experiments
showed that HFn-mediated delivery alowed a 15.2-fold
increase of DOX nuclear concentration within 3 h as
compared to the drug alone.

Even drug resistance significantly impacts on BC
management, accounting for a relevant proportion of
patients in which anthracycline therapy fails to persistently
eradicate the tumor [46]. MDR-1 protein is one of the
most active multidrug resistance mediators in BC and it
is gradually overexpressed under DOX chemotherapy
regimens [28]. Negligible MDR-1 induction in tumor
cellsin vivo after LDNM DOX administration suggested
that the multidrug resistance machinery of BC cells did
not “sense” the cytotoxic agent in HFn-DOX. Otherwise,
the dramatic increase of MDR-1 expression observed in
samples from mice treated with DOX and even with pl-
DOX, suggested that LDNM administration associated
with cell nuclear targeting could circumvent DOX
resistance dependent by MDR-1.

The general assumption that LDM therapy is
essentially due to inhibition of angiogenesis, rather
than directly killing residual cancer cells [8], should be
reconsidered in the framework of LDNM regimen, in
which akey role of targeted action could be reappraised.
Combining our data from angiogenesis inhibition with the
results from tumor progression (i.e BC growth curves and
DNA fragmentation assay) we concluded that targeted
action of HFn-DOX on BC cells and antiangiogenic effect
of LDNM regimen could play a synergistic role in the
increased antitumor efficacy of HFn-DOX compared to
DOX alone.

Importantly, LDNM chemotherapy exhibited a safe
toxicity profile, as proven by apparent lack of systemic
side effects. Thisis expected to have great clinical impact
because cardiotoxicity and general side effects lead to
major restriction in the clinical use of anthracyclines.
HFn-DOX was less cardiotoxic compared to DOX and
even to pl-DOX, although the latter has been associated
with improved cardiac safety in various clinical studies.
Nevertheless, myocardial aterations provoked by pl-DOX
(Figure 6) are not surprising. Indeed, a certain degree of
myocardial damage has been previously demonstrated
in endomyocardial biopsies of patients treated with pl-
DOX, and ultrastructural damage of pl-DOX has not
been explored [38, 47]. Moreover, athough pl-DOX
is less cardiotoxic, it does not significantly reduce
relevant cardiac events, and a clinician's preference
for pl-DOX over conventional DOX to avoid clinically
significant cardiac events is not justified in patients
without concurrent cardiac disorders that were not
previously subjected to anthracycline exposure [48].
Therefore, the general confidence on low cardiotoxicity

www.impactjournals.com/oncotarget

10

Oncotarget



of pl-DOX should be reconsidered in the light of these
considerations. Otherwise, LDNM treatment with HFn-
DOX didn't display anthracycline-related cardiotoxicity,
even in comparison with pl-DOX, and it is therefore a
promising option for anthracycline therapeutic regimens
in cardiosensitive subjects.

We acknowledge a potential limitation relating to
immunogenicity in clinical tranglation of HFn-DOX [49].
Although it is difficult to predict the long-term effect
of prolonged treatments in humans, we have collected
preliminary data suggesting negligible immunogenicity
of HFn in animals. Another limitation of the study
is the experimental timespan limited to three weeks.
However, based on our findings we could postulate that
after 21 days the metronomic treatment by HFn-DOX
would lead to further reduction of cancer deposits, as
expected by the excellent cytotoxicity showed by HFn-
DOX invitro. Moreover, the fact that MDR-1 expression
remained stable over time upon treatment with HFn-DOX
suggests avoidance of chemoresistance, thus a sustained
anticancer activity even after 21 days is expected. About
cardiotoxicity, our findings suggest that substantially
no myocardial damage is present after treatment with
HFn-DOX, and we should expect the same lack in
cardiotoxicity even after experimental timespan.

In summary, this study provides robust evidence
that LDNM monotherapy with HFn-DOX is expected to
remodel the therapeutic outcome of advanced metastatic
BC compared to the drug aone and also to improve
anthracycline therapies based on liposomal DOX,
with a redefinition of the central role of DOX for solid
malignancies under the new perspective of metronomic
treatments. Further investigations are necessary to
thoroughly elucidate the individual contributions of
targeted therapy and neoangiogenesis inhibition in the
strong enhancement of the antitumor efficacy of HFn-
DOX. On the horizon after this study is the possibility of
countless devel opments, one of which isareappraisal of
current clinical settings by combining low toxic LDNM
regimens with administration of established antiangiogenic
agents.

MATERIALSAND METHODS

Cdll culturesand in vitro studies

Murine Bioware-Ultra 4T1-Luc?2 cell line (4T1-L),
used as model of BC cells, have been purchased in 2011
from Perkin Elmer, confirmed by IMPACT I PCR profiling
by the source, and have been passaged for fewer than 6
months. 4T1-L were cultured in RPMI 1640 medium
supplemented with 10% foetal bovine serum, 2 mM
l-glutamine, penicillin (50 UI mL™") and streptomycin (50
mg mL") at 37 °C in humidified atmosphere containing
5% CO, and sub-cultured prior to confluence using
trypsin/EDTA. 4T1 cells, were used for in vitro tests

and orthotopically implanted at passages lower than 4 in
female Balb/C mice to obtain the BC animal model.
Details of HFn-DOX production, cell binding,
proliferation, death and DNA damage assays, intracellular
localization by confocal laser scanning microscopy, are
provided in the Supplementary Materials and Methods.

Study design

The hypothesis was that HFn-DOX would exhibit
higher antitumor efficacy and would induce minimal
or negligible side effects compared to free drug and pl-
DOX (Caelyx) in mice bearing strongly invasive and
metastatic BC. HFn-DOX dose was set at 1.24 mg kg
DOX, about 1/7 of the average MTD dosage administered
in 4T1 murine BC [26]. This tumor model was selected
for its aggressiveness and spontaneous tendency to spread
to multiple metastatic sites after orthotopic injection
of luciferase-tagged cells. The endpoint of the in vivo
experiments was defined at 21 days to appreciate the
parametric differences in tumor growth, resistance onset
and cardiotoxicity in living animals, while allowing us
to operate in compliance with the National and European
legidlations that regulate animal experiments. The number
of animals for each biodistribution, bioavailability, therapy
and cardiotoxicity experiment was cal culated with a power
of at least 80 + 5 %. Mice were randomized by primary
tumor size before initiation of treatments. Dye-labeled
HFn was first injected in tumor-bearing mice by tail vein,
then targeting and biodistribution were assessed by live
fluorescence imaging, while drug bioavailability was
evauated in healthy animals. Rodents were administered
intravenously with placebo, DOX, pl-DOX or HFn-DOX
at day 5, 9, 13 and 17, and monitored for 21 days during
which tumor growth was followed by measurement of
bioluminescence signa intensity (BLI) of 4T1-L cells
after intraperitoneal injection of luciferin. BLI analyses
were undertaken under standardized conditionsto gain a
guantitative estimation of live BC cells. Intermediate BLI
values and mouse weights were determined before each
administration. Collected BLI data were normalized to
the mean tumor size calculated for all mice within each
group at each time point. Animals were euthanized at day
21 to analyze resected tissues with the aim of determining
the antitumor efficacy, anti-angiogenic activity and
cardiotoxicity of DOX, pl-DOX and or HFn-DOX.
Histopathology and immunohistochemistry were analyzed
from blinded samples. Outliers were not excluded. All
experiments were conducted under an approved protocol
of the Italian Ministry of Health. Animals were cared
for according to the guidelines of the Italian Ministry of
Health (see the Supplementary Materials and Methods).

In vivo experiments

Details of the preparation of orthotopic 4T1 model,
tumor cell injection, tumor imaging, targeting and
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biodistribution, plasma half-life, drug accumulation at
the tumor of DOX and HFn-DOX and antitumor in vivo
efficacy of DOX, pl-DOX or HFn-DOX are provided in
Supplementary Materials and Methods.

Ex vivo analyses

Excised tumors were analyzed by fluorescence
imaging and by confocal microscopy of cryosections
to establish the HFn cellular targeting in vivo,
immunofluorescence of dissociated tumor to assess DOX
accumulation, immunohistochemistry to determine the
CD31 and MDR-1 expression in endothelial and tumor
cells, respectively, and Tumor TACS In Situ Apoptosis
Detection kit to determine cellular apoptosis. Excised
organs were analyzed by fluorescence imaging to
establish the HFn biodistribution in non-target organs.
Histopathology was performed on samples from liver,
kidneys, spleen, heart, brain, gut and lung tissues.
Kidney and liver functionality was assessed before and
after the treatment. The size of cardiomyocytes extracted
from resected heart tissues was measured after wheat
germ agglutinin (WGA) fluorescence labeling. Isolated
mitochondria from heart tissue samples were investigated
by membrane potential and ultrastructural analysis of
transmission electron micrographs; the extent of ROS
in heart was assessed by glutathione assay. Details are
reported in Supplementary Materials and Methods.

Statistical analysis

Statistical analyses were conducted using two-tailed
Student’st-test. All plots show mean values + SE. All tests
assumed normal distribution and the statistical significance
threshold was set at P< 0.05
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Understanding the behavior of multifunctional colloidal nanoparticles capable
of biomolecular targeting remains a fascinating challenge in materials sci-
ence with dramatic implications in view of a possible clinical translation. In
several circumstances, assumptions on structure—activity relationships have
failed in determining the expected responses of these complex systems in a
biological environment. The present Review depicts the most recent advances
about colloidal nanoparticles designed for use as tools for cellular nanobio-
technology, in particular, for the preferential transport through different target
compartments, including cell membrane, cytoplasm, mitochondria, and
nucleus. Besides the conventional entry mechanisms based on crossing the
cellular membrane, an insight into modern physical approaches to quantita-
tively deliver nanomaterials inside cells, such as microinjection and electro-
poration, is provided. Recent hypotheses on how the nanoparticle structure
and functionalization may affect the interactions at the nano-bio interface,
which in turn mediate the nanoparticle internalization routes, are highlighted.
In addition, some hurdles when this small interface faces the physiological
environment and how this phenomenon can turn into different unexpected
responses, are discussed. Finally, possible future developments oriented to
synergistically tailor biological and chemical properties of nanoconjugates

to improve the control over nanoparticle transport, which could open new

nanoparticles, IONPs), and photolumines-
cence (e.g., semiconductor quantum dots,
QDs). The complex interactions between
nanoparticles and the cellular environ-
ment have been thoroughly examined,
such that the knowledge of these relation-
ships remains of fundamental attractive-
ness. This is the reason why the scientific
community involved in nanomaterials
evolution has raised numerous questions
in order to understand the dynamic forces
and the molecular components that shape
these interactions. At the moment, several
research groups are focusing on the crea-
tion of properly “designed” nanoparticles,
as an essential prerequisite for each indi-
vidual nano-biomedical and nano-bio-
technological application. With a general
impression of the biological interfaces
that nanoparticles meet when interacting
with living cells (i.e., membrane, cyto-
plasm, nucleus, and internal organelles),
researchers have now the possibility to
define how these interactions remodel
the fundamental forces that govern the

scenarios in the field of nanomedicine, are addressed.

