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Abstract: Doxorubicin is employed alone or in combination for the treatment of several hematological
and solid malignancies; despite its efficacy, there are associated cardiotoxicity limits both in its
application in patients with heart disease risk factors and also in its long-term use. HFt-MP-PAS40 is
a genetically engineered human ferritin heavy chain (HFt)-based construct able to efficiently entrap
and deliver doxorubicin to cancer cells. HF-MP-PAS contains a short motif sequence (defined as
MP) responsive to proteolytic cleavage by tumor matrix metalloproteases (MMPs), located between
each HFt subunit and a masking polypeptide sequence rich in proline (P), alanine (A), and serine
(S) residues (PAS). This carrier displayed excellent therapeutic efficacy in a xenogenic pancreatic
cancer model in vivo, leading to a significant increase in overall animal survival in treated mice.
Herein, we describe the HFt-MP-PAS40-Dox efficacy against squamous cell carcinomas of the head
and neck (HNSCC) with the goal of validating the application of our nano-drug for the treatment
of different solid tumors. In addition, a tolerability study in healthy mice was also performed.
The results indicate that HFt-MP-PAS40-Dox produced increased anti-tumor effects both in vitro and
in vivo in comparison to the free drug in several HNSCC cell lines. In the acute toxicity studies,
the maximum tolerated dose (MTD) of HFt-MP-PAS40-Dox was about 3.5 higher than the free
drug: 25 mg/kg versus 7 mg/kg doxorubicin equivalents. Importantly, evaluation of heart tissues
provided evidence that doxorubicin is less cardio-toxic when encapsulated inside the ferritin carrier.
In conclusion, HFt-MP-PAS40-Dox may be administered safely at higher doses compared with the
free drug, resulting in superior efficacy to control HNSCC malignancies.

Keywords: pasylated ferritin; stimuli-sensitive peptides; doxorubicin; drug-delivery; head and
neck cancer

1. Introduction

Human ferritin heavy chain (HFt)-based carriers have been shown to efficiently deliver
chemotherapeutics to cancer cells [1-8]. HFt is a cage-shaped protein formed by 24 identical subunits
with external and internal diameters of 12 and 8 nm, respectively [9-15]. An important advantage of
the HFt system is the ability to be internalized by many types of tumor cells via the transferrin receptor
1 (TfR1). It was reported that a wide number of tumors express up to 100 times higher levels of TfR1
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than healthy cells and actively internalize the HFt:TfR1 ligand-receptor complex to accumulate large
amounts of iron required for the growth of cancer cells [16,17].

Recently, we have developed a novel HFt-based construct, named HFt-MP-PAS40, suitable for
drug delivery. This was dictated by the necessity of increasing both the in vivo half-life of native HFt
and the stability of HFt-drug complexes produced. This construct is characterized by an N-terminus of
each HFt subunit genetically fused to: (i) a PAS polypeptide sequence of 40 residues rich in proline (P),
alanine (A), and serine (S) residues [4,18]; and (ii) a short motif sequence (defined as MP) responsive to
proteolytic cleavage by tumor matrix metalloproteases (MMPs), inserted between each HFt subunit
and the outer PAS polypeptide. The PAS shield was used as an alternative to the less homogenous and
more expensive polyethylene glycol (PEG)-based polymers. The presence of the MP sequence allows
the PAS shield to be selectively removed by a specific stimulus present in the tumor microenvironment
so that the resulting unmasked HFt can freely be internalized by TfR1 overexpressed in tumor cells.

The HFt-MP-PAS40 construct was able to encapsulate, in the internal cavity, three times
more doxorubicin (Dox) than wild-type HFt, forming more stable complexes with higher in vivo
circulation time. Significantly, Dox-loaded HFt-MP-PAS40 (HFt-MP-PAS40-Dox) displayed excellent
antineoplastic properties in vitro towards human sarcoma and pancreatic adenocarcinoma cells, and
also human pancreatic xenotransplants in vivo [18].