1. Introduction

1.1. Understanding Nanoparticle Properties at the Cellular Level

In the last decade, colloidal nanoparticles have been established
as an emerging tool for the study of biological processes with
an increasing number of possible applications in biotechnology
and medicine.'3] Depending on their constitutional materials,
nanoparticles have different chemical-physical properties such
as high electron density and strong optical absorption (e.g.,
gold nanoparticles, AuNPs), magnetic moment (e.g., iron oxide

behavior of colloidal nanoparticles in a

complex biological system. In addition,

other works highlight the importance of
correlating nanoparticle fluid dynamics to their physicochem-
ical features, which adds a basic but, at the same time, capital
information to predict potential toxicological risks of such
materials. Such correlations would help us to construct new
materials and thus find the optimal mechanism of intracellular
delivery of different nanoparticle platforms, evaluating and
reducing their toxicity to the minimum level.*°!

These basic issues, which can be collected in a unique con-
cept that can be referred to as nano-bio interface, give rise to a
very intricate system to investigate, as the nano-bio interface
consists in a plethora of dynamic components. Most available
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studies correlate these interactions with surface properties of
nanomaterials, including size, shape, and curvature, rough-
ness, porosity, and crystallinity.*®l Other works deal with the
properties of the solid-liquid interface originated when nano-
particles are suspended in the surrounding medium, including
for instance the effective surface charge,®1% the state of aggre-
gation and the stability of the suspension over time and at dif-
ferent cellular pH values. Moreover, the solid-liquid contact
zone with biological substrates might be influenced by the
nature of surface ligands and chemical functionalization of
nanoparticles.’12 In particular, the contact with hydrophobic
or charged regions of cells determines the nanoparticle prefer-
ential pathway of interaction with the cellular external environ-
ment and, later on, the formation of stable or transient com-
plexes with their binding molecules and the route of internali-
zation and metabolism of nanoparticles.['’]

Another nanoscale engagement with biological processes
is the identification of the biomolecular “protein corona” that
provides the biological identity of nanomaterials.'¥ To better
understand this concept, we should try to envision that when
nanoparticles, which have higher free energy than the corre-
sponding bulk materials, are suspended in a biological fluid,
they are rapidly coated by a selected group of biomolecules to
form a molecular corona essentially consisting in a layer of
adsorbed proteins that represent the main biomolecular com-
ponents of that fluid. Is this protein corona what the external
biological environment actually “sees” when interacting with
a suspended nanoparticle. As will be discussed below, this
process leads to the formation of a near-monolayer of biomol-
ecules, usually termed “hard” corona, which tightly, yet revers-
ibly, binds to the nanoparticle surface. In addition, an exchange-
able layer of biomolecules is formed as an outer shell over the
hard corona; this process is more dynamic and reversible and
this is the reason why it is called “soft” corona.'>1® Interest-
ingly, from several specific analyses, it has been observed that
only few molecules available in biological medium are found in
the hard corona and they hardly correspond to the most abun-
dant proteins in plasma. It is worth emphasizing that the pro-
tein corona is not only relevant in passive cellular adhesion and
internalization (passive targeting), but is also relevant when
antibodies or target molecules are immobilized on the nano-
particle surface with the aim of achieving a targeting action
directed toward a selected molecular receptor (active targeting).
In these cases, the corona may affect these specific interactions
much more thoroughly than expected.'”! For this reason, the
surface modification with “bioinvisible” polymeric moieties
(e.g., pegylation) is often required to reduce the formation of
nonspecific bindings of biomolecules,!® thus making more rel-
evant the role played by the active targeting component.

1.2. Designing the Nanoparticle “Framework”: A Progressive
Evolution

Outcomes from studies of nano-bio interface have largely
influenced nanomaterials design for biomedical applications.
To date, three generations of nanoparticles can be recognized,
which have been engineered to this purpose (Figure 1). The
first generation is represented by nanomaterials functionalized
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through basic surface chemistries to assess biocompatibility,
enhance cellular uptake, and reduce toxicity. The second gen-
eration is focused on nanomaterials with optimized surface
boundaries that improve stability and targeting in biological sys-
tems.1%-2%1 These studies were characterized by two important
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nanoparticle  sub-cellular targeting and
delivery. Finally, we aim to shed a light on
the future developments and long-term
implications of these findings. This overview
would enable researchers to restructure the
assembly of composite nanovectors that is
expected to afford the highest possible spe-
cific efficiency in targeted delivery of drugs
and diagnostic agents.

2. Interactions of Nanoparticles
with Mammalian Cells

2.1. Delivery Through the Cellular Membrane

At the cellular level, there are several bio-

Drug
i Design Shasithnass Environment responsive
Material Solubility fax Didive Theranostic tools
Structure Biocompatibility : Y Dynamic properties
L5 Active Targeting s ; #
Toxicity Protein Corona
Removal from EPR effect
Biological phagocytesystem| pifficult Targeting -
Hurdles Lack of Efficiency going....
tumortargeting | |mmune response

logical barriers that nanoparticles must face

Figure 1. The evolution of nanomaterials and their biological challenges.

tasks: “stealthiness” and active targeting. The aim of developing
“stealth” nanoparticles is to maximize blood circulation half-
life to enhance the continuous delivery of nanoparticles into
the target tissue via a leaky vasculature, exploiting the so-called
tumor “enhanced permeability and retention” (EPR) effect. To
gain this goal, chemistry has been evolved by adding an amphi-
philic polymer coating capable of minimizing nonspecific inter-
actions, such as polyethylene glycol (PEG), to the nanoparticle
surface. In this context, the overall PEG chain length and its
density on the surface strongly affect the nanoparticle stability
over time.["¥ In addition, the main advantage of having a ligand
bound to a nanoparticle, as opposed to the free molecule in
solution, is that the nanoparticle surface creates a region of
highly concentrated ligands, which is generally associated to an
increase in the avidity for the membrane receptor resulting in
clustering effects at the cell surface.2¥

The third generation of nanomaterials, defined “envi-
ronment-responsive,” is in continuous evolution. These
dynamic nanoparticles take advantage of a combination of
physical, chemical, and biological properties, either deriving
from intrinsic features or arising from the interaction of the
nanoparticles with a specific environment they are in con-
tact with, in order to maximize their effect into targeted sub-
cellular compartments.[>2 Cellular delivery based on these
more sophisticated nanomaterials remains a great challenge
in the design of effective nanodrugs, while an understanding
of how cells traffic their constituents to the appropriate place
inside or outside the cell could provide valuable information
to improve the targeting efficiency and to reduce the toxicity
of the system.

Based on the above considerations, in this review we wish
to provide a general overlook on the interaction processes at
the nano-bio interface that mediate cellular internalization
routes of nanoparticles and on their relevant outcomes. Next,
we will describe recent advances in developing strategies for
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to reach their destination: cell membrane
is the first. Indeed, the hydrophobic nature
of plasma membrane lipid bilayer prevents
the diffusion of polar complexes larger than
1 kDa.””] Conveniently, nanoparticles are on the same size
order of large proteins and of typical cellular and extracellular
components, so that they can efficiently penetrate living cells by
exploiting the ordinary cellular endocytic mechanisms.

Although small and positively charged nanoparticles can
enter cells by passive diffusion through the plasma mem-
brane,?l most of them are internalized by active processes,
which could be subdivided into two broad categories: phago-
cytosis (or “cell eating”) and pinocytosis (or “cell drinking”).
Phagocytosis is conducted by specialized cells, including mac-
rophages, monocytes, and neutrophils, whereas pinocytosis is
more general and may occur in all cell types by at least four
basic mechanisms: macropinocytosis, clathrin-mediated endo-
cytosis (CME), caveolae-mediated endocytosis, and clathrin- and
caveolae-independent endocytosis. Clathrin is a coat-protein
exploited by the cell to assist the formation of endocitic vesicles
to safely transport selected molecules within and between the
cells, whereas caveolae are caveolin-1-enriched invaginations of
the plasma membrane that form a 50-100 nm subdomain of
lipid rafts. All of these processes have been already reviewed in
detail (Figure 2).(2930)

Obviously, the pathway of entry is a crucial factor in ori-
enting the subcellular trafficking and thereby the fate of a nano-
material. 3! Different inhibitors capable of interfering with the
nanoparticle uptake can be used to study which pathways are
preferentially chosen by the cell to internalize a certain nano-
particle. Example of such inhibitors include sucrose, which
alters clathrin-mediated endocytosis, chlorpromazine, which
disrupts the clathrin-coated pits, nystatin, which inhibits lipid-
raft-dependent endocytosis, and dynasor, which interferes with
dynamin-mediated pathways.[32-33]

In recent years, great efforts have been spent to clarify the
mechanisms behind cell-nanoparticle interactions. In order
to try to elucidate the transport pathway of nanoparticles
in epithelial cells, He et al. studied endocytosis, exocytosis,
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Figure 2. Cellular internalization models: A) phagocytosis; B) macropinocytosis; C) clathrin-mediated endocytosis; D) caveolae-mediated endocytosis;

E) clathrin-independent and caveolin-independent endocytosis.

and transcytosis processes using MDCK epithelial cells and
unmodified poly(lactide-co-glycolide) (PLGA) nanoparticles.
By means of various endocytosis inhibitors, the authors dem-
onstrated that nanoparticles could be endocytosed via multiple
pathways involving both lipid raft and clathrin mechanisms,
but not macropinocytosis.l*¥l Binding and uptake of the same
PLGA nanoparticles in Caco-2 cells proved to be either energy-
dependent or independent and nanoparticles underwent mul-
tiple pathways including clathrin-mediated uptake, lipid raft/
caveolae-mediated endocytosis, and macropinocytosis, thus dis-
playing nonspecific endocytosis routes.?¥

However, the use of targeting functionalities introduced in
the nanoconstruct usually affects the internalization route. In
a recent study, Huang et al. described the interaction between
tumor cells and selenium (Se) nanoparticles functionalized
with transferrin (Tf) as a targeting ligand. Tf significantly
enhanced the cellular uptake of drug-loaded Se nanoparticles
through clathrin-mediated and dynamin-dependent lipid-raft-
mediated endocytosis in cancer cells over-expressing Tf recep-
tors, concomitantly increasing their selectivity toward cancer
cells compared with normal cells.?

In accordance with the cellular equilibrium principles, as any
type of molecules, nanoparticles can enter and distribute within
cells by energy-dependent pathways.>>37 At the interface
between nanomaterials and biological systems, nanoparticle
uptake depends from several factors related to the nanoparticle
properties, including size, shape, surface charge, and coating.
Actually, size is a hot topic because a common predominant
point of view about what dimension promotes cellular uptake
is missing. However, it should be discussed that some types of
nanoparticles that, due to their size, can cross the membrane in
a receptor-mediated way under normal conditions, in a biolog-
ical environment can be subjected to destabilizing forces and be
endocytosed by the cells as aggregates.[®3% The effect of shape
on cellular uptake is principally due to two different causes:

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1) the specific functional groups protruding from the nanopar-
ticle with directionalities that are affected by the surface geom-
etry and 2) different surface geometries often lead to dissimilar
uptake profiles, which may be due to the orientation of the
nanoparticle at the cellular interface.*”) The resulting variety
of endocytic pathways can induce in turn different options to
process the nanoparticles by the cell, usually dependent on the
cell type and phenotype. For example, rod shape causes a lower
uptake compared to spherical nanoparticles because the nano-
particle wrapping by the membrane requires a far longer pro-
cess in the case of elongated shape.*!! Finally, surface coating
has a significant impact on nanomaterials translocation into
cells especially in terms of charge. Verma et al. propose a model
in which nanoparticles coated with amphiphilic molecules in
an ordered ribbon-like alternating arrangement should be able
to penetrate the cell membrane, whereas nanoparticles bearing
molecules presented in a random arrangement are taken up by
the endocytosis pathway.*l In a simplified model, due to the
negative charge of phospholipids bilayer, nanoparticles with
a surface charge of the same sign of the membrane basically
present no contact, nanoparticles with a neutral surface show
a minimal interaction with cells, while strong interaction is
achieved using positively charged nanoparticles.* However,
further complexity originates from the patchiness and het-
erogeneity of the cell membrane,*! which is a 6-nm-thick soft
interface consisting of a lipid bilayer incorporating variable
distributions of proteins, lipids, and glycosylated architectures
often containing portions on the extracellular side exploited by
the cell to communicate with the external environment.% Sev-
eral cell features can affect the nanoparticle process of uptake.
One such feature is the cell-type: uptake differences between
polarized and non-polarized cells were recovered, caused by the
respective different endocytic properties of their apical and baso-
lateral side. In fact, while in non-polarized cells nanoparticles
are mainly internalized via macropinocitosis, in polarized cells,
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the same nanoparticles can be incorporated
both by macropinocitosis and clathrin-medi-
ated endocytosis.[*>*] Nanoparticle entry is
also dependent on the contingent state of the
cell. For example, cells can be closely packed
in a compact barrier rather than isolated or
fluctuating in a medium. Also relevant is
how old are cells and in which phase of the
cell cycle they are,*? because, in each phase,
protein and lipid expression can change sig-
nificantly resulting in a dramatic alteration
of the membrane structure and thus of nano-
particle interaction.

Nanoparticle

2.2. Influence of Protein Adsorption on the
Biological Identity of Nanomaterials

The above arguments suggest that the inter-
action between nanomaterials and cells is
of fundamental importance to understand
and predict the fate of a composite hybrid
nanoconstruct in a biological system. We
mentioned that physicochemical properties
of nanoparticles, as well as surface chem-
istry and functionalization, play a pivotal
role in determining the modification of the
physiology of interacting cells.?® Indeed,
they can affect uptake (amount, ratio and
mechanism), transportation (accumulation, localization and
exclusion), and cytotoxicity (necrosis, apoptosis and reduced
cell proliferation). This section is dedicated to discuss how
the biological identity of a nanoparticle determines the physi-
ological response, including signaling, kinetics, transport and
accumulation.*’]

As soon as a nanomaterial is introduced into a biological
environment, proteins and other molecules from that media
rapidly adsorb on its surface forming a biomolecular layer,
essentially consisting of proteins.'>'®l This phenomenon,
mostly referred to as “protein corona,” alters the size and inter-
facial composition of that nanomaterial, giving it a biological
identity that is distinct from its originally intended structure
(Figure 3).

The structure of the protein corona is described by five
parameters: i) thickness and density, ii) identity and quan-
tity, iii) arrangement, orientation, iv) conformation, and
v) affinity. Altogether, these parameters define the interac-
tion of a nanomaterial within a specific biological environ-
ment. The thickness and density of the corona determine
the overall size of the nanomaterial while the identity and
number of adsorbed proteins affects the array of possible bio-
logical interactions according to their binding strengths. The
orientation determines the accessibility of potential binding
and/or catalytic domains, while protein conformation influ-
ences the activity of a protein and its interaction with other
molecules. Finally, protein affinity to the nanomaterial sur-
face regulates whether it adsorbs, remains bound, or dissoci-
ates during biophysical interactions or translocation to a new
biological compartment.

elimination.
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Figure 3. The formation of a protein corona occurs when a nanomaterial is soaked into a physi-
ological environment. Biomolecules with high affinity (green) and low affinity (red) form a thin
layer of molecules on the nanomaterial surface, which can be tightly bound (“hard” corona)
and/or reversibly adsorbed (“soft” corona), or both. The formation of the protein corona is
one of the key factors managing the cellular response in terms of uptake, accumulation, and

The mechanism of protein absorption is mostly regulated by
changes in Gibbs free energy:

AGads =AH ads — TAGads <0

1)
where AG,q,, AH,q, and AS,4 are free energy, enthalpy, and
entropy, respectively, during adsorption, and T is the tem-
perature. There are a number of interactions that contribute
to favorable changes in enthalpy (AH,s < 0), or entropy
(AS,4s > 0), including the formation of covalent and noncova-
lent bonds, rearrangement of interfacial water molecules, or
conformational changes in either the protein or the nanomate-
rial surface.

Protein adsorption does not necessarily involve direct inter-
action with the colloid surface, but may occur instead via
protein—protein interactions, which could be either specific
(complementary amino acid sequences) or nonspecific (confor-
mational changes that expose charged or hydrophobic domains
in a protein that interacts with other proteins). This highlights
the fact that biological impact might be driven both by the com-
position of the biomolecular corona and by distortions con-
ferred to the conformation of the proteins following adsorption
on the nanoparticles. One example where the mechanism has
been disclosed involves nanoparticle-induced protein unfolding
leading to initiation of the nuclear factor-xB (NF-kB) pathway
and inflammation.®!

Several recent works suggest that adsorbed proteins are not
uniformly bound to the nanoparticle surface and the strength
of the interaction is dependent on the protein affinity toward
that material.**°% Specifically, molecules adsorbed with high
affinity form the “hard” corona, consisting of tightly bound

wileyonlinelibrary.com




6 wileyonlinelibrary.com

ADVANCED
HEALTHCARE
MATERIALS

www.advhealthmat.de

proteins that do not easily desorb, while molecules adsorbed
with low affinity assemble the “soft” corona, consisting of
loosely bound proteins. The general hypothesis defines that
the hard corona binds directly with the nanoparticle surface,
whereas the soft corona interacts preferentially with the hard
corona via weak protein—protein interactions. Moreover, the
corona probably consists of multiple layers: since most of
plasma proteins have very small hydrodynamic size (range
3-15 nm), the average corona usually detected on nanoparticles
is too thick to be accounted for by a single layer of adsorbed
proteins.[1>>1]

At present, we can understand the complex role of the pro-
tein corona at the cellular level and we have means to investi-
gate its possible outcomes when using nanomaterials in vivo.
As a result, it has been suggested that the biological identity of
a nanoparticle actually determines its interactions with biomol-
ecules and biological barriers in a physiological environment.
For example, there is a strong positive correlation between the
plasma protein binding capacity of a nanomaterial and the rate
at which it is taken up by cells in vitro.”? As a consequence,
in vivo, nanoparticles that readily capture plasma proteins
tend to interact strongly with tissue-resident macrophages of
the reticuloendothelial system (RES), leading to a rapid blood
clearance,*] whereas, in vitro are often associated with cellular
toxicity to some extent.”* In addition, a set of plasma proteins
called opsonins promotes the phagocytosis of nanomaterials by
macrophages. Adsorption of the major plasma opsonin IgG
enhances the recognition and uptake of a number of nano-
particles by macrophages both in vitro and in vivo. In a recent
work, it has been demonstrated that the interaction of adsorbed
IgGs with CD64 (a high affinity IgG-Fc receptor) initiates the
phagocytosis of carboxyl- and amino-functionalized polystyrene
nanoparticles by human macrophages.

In certain cases, adsorbed plasma proteins do not act exclu-
sively as opsonins. Cell uptake can occur in the absence of
plasma proteins: this process, often referred to as “serum-
independent uptake,” presumably results from direct recogni-
tion of the nanoparticle surface by cell-membrane receptors.
Serum-independent cell uptake is typically observed in vitro
using serum-free cell cultures. For instance, knocking down the
expression of scavenger receptor A in RAW 264.7 cells signifi-
cantly lowers the uptake of anionic silica nanoparticles.>!