The goal of the present study was to expand our preclinical studies on the HFt-MP-PAS40-Dox,
evaluating it on head and neck cancers. This type of cancer is often referred to as squamous cell
carcinomas of the head and neck (HNSCC), because it begins in the squamous cells that line the
mucosal surfaces inside the head and neck. Head and neck cancers account for approximately 4%
of all cancers in the United States [19]. The median overall survival for patients with recurrent
and/or metastatic (R/M) HNSCC remains < 1 year despite modern systemic chemotherapy and
targeted agents. Cisplatin-based chemotherapy is an important part of the multimodality treatment
for HNSCC [20,21]. However, the effectiveness of cisplatin-based monotherapy is far from being
satisfactory. In the present study, we report the use of HFt-MP-PAS40-Dox as an anticancer therapy in
a xenograft mouse model with the goal of improving the treatment of human HNSCC.

2. Results and Discussion

2.1. Dox Encapsulation in HFt-MP-PAS40

Dox encapsulation inside HFt-MP-PAS40 was achieved following the disassembly/reassembly
procedure reported previously [4]. The encapsulation efficiency using this procedure allowed about
90 molecules of Dox to be entrapped inside the protein cage, that is a value approximately three times
higher than the native HFt. This higher yield was mainly ascribed to the stabilizing effect of the PAS
polymer toward the extreme conditions required by the pH-jump used to dissociate (pH 2.0) and
re-associate (pH 8.0) the 24-mer assembly. However, to investigate if the PAS polymer may directly
interact with the Dox molecules, we decided to remove the PAS polymer after Dox encapsulation
and check it for Dox content. PAS polymer was removed using the specific matrix metalloproteases
2 and 9. After the cleavage and dialysis steps, HFt-Dox contained about 86 Dox molecules, indicating
that a negligible fraction of Dox molecules could be bound by the PAS polymer. The samples produced
were kept in sterile PBS at pH 7.4 and used for the following studies.

2.2. In Vitro Antiproliferative Effects of HFt-MP-PAS40-Dox Nanocarriers

Efficacy of HFt-MP-PAS40-Dox has been demonstrated previously in pancreatic cancer xenograft
model [18]. Herein, we decided to extend these findings to other cancers representing clear unmet
medical needs such as HNSCC. HNSCC is now the seventh most common cancer worldwide,
with a median overall survival for patients with recurrent and/or metastatic tumor remains less
than one year despite modern systemic chemotherapy and targeted agents. The HFt system has the
ability to be internalized by many types of tumor cells via the transferrin receptor 1 (TfR1). A wide
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number of tumor types (e.g., liver, lung, pancreatic, colon, cervical, ovarian, prostate and bladder,
glioblastoma, breast, sarcoma, leukemia, etc.) express high levels of TfR1. First of all, we performed
western-blot experiments to also verify the presence of this receptor on HNSCC cells of different
origin: hypopharynx (FaDu), pharynx (Detroit 562), and submaxillary salivary gland (A-253) (Figure 1).
All the HNSCC cells tested express TfR1 (Figure 1). We then assessed the killing ability of Dox-loaded
HFt-MP-PAS40 on these cell lines.
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Figure 1. Transferrin receptor (TfR1) expression in the human HNSCC cell lines tested. 3-actin was
used as a loading control.

As shown in Figure 2, HFt-MP-PAS40-Dox was able to kill all the HNSCC cells tested in
a dose-dependent manner even better than the naked Dox. This is remarkable, since in cell
culture systems naked drugs freely diffuse into cells, whereas HFt-nanocarriers deliver the drug
Dox by rate-limiting receptor-mediated uptake. This result can be ascribed to the considerable
nuclear accumulation of the delivered drug, as revealed previously by confocal microscopy
experiments [7,18,22]. The mechanism proposed by different groups included ourselves suggest that
following TfR1 binding at cell surface, HFt-Dox carrier is internalized in an endosomal compartment
where a mildly acidic (pH 5.5) favors some Dox release/translocation in the cytoplasm, diffusion to the
nucleus, and initial DNA damage. In this way, Dox would then trigger a self-sustained, progressive
nuclear translocation loop leading to extensive cell damage. Once in the cell nucleus, HFt is degraded
releasing most of the Dox loaded. Likewise, our HFt-based canocarriers are likely to act like “Trojan
horses” delivering high amounts of the drug right to the site of action of the drug itself.
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Figure 2. In vitro effects of HFt-MP-PAS40-Dox. Killing efficacy of Dox and HFt-MP-PAS40-Dox
against human HNSCC cell lines. Cells were incubated for 72 h with different concentration of drugs.
Cell viability was analyzed by CellTiter-Blue® Cell Viability Assay. Mean + SD (1 = 3), experiments
were performed in triplicates.