In a recent study,P’! the protein corona of lipid nanoparticles
was investigated and the most enriched constituents were iden-
tified to be apolipoproteins (Apo A-I, Apo C-II, Apo D, and
Apo E).P As the total apolipoprotein con-
tent is relevant, nanoparticles with protein
corona exhibit a propensity to target PC3
prostate carcinoma cell line that expresses
high levels of scavenger receptor class B type
1 receptor, which mediates the bidirectional
lipid transfer between low-density lipopro-
teins, high-density lipoproteins, and cells,
thus enhancing the total amount of nano-
particles inside the cell. By contrast, the pres-
ence of serum can dramatically reduce the
efficiency of cell uptake. For instance, uptake
of oxidized silicon microparticles by human
umbelical vein endothelial cells (HUVEC) in

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

M \110’5

www.MaterialsViews.com

serum is remarkably lower than in a serum-free medium.F’!
A possible strategy to overcome the effect of serum protein
adsorption on cellular uptake, in this case, may reside in intro-
ducing targeting ligands onto the nanoparticle surface. These
molecules enhance the specific cellular uptake concomitantly
reducing nonspecific binding of proteins from the environ-
ment. However, in the presence of a biological milieu, it is likely
that the interface they form with their biological target is much
more complex than predicted, which may roughly explain
the partial lack of success that sometimes occurs in targeting
strategies.[!”]

Despite much progress has been made toward a compre-
hensive knowledge of biomolecular corona, several key prob-
lems still remain that need to be addressed. The macroscopic
composition of molecules that form the hard corona could be
investigated with a combination of complementary techniques,
including: i) dynamic light scattering (DLS), differential centri-
fuge sedimentation (DCS), and size exclusion chromatography
(SEC) to assess the shell thickness; ii) colorimetric assays to
argue the protein density; iii) poly(acrilamide) gel electropho-
resis (PAGE), liquid chromatography/mass spectroscopy (LC/
MS) to determine the protein identity; iv) circular dichroism
(CD) and computational simulations to predict the average pro-
tein conformation; v) surface plasmon resonance (SPR) and
isothermal titration calorimetry (ITC) to quantify the affinity
toward specific receptors. However, to fully understand the
complex relationships between the properties of the corona and
the biology of nanoparticles, more detailed information on the
composition, structural organization, and dynamics of these
phenomena is needed.®! A key challenge in the next future will
be to determine the structure of the hard—soft corona interface
in detail, for which researchers will require more sophisticated
technologies and methods than those used at present in the
field. All of these approaches could support the efforts to cor-
relate and even predict aspects of the biological interactions of
new materials, which are by now hidden behind a small layer
of proteins.

2.3. Electroporation

Electroporation is a physical technique based on an electrical
pulse for the active internalization of intrinsically charged
extracellular materials into the cell cytosol through a temporary
permeabilization of plasma membrane (Figure 4). This method

-~ Teabl/emlb_gz &

Endosome . @
& °.

b+

©) Cytoplasm

Figure 4. Physical methods to deliver colloidal nanoparticles inside cells: A) microinjection;
B) electroporation.
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is commonly used to transfect cells with nucleic acids, pro-
teins, and peptides,® and it has been adopted also for the con-
trolled incorporation of different kinds of nanoparticles.®¥ The
nanoparticles used for this approach should have appropriate
size, because of the small pores generated, and good dispersion
and stability in cell culture media to prevent the formation of
aggregates.

Electroporation allows for a specific delivery in adherent and
non-adherent cells and it is highly reproducible compared to
other passive-targeting techniques, but it suffers from inability
to tailor a specific cell type. In addition, it is not amenable for
in vivo targeting and is used only in in vitro experiments with
cells. Nanoparticles that are not able to cross the cell membrane
can be internalized into the cellular cytosol with electroporation
in a controlled and highly reproducible manner, which enables
sensing and imaging of cell parameters. In a recent example,
electroporation was exploited for the fast delivery of silver
nanoparticles (AgNPs) into living cells for use as an intracel-
lular signal amplification device for surface-enhanced Raman
spectroscopy (SERS).[°12 Unfortunately, as well as other active
delivery approaches, the cell physical manipulation is highly
invasive and often results in compromising the cellular via-
bility.%! Pack et al. showed that the diffusion and brightness
of standard silica nanoparticles in solution were not affected by
the electrical discharge necessary for electroporation and inves-
tigated their distribution in cell compartments after passive
uptake following electroporation.[6

Electroporation is recommended for tagging cells or bacteria
with nanoparticles when much higher loading efficiency is
requested than it can be achieved by standard incubation. A typ-
ical example is the case in which high concentrations of incor-
porated nanoparticles as signal emitters are required to track
labeled cells in vivo.[°>-%7] Exploiting photoluminescent or mag-
netic properties of QDs and IONPs, respectively, it is possible
to monitor the fate of transplanted cells, their targeting to solid
tumors and to localize metastases. In addition, magnetic nano-
particles can be further utilized as mediators to modulate the
cell membrane electroporation induced by an applied current,
for cell tracking under various imaging modalities, and for facil-
itated drug delivery.®® The optimal condition to obtain a suitable
level of poration efficiency maintaining good cell viability should
be carefully adjusted depending on cell types and nanoparticle
size. Moreover, Lee et al. investigated the effect of nanoparticle
polarity on gene transfection in Hela cells: this study suggested
that anionic nanoparticles were more efficient as genetic mate-
rial transporters compared to the cationic ones.[*”!

2.4. Microinjection

Microinjection is an alternative physical technique that allows
nanoparticles to be injected directly inside the cytoplasm of the
cells, without any residence time in the culturing medium. This
novel approach avoids any possible effect related to receptor-
mediated endocytosis. The interaction between cells and bare
nanoparticles is straightforward and their access is consistent
(Figure 4). In this way, the overall cellular response is not
affected by the presence of proteins bound to the nanoparticles
prior to the uptake. It is possible to deliver very small sample
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volumes using a fine-tipped glass micro-capillary, thus guiding
the cellular targeting with a fluorescent microscope. Microin-
jection enables nanoparticle delivery to the interior of the cell
in a monodisperse form and it is the only technique that allows
the target cell to be directly visualized first. On the other hand,
it requires each cell to be individually selected, manipulated,
and then injected. Thus, not all cells in a field of view will be
successfully microinjected due to physical constraints, so it
requires a well-trained operator. Moreover, microinjection is a
very efficient technique but is also very expensive.

In a first seminal work, Dubertret et al. used QDs to revolu-
tionize biological imaging: they injected into Xenopus embryos
these fluorescent nanocrystals coated with a phospholipid
block-copolymer to follow different evolutionary stages in
embryogenesis.”? With this study, they demonstrated that QDs
microinjected into cells allow fluorescence-based in vitro and in
vivo studies. Candeloro et al. microinjected Ag and Fe;O, nano-
particles inside Hela cells.l”!] The aim of this work was to inves-
tigate the cytotoxic effects due to the interaction of nanoparticles
with cells and the authors observed that microinjection allows
that the effects observed were only due to the nanoparticles
themselves and not to the solvents or the technique used. In
fact, they put in evidence a different behavior of the cells treated
with nanoparticles in comparison with the control cells. This is
supposed to be generated by an emerging oxidative stress due
to the nanoparticles. Derfus et al. also used microinjection as a
means of introducing QDs into the cytoplasm.’? The authors
used this technique to see a subcellular localization of QDs.
QDs were endowed with an inert coating of PEG: in one case, a
nuclear localization signal (NLS) peptide was added, in another
case, a mitochondria localization sequence (MLS) peptide was
used in place of NLS. The use of peptide localization sequences
and PEG coating combined with microinjection allowed the
delivery and subcellular localization of QDs in living cells.
Medintz et al. used cellular microinjection of QD-fluorescent
protein assemblies as an alternative strategy for intracellular
delivery that could bypass the endocytic pathway.”3! QDs func-
tionalized with two different peptides were injected directly into
COS-1 cells and this study demonstrated that cellular uptake is
favored by the presence of cell-penetrating peptides within the
QD-protein conjugates. Muro et al. investigated the intracel-
lular stability and targeting of QDs that present three different
surface chemistries using microinjection, electroporation, and
pinocytosis to deliver them into the cytoplasm.”# In particular,
QDs endowed with different surface chemistries were injected
into Xenopus laevis embryos and their behavior was observed for
a prolonged time. The authors concluded that the QD intracel-
lular aggregation behavior is strongly dependent on the surface
chemistry in all the delivery methods they used.

3. Delivering Nanoparticles to Selected Cellular
Compartments

3.1. Targeting the Cellular Membrane

The interaction between nanobioconjugates and the cellular
membrane starts with the particle adhesion to a cell-surface

wileyonlinelibrary.com 7
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Figure 5. Properties of nanoparticles in correspondence of the cellular membrane: A) size-effect; B) multivalency effect; C) surface curvature effect;

D) multibranched affinity ligand.

lipid bilayer or with a recognition event between a biomolecule
exposed from the nanoparticle surface and a target receptors or
a specific protein on the cell. Nanoparticle contact and mem-
brane wrapping are dependent on different factors, such as
the nanoparticle size and shape, the density and distribution
of ligands on the nanoparticle surface. It has been established
that particle adherence requires specific or nonspecific binding
interactions to overcome the resistive forces that hinder par-
ticle uptake.?l On the other hand, the “wrapping time” by
membrane is determined by the particle size and shape,
rate of receptor diffusion and elasticity of the cell membrane
(Figure 5).00

One of the most commonly used approaches to target the
cellular membrane is based on the bio-recognition between
a receptor and antibody-bound nanoparticles.?*”>~771 Impor-
tantly, the nanoconjugation was shown to affect both the
mechanism of internalization and distribution inside the cell
and the rate of endocytosis in a cell line characterized by a dif-
ferential expression of a receptor.’® For example, it was found
that gold nanoparticles conjugated with cetuximab were able to
promote faster endocytosis of epidermal growth factor receptor
(EGFR) compared to unconjugated antibody, due to enhanced
clustering of EGFR induced by nanoconjugation. Moreover, it
should be noticed that ligand tailoring on the nanoparticle sur-
face by conjugating different amounts of antibody did not affect
significantly the endocytosis pattern.’” Interestingly, the com-
bination of two different antibodies, that is, farletuzumab and
cetuximab, conjugated to AuNPs, drastically improved targeting
efficiency of cancer cells expressing both folate receptor o and
EGFR via dual targeting.””! To further understand the poten-
tial of nanoconjugation in improving the targeting efficiency