2.3. Therapeutic Evaluation of HFt-MP-PAS40-Dox Efficacy In Vivo

The therapeutic efficacy of HFt-MP-PAS40-Dox was then evaluated invivo in a model
FaDu-derived xenografts. Three million cells were inoculated subcutaneously in nude mice and
when tumors reached an average volume of 100 mm? animals where divided in three arms (1 = 7) and
treated with a total of five injections (twice weekly). Mock treated mice were i.v. injected with 200 uL
of PBS; for treated mice, the injected doses were normalized to the drug (i.e., 5 mg/kg for both Dox or
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HFt-MP-PAS40-Dox). The dose used in this in vivo setting is slightly below the reported maximum
tolerated dose for Dox (MTD: about 6-7 mg/kg) [23]. As shown in Figure 3A, while free Dox treatment
slightly reduced tumor growth, HFt-MP-PAS40-Dox treatment resulted in significant and lasting tumor
growth inhibition. Of note, at day 17 from the start of drug administration, two out of seven mice
showed nearly a complete remission (Figure 3B), resulting in a prolonged survival of 65+ days after the
start of the treatment (Figure 3C). Overall, the median survival time for HFt-MP-PAS40-Dox-treated
mice was 55 days versus 35 days for Dox and 30 days for saline control animals.

No differences in terms of body weight loss was observed in any of the treated groups (Figure 3D).
This result resembles that reported by our group using a nude mice bearing xenogeneic pancreatic
(PaCa-44) tumor model [18].
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Figure 3. Anti-tumor activity of HFt-MP-PAS40-Dox in mice bearing FaDu tumors. (A) Tumor-growth
curves for mouse groups are indicated. Student’s ¢-test is used to determine the statistical significance.
*p <0.05 and ** p < 0.001; (B) Single animal tumor sizes at day 17; (C) Survival curves of different
animal groups bearing FaDu tumors. Animals were sacrificed when the tumor had reached a volume
of >1500 mm?. Statistical analysis was performed by Log-rank test. Control vs. Dox * p < 0.05. Control
vs. HFt-MP-PAS40-Dox ** p < 0.001. Dox vs. HFt-MP-PAS40-Dox ** p < 0.001. Arrows indicate
the five treatments (5 mg/kg Dox equivalents); (D) Body weight changes of tumor-bearing mice
after treatments.

2.4. Tolerability of HFt-MP-PAS40-Dox

To assess the Dox-associated toxicity of HFt-MP-PAS40-Dox, we performed histopathological
examination of liver and heart tissues derived from the efficacy studies. It has been reported that the
liver is the main organ for ferritin accumulation, while heart is a key tissue due to the well reported
cardiotoxicity associated to the Dox chemotherapy in clinical trials [3]. The animals of all treated
groups show no evidence of liver injuries, as evaluated by IHC (data not shown).

In the examined heart tissues, diffuse blood congestion, cytoplasmic myocyte vacuolization,
and size variation in myocyte nuclei were observed in the Dox-treated group (Figure 4B) as compared
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to the control group (Figure 4A). In contrast, only a light blood congestion phenomena were observed
for the HFt-MP-PAS40-Dox-treated group (Figure 4C).

Therefore, treatment with HFt-MP-PAS40-Dox nanocarrier can represent a promising option
for anthracycline therapeutic regimens in cardiosensitive subjects as it did not display apparent
anthracycline-related cardiotoxicity. These results well agree with those reported by other groups
using HFt-Dox as nanocarrier [3,24].

Figure 4. Representative images of the histologic evaluation of heart sections of animals from the
control (A), Dox (B), and HFt-MP-PAS40-Dox (C) groups. A normal heart morphology is observed
in (A). Diffuse blood congestion (Co), cytoplasmic myocyte vacuolization (V), and size variation in

myocyte nuclei (N) are present in (B), whereas (C) shows only a light blood congestion (Co).