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

of specific molecular scaffolds, the selective targeting by using
nanoparticles engaging two distinct receptors expressed in the
same cell, namely androgen receptor and a novel G-protein cou-
pled receptor, was shown to facilitate cell death in treatment-
resistant cancer at nanomolar nanoparticle concentrations. Anti-
androgen AuNPs were found to bind androgen receptor with 5
to 11 times higher affinity compared with free anti-androgen
antibody and to bind androgen receptor with affinity superior
to endogenous androgens, providing opportunities for further
increased treatment efficacy via drug co-conjugation.B? Kim
et al. have developed a nanoprobe for multimodal simultaneous
targeting of three different proteins: nucleolin, integrin o f3;,
and tenascin-C. The nanoprobe, consisting of a cobalt ferrite
core coated with a silica shell containing Rhodamine B isothio-
cyanate, was conjugated with AS1411 and TTA1 aptamers, as
well as RGD peptide. Five different cancer cell lines, including
C6 (brain tumor), NPA (thyroid papillary cancer), DU145 (pros-
tate cancer), Hela (cervical cancer), and A549 (non-small lung
carcinoma), and two normal cell lines, including CHO (Chi-
nese hamster ovary cell) and L132 (epithelial lung cell), were
tested. Compared with the single cancer probe, the multitarget
nanoprobe showed dramatically enhanced cancer targeting effi-
ciency in all five cancer cell lines, whereas none of the multi-
target conjugates demonstrated detectable fluorescence inten-
sity in the normal healthy cells, and there was no significant
difference in fluorescence when compared with single target
probes, demonstrating the specificity of each of the multi-target
conjugates. These findings demonstrate that the multi-target
cancer probe with additional aptamers or other novel sets of
cancer probes can be used to diagnose a variety of cancers as a
master probe. 8%
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The presence of a targeting ligand is not always necessary
for cellular labeling, as it was shown by Yan and co-workers.
Having screened 474 clinical specimens from patients with
nine types of cancer, the researchers established that mag-
netoferritin (M-HFn) nanoparticles generated by encapsu-
lating IONPs inside a HFn shell were able to target transferrin
receptor 1 (TfR1) without any additional recognition ligands
on their surface, with high sensitivity (98%) and specificity
(95%).I81

An interesting alternative strategy for cell membrane tar-
geting was proposed by Stephan et al., in which liposome-like
nanoparticles were directly bound to the plasma membrane of
T cells, taking advantage from the fact that most cells have high
levels of reduced thiol groups on their surfaces. The particles
with a drug-loaded core and a phospholipid surface layer with
exposed thiol-reactive maleimide headgroups were incubated
with the cells to allow maleimide-thiol coupling, followed by
in situ conjugation to thiol-terminated polyethylene glycol to
quench residual reactive groups of the particles. The authors
found that such a targeting did not induce toxicity or affect
intrinsic cell functions. The particles followed the characteristic
in vivo migration patterns of their cellular vehicles, endowing
their carrier cells with substantially enhanced function using
low drug doses that, by contrast, exhibited no effect when
administered by traditional systemic routes.®?

Another kind of molecules able to interact with the cellular
membrane via cationic groups, bringing about direct cellular
entry due to so-called “proton sponge effect,” is such polymers
as polyethyleneimine (PEI) and polyamidoamine.[8384 A careful
control of the cationic density created by the polymers should
be due in this case, as these interactions may compromise the
cell membrane integrity, potentially leading to hole formation,
membrane thinning or erosion and, thereby, cytotoxicity.®!
Nel et al. have found that the cytotoxicity can be significantly
reduced or even prevented by using shorter length polymers for
nanoparticle fabrication.® By contrast, conjugation of PEI with
a targeting molecule such as folic acid allowed for the efficient
receptor targeting and cellular uptake of nanoparticles into spe-
cific cancer cells.[8¢

Hydrophobicity and roughness also have a great influence on
the interaction of nanoparticles with cellular membrane. Nano-
particles that are more hydrophobic than the surface mem-
brane are more readily engulfed than their less-hydrophobic
counterparts. Moreover, the number of contact sites between
membrane and particle surface play an important role in nan-
oparticle wrapping. Therefore, such parameters as radius of
curvature and ligand density influence the particle-membrane
interaction.®”#% Chan et al. thoroughly studied the efficiency
of ErbB2 tyrosine kinase receptor targeting and cellular uptake
efficiency using AuNPs and AgNPs, in 2-100 nm range, con-
jugated with Herceptin (Her).B® The authors found the inter-
nalization of Her-GNPs to be highly dependent on size, with
the most efficient uptake occurring within the 25-50 nm size
range. Due to their inability to promote multivalent binding,
smaller nanoparticles dissociate from the receptors before being
engulfed by the membrane owing to a low-binding avidity. In
contrast, extremely large nanoparticles possess a much higher
antibody density on the particle surface, which, in turn, requires
the involvement of more distant receptors causing a reduction
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of membrane wrapping necessary for nanoparticle internaliza-
tion.[®8 On the other hand, Johnson and co-workers have found
a dependence of cellular uptake into EGFR* A431 cancer cells
on surface tailoring of nanoparticles, where the number of
Clone 225 antibodies bound to gold coated iron oxide nanoroses
was varied from 1 to 74, corresponding to either submonolayer
or multilayer coverage. The nanoroses conjugated with 54 anti-
bodies were found to show the most efficient cellular uptake
(about 7000 nanoparticles per cell), compared to a much lower
cellular uptake of spherical AuNPs, conjugated by the same
protocol. The small overall hydrodynamic diameter, the high
antibody density on the surface, and the orientation of the anti-
bodies with respect to each other which is influenced by high
local surface curvature do bring about, in turn, to the high cell
uptake by antibody conjugated nanoroses.®’]

Finally, the structure of targeting molecules and their valence
also greatly contribute to the effectiveness of cellular targeting.
In contrast to using low-affinity ligands for nanoparticle con-
jugation, the use of multivalent ligands can lead to enhanced
affinities, engaging numerous receptors simultaneously to
provide enhanced interactions. For example, Brown et al. have
found how to improve the affinity of nanoparticles to a lung
cancer cell line using liposomes conjugated with a H2009.1
tetrameric peptide: nanoparticles displaying this multivalent
tetrameric peptide exhibited 5-10-fold higher delivery efficiency
compared to liposomes displaying the lower affinity mono-
meric H2009.1 peptide, even when the same number of pep-
tide subunits are displayed on the liposome.[*"]

3.2. Cytosolic Delivery

Nowadays, the identification of more effective strategies for a
low toxic drug administration remains the main challenge in
pharmacology and clinical practice.”!l Therefore, increasing
efforts are made to design and synthesize nanostructures able
to efficiently deliver drugs to target tissues and to penetrate into
the cellular environment.”?! Before entering the cell, a nanopar-
ticle has to cross the cell membrane. As mentioned previously,
there are different strategies to overcome cell membrane barrier
in order to deliver nanoparticles directly inside the cytoplasm
avoiding the classical endocytotic pathway, including microin-
jection and electroporation. An additional approach exploits
a passive diffusion through the phospholipid bilayer, which
is usually achieved using cell-penetrating peptides (CPPs).?!
CPPs present a great variety in terms of amino acid composi-
tion and 3D structure, with examples of cationic, anionic, and
neutral sequences showing variable degrees of hydrophobicity
and polarity. Over a hundred CPPs have been discovered so
far, mostly bearing a net positive charge. Several peptides act
as CPPs, including the transactivator of transcription (TAT
peptide), an 11-amino-acid peptide of the HIV-1 TAT protein
(YGRKKRRQRRR), the transcription factor from Antenna-
pedia, and the VP22 protein from Herpes Simplex Virus 90. It
was demonstrated that the amino acidic regions responsible for
penetration in the cellular environment are either amphipathic
sequences or arginine-containing stretches of 30 amino acids.[*?!
On the other hand, the peptide secondary structure is of
crucial importance for cell-penetration. Peptides conformation
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can significantly change depending on whether they are free
in solution, near the membrane interface, inside the mem-
brane, or bound to a vehicle, thus affecting the mode of uptake.
Finally, the heterogeneity of the cell membrane, including lipid
composition, density, and dynamics, depends on different fac-
tors, such as the cell type, the specific region of the membrane,
and a variety of signaling pathways. This results in different
levels and modes of uptake depending on the conditions of
each individual experiment.[*l

Endocytosis and direct translocation through the cellular
membrane are the major mechanisms used by CPPs to gain
entry into the cell. Endocytosis pathway has been reported
above, therefore, we will stress here the non-endocytic (i.e.,
energy independent) pathway. This may include different
mechanisms that have been described, including inverted
micelle formation, pore formation, the carpet-like model, and
the membrane thinning model. The first stage in all of these
mechanisms includes an interaction of the positively charged
CPP with negatively charged components of membrane (hep-
aran sulfate and phospholipid bilayer), which occurs involving
stable or transient destabilization of the membrane associated
with folding of the peptide on the lipid membrane. The inter-
action between hydrophobic residues, such as tryptophan, and
the hydrophobic part of the membrane was shown to take part
in the “inverted micelle” mechanism. The translocation via
pore formation is explained by two alternative models: 1) the
barrel stave model, possible for helical CPPs, suggesting a for-
mation of a barrel by which hydrophobic residues are close to
the lipid chains, and hydrophilic residues form the central pore;
2) the toroidal model, suggesting the lipids bending in a way
to ensure CPP proximity to the headgroup: in this way, both
CPP and lipids form a pore. Finally, in the carpet-like model
and in the membrane thinning model, interactions between
negatively charged phospholipid and cationic CPPs result in a
carpeting and thinning of the membrane, respectively, facili-
tating the peptide translocation. Whatever the mechanism actu-
ally involved, one should take in mind that the translocation of
the CPP is achieved when CPP concentration is above a certain
concentration threshold.[%]