In addition to the histopathological experiments, a single-dose tolerability study was performed.
Healthy BALB/c mice were i.v. administered with HFt-MP-PAS40-Dox or free Dox at different mg/kg
Dox equivalents doses and monitored for body weight and signs of distress as well. The maximum
tolerated doses (MTDs) for these single injections were determined to be 7 mg/kg for Dox and
25 mg/kg for HFt-MP-PAS40-Dox. At these doses, no abnormal clinical observations or appreciable
body weight loss (less than 5%) were observed. All these results demonstrate that the encapsulation of
Dox into HFt-based nanocarriers greatly improves the drug tolerability and suggest that higher doses
than the 5 mg/kg regimen used here could be exploited for future experiments.

3. Materials and Methods

3.1. Cloning, Overexpression, and Purification of HFt-MP-PAS40-Dox Construct

The recombinant protein HFt-MP-PAS40 was expressed in Escherichia coli, purified, and quantified
as previously described [18].

3.2. Dox Encapsulation in HFt-Based Nanocarriers

The chemotherapeutic agent doxorubicin (DOX) (MedKoo Biosciences, Morrisville, NC, USA) was
encapsulated using the previously reported HFt disassembly/reassembly procedure (Scheme 1) [4].
Briefly, solutions of HFt-MP-PAS40 in 0.1 M NaCl were incubated for 10 min at pH 2.5 (pH adjusted
with HCI). Then, Dox was added to the solution at 300:1 molar ratio with respect to the protein.
The pH was initially maintained at 2.5 for 5 min and then increased to 7.5 using NaOH. The resulting
solution was stirred at room temperature for 30 min, filtered and dialyzed o.n. vs. phosphapte
buffer saline (PBS) at pH 7.4 to remove unbound Dox. After the dialysis, centrifugation and
concentration steps, protein and Dox content were then determined using the DOX molar extinction
coefficient & = 12,250 M~1.cm ™! at 485 nm. Dox content was also evaluated after PAS polymer removal.
Enzymatic cleavage was performed as described previously using collagenase IV (Collagenase Type
4 containing MMP2 and 9, Clostridium histolyticum, Abnova, Germany) [18].
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Scheme 1. Schematic representation of the synthesis of HFt-MP-PAS40-Dox. For clarity purposes, only
4 out of the 24 modified HFt N-termini are shown.

3.3. Antiproliferative Effects of HFt-MP-PAS40-Dox In Vitro

FaDu, Detroit 562, and A-253 (ATCC, Rockville, MD, USA) head and neck cancer cell lines were
seeded one day before treatment in 90 pL of complete medium in 96-well culture microplates. The next
day;, cells were incubated in triplicate with 10 uL of serial dilution of Dox and HFt-MP-PAS40-Dox.
Afterwards, 72 h cell viability was investigated by CellTiter-Blue® Cell Viability Assay (Promega Italia,
Milan, Italy) according to the manufactory instructions.

3.4. Western Blot Analysis

Whole cell lysates were prepared using ice-cold lysis buffer supplemented with protease inhibitors.
Protein content was determined by Bradford method. Twenty micrograms of total proteins were loaded
on a 10% SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was blocked with
5% not-fat dry milk in PBS with 0.01% Tween 20 for 1 h at room temperature and then incubated
overnight with primary antibodies: anti-trasferrin (TfR1) receptor used 1:1000 (Abcam, Cambridge, UK)
and anti-B-actin used 1:40,000 (Sigma-Aldrich, Milan, Italy). Then the membrane was washed and
incubated for 1 h at room temperature with the corresponding horseradish peroxidase-conjugated
secondary antibody, diluted 1:20,000 (BioRad, Milan, Italy). Bound antibodies were detected using the
enhanced chemiluminescent (ECL) method (PerkinElmer Italia, Milan, Italy).

3.5. Therapeutic Evaluation of HFt-MP-PAS40-Dox In Vivo

Six-week-old female CD1 nude mice (Charles River Laboratories; Calco, LC, Italy) were injected
subcutaneously in the right flank with 3 x 10 FaDu cells resuspended in 200 uL of PBS. When tumors
reached a volume of about 100 mm?3, mice were randomized in groups of seven animals and injected
i.v. with 200 uL of PBS, Dox or HFt-MP-PAS40-Dox. The treatment dose normalized to the Dox
concentration was 5 mg/kg. Mice were treated five times twice a week; tumor volume was measured

3 was chosen as

with a caliper and mouse weight was monitored. A tumor volume of 1500 mm
endpoint after which mice were sacrificed. Survival curves were derived from Kaplan-Meier estimates
and compared by log-rank test (GraphPad Prism 5). Animal studies were performed according to
a protocol approved by the Institutional Animal Care and Use Committee of University of Verona and
authorized by the Italian Ministry of Health (Protocol No. 128/2014-B, 28/03/2014), and in accordance

with the principles laid down in the European Community Council Directives.
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3.6. Histology

When the tumor volumes exceeded 1500 mm?, animals were sacrificed. Mice heart and liver

tissues were isolated and placed into 4% formaldehyde solution (Bio-Optica, Milan, Italy) for fixation,
then dehydrated and finally embedded in paraffin. Sections were cut for hematoxylin and eosin (HE)
staining and organ toxicity analysis.

4. Conclusions

To our knowledge, this report is the first to evaluate the antitumor effects of the novel
stimuli-sensitive nano-ferritin containing doxorubicin (HFt-MP-PAS40-Dox) in any head and neck
cancer malignancy. The pharmacological activity of the drug against a panel of different HNSCC
cells was demonstrated by performing viability assays in vitro. The in vitro results showed that the
anti-HNSCC effects of HFt-MP-PAS40-Dox were comparable or even superior to the naked Dox.

Strikingly, HFt-MP-PAS40-Dox displayed excellent therapeutic efficacy in the head and neck
cancer model FaDu in vivo, reducing tumor growth and increasing animal overall survival significantly.
The higher in vivo efficacy of our nanosystem could be ascribable to the combined contribution of
active tumor targeting that exploits the selective TfR1 expression on HNSCC cells, and the increased
delivery into the cell nucleus as observed previously.

From a drug tolerability point of view, acute toxicity and histopathological studies indicate that
Dox is better tolerated when encapsulated inside the protein cavity. The maximum tolerated dose
of HFt-MP-PAS40-Dox was about 3.5 higher than the free drug and the evaluation of heart tissues
provided evidence for a safer profile of our nanosystem in terms of cardiotoxicity.

All the above findings provide support to carrying out additional preclinical studies on
HFt-MP-PAS40-Dox either as single agent, possibly at higher doses, or in combination with other
drugs in cancer therapy.

Acknowledgments: We would like to thank Rossana La Sorda and Rossano Lattanzio for assistance with histology
experiments. This research was supported by MIUR of Italy (flagship Project “Nanomax” to Pierpaolo Ceci)
and Associazione Italiana per la Ricerca sul Cancro - AIRC (I.G. Grant 16776 to Pierpaolo Ceci; IG 2016 18467
to Gianluca Sala; IG 15196 to Vincenzo De Laurenzi; .G. Grant 15197 to Luca Federici). Giulio Fracasso
gratefully acknowledges Fondazione Cariverona, Verona Nanomedicine Initiative and Italian Minister of Health
RF-2010-2305526 for supporting this work.

Author Contributions: Verena Damiani and Elisabetta Falvo contributed equally to this work; Pierpaolo Ceci,
Gianluca Sala, Luca Federici, and Vincenzo De Laurenzi conceived and designed the experiment; Verena Damiani,
Elisabetta Falvo, Giulio Fracasso, and Martina Pitea carried out the experiments; Pierpaolo Ceci, Gianluca Sala,
Elisabetta Falvo, Verena Damiani, and Giulio Fracasso analyzed the data and drafted the paper; Pierpaolo Ceci,
Gianluca Sala, Luca Federici, Giulio Fracasso, and Vincenzo De Laurenzi revised the manuscript. All authors have
read and approved the manuscript.