Gold nanospheres conjugated with 17-amino acid o-helix
peptides (P-GNS) show a different cell-penetrability upon
changing just one amino acid in the peptide sequence. More-
over, the cytotoxic activity of an anti-cancer drug doxorubicin
(DOX) conjugated to the P-GNS may strongly depend on the
peptide sequence and penetrating capability.”® Pegylated PLGA
nanoparticles modified with poly(arginine) enantiomers were
found to exhibit significantly increased cellular uptake and
transportation of insulin, thus improving the intestinal absorp-
tion of that protein.l’] Nanoparticles unable to cross the cellular
membrane are internalized by endocytosis mechanisms but
remain entrapped inside the endosomal-lysosomal compart-
ments, the main intracellular barrier that nanoparticles have
to overcome to diffuse into the cytosol.”®! However, it is widely
accepted that an endocytosis process is involved in internaliza-
tion of CPPs and CPP-conjugates, including CPP-nanoparticle
conjugates, probably due to their large dimensions. Although
the detailed mechanism of entry has not been fully elucidated,
it is recognized that is dependent on CPP sequence, cell-type,
size, shape, and charge of cargo moieties.”? Despite continuous
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improvements in direct membrane translocation of CPPs and
their cargoes, endosomal entrapment remains a major limita-
tion to CPP-mediated cytoplasmic delivery.’”? An important
step forward in the cytosolic delivery of CPP-functionalized
nanoparticles has been done by Delehanty and co-workers, who
have developed a peptide sequence (JB829-JB826) that stimu-
lates the initial endocytosis of peptide-QDs and then causes the
QDs release to the cytosol within 48 h.[9%100]

In the following, we describe a few strategies that have been
explored to enhance nanoparticle endosomal escape. The first
approach is based on a mechanism involving the formation
of a cationic ion pair, which was originally proposed by Xu
et al. to facilitate endosomal escape of nucleic acids.°!] Endo-
some was destabilized by ion pair formation between cationic
lipids and anionic lipids within the endosome membrane.'%?]
Liposomes are the main example of nanoparticles able to
escape from endosomes by this mechanism.!%l However,
pegylation, adopted to improve the systemic delivery, inhibited
ion-pair formation.'% Thus, liposome-polycation-DNA (LPD)
nanoparticles coated with a sheddable PEG were developed.
PEG was arranged in the brush mode on the nanoparticle sur-
face to protect the nanoparticle from the reticulo-endothelial
system (RES) for an initial period of time and to favor the pen-
etration into the tumor by EPR effect. After tumor penetration,
nanoparticles were internalized by a ligand-induced endocy-
tosis process, the shedding of PEG from LPD nanoparticles
occurred by exposing the positive charges of the nanoparticles
and allowing the charge—charge interaction with the endosomal
membrane, which resulted in membrane fusion and endo-
somal escape.[10>106]

Successful escape of nanoparticles from endosome and
release of the payload into the cytoplasm is usually obtained by
the so-called “proton-sponge” effect (Figure 6).°%! pH-buffering
agents are widely exploited to promote cargo release, due to
the acidic nature of endosomal-lysosomal vesicles. Macromol-
ecules with low pK, amine groups, such as poly(ethyleneimine)
(PEI), chitosan, poly(t-lysine) (PLL), poly(allylamine),
poly(amidoamine) (PAMAM), dendrimers, and some cationic
lipids, promote a proton-sponge effect under acidic condi-
tions.[1-1%] Nanoparticles forming complexes with these mac-
romolecules are internalized by the cell, then endosome buff-
ering leads to the vesicle lysis, releasing the nanoparticles into
the cytosol. For example, charge-reversal copolymers could shift
their charge between positive and negative in a pH-dependent
fashion.[197:198.110] Charge conversion can occur at the endosome
or lysosome stages (pH 5.6), next these copolymers facilitate
the endosomal escape of nanoparticles enhancing the proton-
sponge aptitude.

This nanoparticle escape mechanism has been reported in
a recent work, in which PEG- and PEI-functionalized zinc(II)
phthalocyanine (ZnPc)-loaded mesoporous silica nanoparticles
(MSNs) exhibited a high escape efficiency from the lysosomes
to the cytosol due to the proton-sponge effect of PELMY How-
ever, the mechanism of the proton-sponge effect as been ques-
tioned, as it has been demonstrated that there are no changes
in lysosomal pH after PEI accumulation even in the presence
of endosomal escape.''?l Whatever the real mechanism that
determines the endosomal escape after treatment with PEI or
other similar macromolecules, this kind of strategy has a low
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(red) with late endosomes/lysosomes (green) after 24 h of exposition to nanoparticles. Scale Bar, 10 ym. Reproduced with permission.""l Copyright

2012, Elsevier Ltd.

efficiency in comparison with viral alternatives. This is prob-
ably due to the fact that an insufficient amount of nanocar-
rier actually accumulates in each endosome, thus preventing
the achievement of the necessary buffering capacity in vivo.
Moreover, cationic nanomaterials are usually associated to high
toxicity and immunogenicity, which limit their clinical imple-
mentation.l'%! One promising approach to bypass these prob-
lems resides in the development of “synthetic viruses.” These
structures are consist of elements that mimic the delivery func-
tions of viral particles and surface domains that prevent unde-
sired biological interactions and enable specific cell receptor
binding.'3]
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An alternative strategy to overcome endosomal accumulation
takes advantage of the use of membrane-destabilizing macro-
molecules. These compounds mimic the action of viral hemag-
glutinin, which is a pH-sensitive and membrane-destabilizing
protein that helps viral vectors to disrupt the endosome and
enter the cytoplasm.'' Hemagglutinin acts by shifting from
an ionized and hydrophilic conformation to a hydrophobic and
membrane-active conformation in response to the environment
changes from neutral to acidic, and this results in destabiliza-
tion of the endosomal wall. Several peptides and polymers that
simulate the function of hemagglutinin were synthesized. The
incorporation of membrane-destabilizing peptides is another
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strategy to utilize the low pH environment
of endosomes-lysosomes.''™ Among mem-
brane destabilizing peptides, GALA (glutamic
acid-alanine-leucine-alanine), a pH-sensitive
fusogenic peptide, is the most studied. A
multifunctional envelope nanodevice func-
tionalized with GALA and an 8-arginine tail
was developed, which led to an endosomal
release of siRNA resulting in an efficient
knockdown.!''’! Krpetic et al. reported on the
intracellular trafficking of gold nanoparticles
functionalized with Tat-peptide, showing
their ability to overcome intracellular bound-
aries: unusually, the particles were initially
found in the cytosol, in the nucleus and in
mitochondria, and later within densely filled
vesicles, from which they could be released
again via an endosomal escape mechanism
by penetration of the vesicle membrane fol-
lowed by membrane rapture.['16117]

In addition to the ability to escape from
endosomes, the ideal nanocarrier should be
capable of releasing the drug into the cyto-
plasm. The design of polymeric micelles
able to respond to the changes of intracellular environment
has represented a promising strategy. To this purpose, an effec-
tive approach has been to incorporate cleavable links into the
polymer structure, either to cause a structural change of the
delivery systems, or to direct conjugate drug molecules, which
could be released upon cleavage of the links.['18]

Intelligent macromolecules or nanoparticles for drug delivery
have been developed using acetal bond, that is the most widely
used among pH-sensitive bonds due to its rapid degradation in
endosomes.!'1123] Nanoparticles containing acetal bonds are
supposed to be degraded in endosomes, thus releasing their
cargo. Hydrolysis of acetal bond is a hydrogen-consuming reac-
tion, which also promotes cargo escape from endosome by
increasing endosomal osmotic pressure. Endosomal escape of
nanoparticles could be also achieved by stimulating membrane
lysis through a hydrophobic modification of cationic poly-
mers.[124123] Finally, membrane penetration can be promoted by
means of a phage-mimetic carrier that takes advantage of the
presentation of the scavenger receptor class B type I, a natural
membrane channel that mediates the intracellular delivery of
hydrophobic molecules,!'?l or exploiting isolated naturally pro-

duced exosomes for siRNA delivery into the cytosol.l'”]

3.3. Nuclear Preferential Transport

The nucleus is surrounded by a double membrane called
nuclear envelope (NE). The communication between the
nucleus and the cytoplasm is mediated by the nuclear pore
complexes (NPCs). NPCs are specialized channels that allow
passive diffusion of ions and small molecules (<40 kDa).
Whereas the nucleus-cytoplasmic traffic of large molecules
(>40 kDa) is regulated by specific nuclear import and export
systems, 12871321 the transport of these macromolecules
requires a signal- and energy-dependent mechanism. The
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Figure 7. Nuclear preferential transport pathway. Nanoparticles with specific NLS peptide bind
to an importin in order to achieve preferential transport inside the cell nucleus.

active transport is basically mediated by a specific molecule,
usually referred to as the nuclear localization signal (NLS),
which comprises a basic amino acid-rich short sequence. The
energy-dependent step is mediated by a heterodimer of pro-
teins called importin ¢ (Imp-c) and importin  (Imp-f). Imp-a
binds the NLS sequence, while Imp-f3 is responsible for the
increase in the affinity of Imp-a toward the NLS and medi-
ates the transfer of the cargo-Imp-a complex across the NPC.
After passing through an NPC, the cargo of Imp-a is released
inside the nucleus upon binding of the monomeric guanine
nucleotide RAs related nuclease protein Ran-GTP to Imp-f3
(Figure 7). Once the dissociation of Imp-f3 and its cargo protein
has occurred, Imp-f3 is recycled and sent back to the cytoplasm
bound to Ran-GTP. The conversion of Ran-GTP to Ran-GDP
releases the Imp-f protein that, in this form, is able to bind
new cargoes. Ran-GDP is indeed transported into the nucleus
by its own specific nuclear transporter in order to replenish its
nuclear concentration.[!3]

These NLSs are divided in classical NLSs and non-classical
sequences. Classical NLSs consist of one or two sequences of
arginine and lysine: the most frequent classical monopartite
NLS (PKKKRKV!3?) has been found in the SV40 large tumor
antigen (T-ag), while an example of bipartite NLS consisting of
two sequences of basic amino acids separated by a spacer of
10-12 residues (KRPAATKKAGQAKKKK'"?) was isolated from
the Xenopus nucleoplasmin.

It has been shown that not only NLS peptide is used for
nuclear transport, but also the HIV TAT peptide is able to
transport cargoes across both the plasma membrane and the
nuclear membrane. TAT peptide-mediated nuclear transport
has different import properties if compared to NLS. Cardarelli
et al. demonstrated that the dominant mechanism in live cells
is the passive diffusion, whereas Truant et al. demonstrated that
Imp-c is both necessary and sufficient for the nuclear translo-
cation of TAT in the absence of Imp-f3 in vitro.[13:132
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Table 1. Nuclear localization signals (NLSs) for nuclear transport and types of nanoparticles

involved.
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The second fundamental application of
nuclear targeting is to produce nanoparticles/
carriers for nuclear drug delivery. This func-

Nanoparticle type Origin of peptide Peptide sequence Refs. tion is very important because a large number
Polymeric micelles and iron oxide Monopartite PKKKRKV 142-149 of drugs exert the main cytotoxic action at
Polymeric micelles and iron oxide Nucleoplasmin NLS ~ KRPAATKKAGQAKKKK 129,150 the nucleus. Yu et al. have prOduced glyCOI
CdSe/ZnS QDs, Gold SV40 large T NLS CGGGPKKKRKVGG 138-142 Chl,tosanlzl,;nlcelles for 'dOXOI'U.bICll’l nuclear

' delivery,'?l whereas Misra et al. developed
Liposomes, Gold, QDs SV4ONLS PIKKRRY 140,151 doxorubicin-loaded PLGA nanoparticles for
Silica, Silver, CdSe/ZnS QDs TAT peptide YGRKKRRQRRR 132,137,141 this purpose.[l“] A poly(2-(pyridin-2-yldisul-

The different classes of NLSs have been attached to different
cargoes with the aim to enhance the nuclear transport and
delivery: some examples are summarized in table (Table 1).

Also the cell cycle plays an important role in nuclear tar-
geting. In non-dividing cells, vehicles must enter the nucleus
through the NPCs. By contrast, in dividing cells, the majority
of vehicles are supposed to enter the nucleus during mitosis.
In a seminal study on the dependence of the efficiency of the
delivery vehicle from the cell cycle, the highest level of transfec-
tion was obtained with cells that started in the G2 phase.[34
However, more recently, it has been demonstrated that NLS
sequence is necessary for nuclear proteins/nanoparticles reten-
tion after mitosis.[3°]

In order to enter the nucleus, nanoparticles have to cross the
NPC and, for this reason, nanoparticles and vehicles must have
specific requirements, including small size, cationic charge,
proper shape, and surface functionalization.'*®l Moreover,
they should be able to bind specific receptors on the plasma
membrane, escape endosomal and lysosomal digestion, and
help importins to cross the nuclear pore complex and to limit
toxicity.

Nuclear targeting is exploited mainly for imaging (in diag-
nostic) and drug/gene delivery (in therapy). Nanoparticles can
be effectively imaged by several techniques, including, for
instance, surface-enhanced Raman scattering (SERS) spectros-
copy, magnetic resonance imaging (MRI), and fluorescence.
The use and the choice of one of these techniques depend
on the variety of materials and on their physical and chem-
ical skills. Gold and silver nanomaterials have unique optical
properties, including the localized surface plasmon resonance
(LSPR), which are leveraged in SERS. We can find examples of
AuNPs and AgNPs functionalized with NLS or TAT for nuclear
targeting and visualization/detection in single living cell.['37-13]
The AuNP LSPR adsorption is size-dependent: when nano-
particles are smaller than 3 nm, they lose their LSPR char-
acter, but they acquire photoluminescence properties. These
kinds of nanoclusters are called gold quantum dots (GQDs),
which might be very useful in cellular imaging. For example,
by taking advantage of a combination of small size and intense
emission, GQDs were functionalized with SV40 NLS and used
for nuclear targeting and intracellular imaging.'*% More in
general, the brightness and the photostability of QDs, allow
tracing the trajectories of individual QDs in living cells, using
both confocal and internal reflection microscopes.'*!1 The bio-
functionalization of IONPs can be used to enhance the tissue
contrast in MRI. For example, Xu et al. functionalized Fe;O4
SPIO with NLS to attempt nucleus targeting.}+?
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fanyl)ethyl acrylate (PDS) delivery system, a

novel redox stimulus-responsive nanoparticle
system conjugated with RGD peptide, was designed to enhance
the nuclear drug delivery of doxorubicin.[44

It is also possible to combine two or more applications in
the same construct to create a multifunctional nanoparticle.
Liu et al. developed multifunctional nanoparticles that targeted
cell nuclei, delivering the drug and at the same time detecting
cell nucleus by a dual imaging modality including MRI and
fluorescence.l'*!

Finally, the literature reports several examples of different
nanoparticles that have been used for studying nuclear mecha-
nisms of targeting and uptake, with special focus on the effect
of nanoparticle morpho-structural characteristics, including
charge and size, on nuclear uptake, 2% but also for investigating
the cytotoxicity caused by the chemical nature of nanoparticles.
For instance, Austin and co-workers revealed the difference
between AuNPs and AgNPs for nuclear targeting during cell
cycle [139146]

3.4. Mitochondrial Targeting

Mitochondria can be considered the powerhouse of the cell
because they act as the site for the production of high-energy
compounds (e.g., ATP), which are the vital energy source for
several cellular processes. Mitochondria play important roles in
a variety of vital cellular processes, most of which are related
to cell disease. For this reason, targeting of this organelle may
present a few important benefits.*”! The relationship between
mitochondrial DNA (mtDNA) mutations and human myopa-
thies indicates that the delivery of nucleic acids plays a vital role
that will be analyzed. Another important reason for targeting
the mitochondria arises from its ability to propagate reactive
oxygen species and oxidative stress signaling,!'>? which is one
of the main causes of cellular toxicity.

In order to attempt the identification of mitochondria-
specific targeting is necessary to stand out the main compart-
ments in which they are divided, that is, the outer mitochon-
drial membrane (OMM), the inner membrane space (IMS), the
inner mitochondrial membrane (IMM), and the mitochondrial
matrix. There are several strategies for the targeting of mito-
chondria.’™! In a first example, the electrochemical poten-
tial maintained across the IMM is exploited for the confined
delivery using some molecules, also referred to as delocal-
ized lipophilic cations (DLCs), that are particularly effective in
crossing the hydrophobic membrane layers and, hence, that
preferentially accumulate in mitochondria. Studies on diben-
zylammonium cation in isolated mitochondria and on the
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fluorescent dye rhodamine in cultured cells suggest that DLCs
actively accumulate in mitochondria in a potential-dependent
manner. Indeed, DLCs, including the commercial Mitotracker,
tetraphenylphosphonium (ITPP), and 5,5-6,6"-tetrachloro-
1,1’,3,3’-tetra-ethylbenzimidazolcarbocyanine  iodide (JC-1),
are commonly used as mitochondria-specific dyes for staining
and studying mitochondrial physiology.l'>?l Another strategy,
used to selectively target mitochondria, takes advantage of the
mitochondrial protein import machinery, which is naturally
utilized by cells for the delivery of nuclear-encoded mitochon-
drial proteins. These proteins are directed to the mitochon-
dria post-translationally through cleavable N-terminal peptide
sequences. Mitochondrial targeting sequences (MTSs) are basi-
cally 2040 amino acids in length with structural motifs recog-
nized by the mitochondrial import machinery. When an MTS
is recognized by a specific receptor on the outer membrane,
the attached protein is transported into the IMS by threading
through the pore of the outer mitochondrial membrane. Once
entered the matrix, the MTS is cleaved in one or two proteo-
Iytic steps by mitochondrial processing peptidases, and, with
the help of matrix-localized chaperones, such as mhsp70, the
protein refolds into its mature form.l™3 This approach has
been used successfully with a variety of molecules like proteins,
nucleic acids, and endonucleases. The use of vesicle-based
transporter for the mitochondrial targeting has also shown
good efficiency in transporting large or impermeable cargoes,
such as drug molecules. This strategy is based on the use of
surface-bound cationic peptides to deliver a liposome-based car-
rier for macromolecular delivery to the mitochondria.l'>¥

Various tailoring nanocarriers for the intracellular trans-
port of biological cargoes, including DNA, proteins, and drug
molecules have been actively investigated.'>! To target the
acidic endosomal/lysosomal compartments, nanovectors with
pH-cleavable linkers were reported to improve payload bio-
availability. In 2011, Zhou et al. reported a set of tunable, pH-
activatable micellar (pHAM) nanoparticles based on the
supramolecular self-assembly of ionizable block copolymer
micelles.">® Despite these significant advances, specific trans-
port and activation of nanoparticles in different organelles
during endocytosis in living cells is not well documented.

From a medical point of view, targeting of mitochondria
using engineered nanovectors is gaining interest in chemo-
therapy, as mitochondria are key regulators of cell death and
their functions are often altered in neoplasia. For this reason,
the development of mitochondria-targeted drugs represents a
promising approach for eradicating chemotherapy-refractory
cancer cells.'>* Promising strategies are based on electrostatic
interactions between the engineered nanoparticles and the
mitochondrial membrane, which has a membrane potential in
the 130-150 mV range that is lower than other membranes in
the cell and can be exploited by grafting cationic species, such
as triphenylphosphonium (TPP) cations, to the surface of the
nanocarrier.’>3 In particular, cationic TPP has been applied
in various studies for mitochondrial targeting of antioxidants
with the aim of protecting them from oxidative damage.!’”)
Peptide ligands provide an alternative method for targeting
mitochondria. For instance, Yamamoto and co-workers made
an approach by conjugating a peptide-based mitochondrial
targeting sequence to QDs.'”] The sequence was attached to
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n-trioctylphosphine oxide-capped QDs in a multi-step process
by a thiol-exchange method. In order to generate carboxyl-QDs,
a 3-mercaptopropanoic acid was used and then coupled with a
cysteine to get free sulthydryl groups on the surface of QDs.
The amino group of the mitochondrial targeting sequence
Mito-8 (NH,-MSVLTPLLLRGLTGSARRLPVPRAKIHWLC-
COOH) was then attached using sulfo-SMCC. Results showed
that QD520-Mito8 exhibited a strong mitochondrial localization
in living cells compared to QDs modified with a control pep-
tide, which was assessed by mitochondrial staining using con-
focal microscopy.!*>”!