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

References

1. Falvo, E.; Tremante, E.; Fraioli, R.; Leonetti, C.; Zamparelli, C.; Boffi, A.; Morea, V.; Ceci, P.; Giacomini, P.
Antibody-drug conjugates: Targeting melanoma with cisplatin encapsulated in protein-cage nanoparticles
based on human ferritin. Nanoscale 2013, 5, 12278-12285. [CrossRef] [PubMed ]

2. Liu, X.Y.; Wei, W.; Huang, S.J.; Lin, S.S.; Zhang, X.; Zhang, C.M.; Du, Y.G.; Ma, G.H,; Li, M.; Mann, S; et al.
Bio-inspired protein-gold nanoconstruct with core-void-shell structure: Beyond a chemo drug carrier.
J. Mater. Chem. B 2013, 1, 3136-3143. [CrossRef]

3. Liang, M.; Fan, K.; Zhou, M.; Duan, D.; Zheng, J.; Yang, D.; Feng, J.; Yan, X. H-ferritin-nanocaged doxorubicin
nanoparticles specifically target and kill tumors with a single-dose injection. Proc. Natl. Acad. Sci. USA 2014,
111, 14900-14905. [CrossRef] [PubMed]

4.  Falvo, E,; Tremante, E.; Arcovito, A.; Papi, M.; Elad, N.; Boffi, A.; Morea, V.; Conti, G.; Toffoli, G,;
Fracasso, G.; et al. Improved Doxorubicin Encapsulation and Pharmacokinetics of Ferritin-Fusion Protein


http://dx.doi.org/10.1039/c3nr04268e
http://www.ncbi.nlm.nih.gov/pubmed/24150593
http://dx.doi.org/10.1039/C3TB20081G
http://dx.doi.org/10.1073/pnas.1407808111
http://www.ncbi.nlm.nih.gov/pubmed/25267615

Int. J. Mol. Sci. 2017, 18, 1555 8of9

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Nanocarriers Bearing Proline, Serine, and Alanine Elements. Biomacromolecules 2015, 17, 514. [CrossRef]
[PubMed]

Kilic, M.A.; Ozlu, E.; Calis, S. A Novel Protein-Based Anticancer Drug Encapsulating Nanosphere:
Apoferritin-Doxorubicin Complex. J. Biomed. Nanotechnol. 2012, 8, 508-514. [CrossRef] [PubMed]

Zhen, Z.; Tang, W.; Chen, H.; Lin, X.; Todd, T.; Wang, G.; Cowger, T.; Chen, X; Xie, J]. RGD-Modified
Apoferritin Nanoparticles for Efficient Drug Delivery to Tumors. ACS Nano 2013, 7, 4830-4837. [CrossRef]
[PubMed]

Zhang, L.B.; Li, L.; di Penta, A.; Carmona, U.; Yang, E; Schops, R.; Brandsch, M.; Zugaza, ].L.; Knez, M.
H-Chain Ferritin: A Natural Nuclei Targeting and Bioactive Delivery Nanovector. Adv. Healthc. Mater. 2015,
4,1305-1310. [CrossRef] [PubMed]

Blazkova, I.; Nguyen, H.V.; Dostalova, S.; Kopel, P.; Stanisavljevic, M.; Vaculovicova, M.; Stiborova, M.;
Eckschlager, T.; Kizek, R.; Adam, V. Apoferritin modified magnetic particles as Doxorubicin carriers for
anticancer drug delivery. Int. J. Mol. Sci. 2013, 14, 13391-13402. [CrossRef] [PubMed]

Vannucci, L.; Falvo, E.; Fornara, M.; di Micco, P; Benada, O.; Krizan, J.; Svoboda, J.; Hulikova-Capkova, K.;
Morea, V.; Boffi, A.; et al. Selective targeting of melanoma by PEG-masked protein-based multifunctional
nanoparticles. Int. J. Nanomed. 2012, 7, 1489-1509.