Another interesting application of nanoparticles for mito-
chondrial targeting has been recently explored by Chou et al.,
who have demonstrated the induction of cell death by physical
trapping of mitochondria using bacterial-derived magnetic
nanoparticles (BMPs) labeled with cytochrome ¢ (Cyt ¢)-specific
binding aptamers, combined with an applied external static
magnetic field.'>! Cyt-C has an important role in the life-
supporting function of ATP synthesis. In this way, the authors
demonstrated that the method might be useful for targeted cell
therapy, with the advantage of conferring remote control over
subcellular elements by means of a magnetic field.

Finally, Chamberlain et al. reported the targeting of doxoru-
bicin into mitochondria using mitochondria-penetrating pep-
tides (MPPs) formed by cationic sequences that can deliver car-
goes into the mitochondrial matrix (Figure 8).1°8! Doxorubicin,
an inhibitor of DNA topoisomerase II (Topoll), is used in the
treatment of a wide range of cancers, and its principal mecha-
nism of action is the generation of Topoll-mediated lesions in
nuclear DNA leading to cell apoptosis.'®®! A mitochondrially
targeted version of doxorubicin (mtDox) was synthesized by
coupling the primary amine of the sugar motif to a succinic
anhydride conjugated to the N-terminus of the MPP. This com-
pound was shown to maintain the ability to inhibit Topoll and
to induce damage to mtDNA selectively. At the same time, the
potency of mtDox is somewhat diminished compared with the
parent drug in sensitive cells, which may indicate that Topoll
is not as essential in mitochondria as in the nucleus. For that
reason, mtDox may also find application in the study of the
enzyme mtTopoll.

In another work, mitochondria-targeted nanoparticles based
on PLGA-b-PEG and a lipophilic triphenyl phosphonium
(TPP) cation were used for the delivery of a therapeutic pay-
load, specifically, a zinc phthalocyanine photosensitizer.'>”!
The action of these nanoparticles upon light activation inside
the mitochondria was shown to produce reactive oxygen spe-
cies (ROS), which caused cell death via apoptosis and necrosis.
The authors demonstrated that tumor antigens generated from
the treatment of breast cancer cells with theses nanoparticles
activate dendritic cells (DCs) upon light stimulation to produce
high levels of interferon-gamma (IFN-y). The advantages of
this activation process are: 1) activated DCs can be produced
in bulk quantities, 2) ex vivo culture conditions can be care-
fully controlled, and 3) DC quality can be controlled before the
cells are administered to the patient. These results open the
possibility of using mitochondria-targeted nanoparticles, light-
activated cancer cell supernatants as possible vaccines and the
approach has the potential to be readily transferred to the clin-
ical practice.
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Figure 8. Mitochondial targeting by mitochondria-penetrating peptides. A) Structure of doxorubicin (Dox) conjugated to a mitochondria-penetrating

peptide (MPP) (mtDox conjugate).

B) Subcellular localization of mtDox. Top row: Dox (green channel) demonstrates strong nuclear staining as

monitored using its intrinsic fluorescence and no colocalization with Mitotracker 633 (red channel) as shown in overlay image (right). Middle row:
mtDox (red channel) shows a high level of mitochondrial accumulation with a staining pattern that matches Mitotracker 633 (green channel). The
high degree of colocalization can be visualized in the bottom row close-up images. Reproduced with permission.['® Copyright 2013, ACS American

Chemical Society.

4. Perspectives: Future Developments in
Nanoparticle Delivery

In the last decade, a lot of research work has been devoted to
the development of nanoconjugates able to penetrate the cells
both for drug delivery application and intracellular targeting.
Although nanotechnology combined with bioscience has been
developing rapidly with new bioconjugation approaches to be
discovered, the guided nanoparticle delivery inside the cell
remains a challenging task.[19-163] Recently, a new modern
approach, so-called Halo Tag technology, has been designed to

Adv. Healthcare Mater. 2014,
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provide new options for rapid, site-specific labeling of proteins
in living cells and in vitro, and based on the efficient formation
of a covalent bond between the Halo Tag protein and synthetic
ligands (Figure 9a).16*16¢l Besides being used in biology for
protein expression studies, this technology has been gaining
a lot of interest in nanobiotechnology as well. At the moment,
there are only few examples reporting the Halo tag use in nan-
oparticle studies. In a recent research from our group, Halo
tag was used as nanoparticle capture module, taking advan-
tage of a new covalent bond formation by site-specific reaction
with a chloro-alkane linker immobilized on the surface of an
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Figure 9. Orientation controlled site-specific labeling of proteins via a) Halo tag covalent bond

formation, and b) tyrosine selective conjugation.

IONP. Expressing Halo Tag in fusion with a small peptide of
11 amino acids (U11) with a high affinity for urokinase plas-
minogen activator receptor (uPAR), we were able to success-
fully label cancer cells in an orientation-controlled manner.l?*!
Similarly, Ting and co-workers used Halo tag-conjugated QDs
for labeling of specific membrane proteins in living cells. In
this case, the protein of interest was genetically fused to a
13 amino acid recognition sequence and subsequently conju-
gated with 10-bromodecanoic acid for site-specific attachment
of a lipoic acid ligase enzyme.['*”) Another useful, highly effi-
cient, and chemoselective strategy for the conjugation of small
molecules, peptides, and entire proteins involves the tyrosine
“click” reaction of 4-phenyl-3H-1,2,4-triazoline-3,5(4H)-diones
(PTAD) derivatives (Figure 9b). While tyrosine residues are
commonly found in proteins, surface accessible tyrosines only
seldom occur and provide attractive opportunities for minimal
labeling. The reaction is selective for the phenolic side chain
of tyrosine and occurs in buffered aqueous media over a broad
pH range without the requirement of added heavy metals or
other reagents, resulting in a C-N linkage, which is signifi-
cantly more stabile to extreme pH, high temperatures, and
in human serum for extended periods of time in comparison
with the more popular maleimide-based methods.[1%8]

Beyond their use as tumor targeting platforms, nanoparticles
are attracting much interest as potential cancer vaccines.

FUNCTION

Tyrosine selective labeling
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Recently, several reviews describing some
recent advances in nanoscale systems
designed for cancer immunotherapy, as well
as the potential for these systems to trans-
late into clinical cancer vaccines, have been
reported.'*>17% For instance, Cameron et al.
have used small AuNPs decorated with Tn-
antigen (truncated core 1 mucin-type) gly-
cans in a “multicopy-multivalent” manner,
giving rise to a nanoparticle with a surface
that mimics much more closely the surface
of cancer cells. Immunological studies suc-
cessfully proved that these nanoparticles
were able to generate strong and long-lasting
production of antibodies that were selective
to the Th-antigen glycan and cross-reactive
toward mucin proteins displaying Tn, thus
demonstrating the possibility to use gly-
cosylated AuNPs as an anticancer vaccine
even in the absence of a typical vaccine pro-
tein component.'>17% In another example,
Barchi et al. have used AuNPs coated with
both the tumor-associated glycopeptides
antigens containing the cell surface mucin
MUC4 with Thomsen Friedenreich (TF)
antigen attached at different sites and a
28-residue peptide from the complement-
derived protein C3d to act as a B-cell acti-
vating “molecular adjuvant.” As a result, the
authors obtained nanoparticles that could act
both as immunogens and immune system
stimulants, showing statistically significant
antibody response in mice to each glycopep-
tide antigen.'’1172] Finally, it was also found
elsewhere that nanoparticle shape and size greatly influence the
immune response both in vivo and in vitro.”3l In conclusion,
although several advantages in subcellular targeting by nano-
conjugates have been observed, many challenges still need to
be overcome to increase the targeting efficiency and reduce the
overall cytotoxicity. For this reason, an ad hoc design of nano-
conjugates, including studies on their morphological properties
and choice of the proper targeting ligands, is needed to drive
the uptake efficiency and pathway of entry. These studies are
expected to take advantage of modern simulation methods,
which could provide researcher with new predictive tools for
the de novo design of more efficient, high-affinity molecular
nanoconjugates.'’4175] Moreover, the combination of targeting
and therapeutic functions to create an “ideal” theranostic nano-
platform for tumor treatment will be of great utility in the pur-
pose to improve tumor treatment efficiency on earlier stages.

=

5. Conclusions and Outlooks

In the present review, we have provided the most recent
advances and challenges on the use of nanoparticles designed
ad hoc for cellular nanobiotechnology. In particular, we have
pointed out different strategies for delivering nanoparticles
through the targeting of different cellular compartments such
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as cellular membrane, cytoplasm, nucleus, and mitochondria,
which are intended to meet the medical needs emerging by
the modern challenges in the diagnosis and therapy of highly
threatening human diseases.

Besides the well-documented internalization mechanisms
based on the crossing of cellular membrane, we have described
also the physical approaches that have been used to deliver
nanoparticles inside the cellular matrix. A few examples using
advanced techniques, such as microinjection and electropora-
tion, have been illustrated. However, at present, incubation
remains by far the preferred strategy to investigate the biolog-
ical interactions between nanoparticles and cells reproducing
the ordinary living conditions avoiding invasive destabilization
of the cellular environment. From this rapid overview, it appears
how the nanoparticle nature and functionalization could affect
the interaction at the nano-bio interface, which, in turn, medi-
ates nanoparticle internalization routes. In addition, we have
discussed some hurdles occurring when this small interface
faces the physiological environment and how this phenomenon
can turn into different unexpected responses. Eventually, we
have concluded with a picture of future perspectives on new
possible improvements and developments, which could open
new directions towards potential applications in nanomedicine.

Once fully mapped, the relationships between synthetic nan-
oparticle chemistry, molecular recognition, and cellular biology
will converge and could enable researchers to predict the physi-
ological response of colloidal nanoparticles. These concepts
will also help the researchers to design “ideal’” and rational
conjugate nanosystems, which could be used as nanovector to
ensure the efficient and selective delivery of a specific agent
to a specific cellular compartment, with the aim of an in vitro
screening of its efficacy and possible toxicity, prior to an in vivo
validation. Disclosing these relationships will require an exten-
sive research and we would expect that also new experimental
techniques and strategies will be the major driving forces
directing the progress in the future of nanomedicine.
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