Heger, Z.; Skalickova, S.; Zitka, O.; Adam, V.; Kizek, R. Apoferritin applications in nanomedicine.
Nanomedicine 2014, 9, 2233-2245. [CrossRef] [PubMed]

Truffi, M.; Fiandra, L.; Sorrentino, L.; Monieri, M.; Corsi, F; Mazzucchelli, S. Ferritin nanocages: A biological
platform for drug delivery, imaging and theranostics in cancer. Pharmacol. Res. 2016, 107, 57-65. [CrossRef]
[PubMed]

Bode, S.A.; Minten, L].; Nolte, R.].; Cornelissen, ].J. Reactions inside nanoscale protein cages. Nanoscale 2011,
3, 2376-2389. [CrossRef] [PubMed]

Bellapadrona, G.; Sinkar, S.; Sabanay, H.; Liljestrom, V.; Kostiainen, M.; Elbaum, M. Supramolecular assembly
and coalescence of ferritin cages driven by designed protein-protein interactions. Biomacromolecules 2015, 16,
2006-2011. [CrossRef] [PubMed]

Lee, E.J.; Lee, N.K.; Kim, LS. Bioengineered protein-based nanocage for drug delivery. Adv. Drug Deliv. Rev.
2016, 106, 157-171. [CrossRef] [PubMed]

Schoonen, L.; van Hest, ].C.M. Functionalization of protein-based nanocages for drug delivery applications.
Nanoscale 2014, 6, 7124-7141. [CrossRef] [PubMed]

Fan, K.; Cao, C.; Pan, Y,; Lu, D.; Yang, D.; Feng, J.; Song, L.; Liang, M.; Yan, X. Magnetoferritin nanoparticles
for targeting and visualizing tumor tissues. Nat. Nanotechnol. 2012, 7, 459-464. [CrossRef] [PubMed]

Li, L.; Fang, C.J.; Ryan, J.C.; Niemi, E.C.; Lebron, ]J.A.; Bjorkman, PJ.; Arase, H.; Torti, EM.; Torti, S.V.;
Nakamura, M.C.; Seaman, W.E. Binding and uptake of H-ferritin are mediated by human transferrin
receptor-1. Proc. Natl. Acad. Sci. USA 2010, 107, 3505-3510. [CrossRef] [PubMed]

Fracasso, G.; Falvo, E.; Colotti, G; Fazi, F; Ingegnere, T.; Amalfitano, A.; Doglietto, G.B.; Alfieri, S.; Boffi, A.;
Morea, V.; et al. Selective delivery of doxorubicin by novel stimuli-sensitive nano-ferritins overcomes tumor
refractoriness. J. Control. Release 2016, 239, 10-18. [CrossRef] [PubMed]

Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2017. CA Cancer J. Clin. 2017, 67, 7-30. [CrossRef]
[PubMed]

Adelstein, D.J.; Saxton, J.P.,; Rybicki, L.A.; Esclamado, R.M.; Wood, B.G.; Strome, M.; Lavertu, P; Lorenz, R.R.;
Carroll, M.A. Multiagent concurrent chemoradiotherapy for locoregionally advanced squamous cell head
and neck cancer: Mature results from a single institution. J. Clin. Oncol. 2006, 24, 1064-1071. [CrossRef]
[PubMed]

Kogashiwa, Y.; Yamauchi, K.; Nagafuji, H.; Matsuda, T.; Tsubosaka, T.; Tsutsumi, T.; Karaho, T.; Kohno, N.
Concurrent chemoradiotherapy for organ function preservation in advanced patients with hypopharyngeal
and laryngeal cancer. Oncol. Rep. 2009, 22, 1163-1167. [PubMed]

Bellini, M.; Mazzucchelli, S.; Galbiati, E.; Sommaruga, S.; Fiandra, L.; Truffi, M.; Rizzuto, M.A.; Colombo, M.;
Tortora, P.; Corsi, F; et al. Protein nanocages for self-triggered nuclear delivery of DNA-targeted
chemotherapeutics in Cancer Cells. J. Control. Release 2014, 196, 184-196. [CrossRef] [PubMed]


http://dx.doi.org/10.1021/acs.biomac.5b01446
http://www.ncbi.nlm.nih.gov/pubmed/26686226
http://dx.doi.org/10.1166/jbn.2012.1406
http://www.ncbi.nlm.nih.gov/pubmed/22764421
http://dx.doi.org/10.1021/nn305791q
http://www.ncbi.nlm.nih.gov/pubmed/23718215
http://dx.doi.org/10.1002/adhm.201500226
http://www.ncbi.nlm.nih.gov/pubmed/25973730
http://dx.doi.org/10.3390/ijms140713391
http://www.ncbi.nlm.nih.gov/pubmed/23807501
http://dx.doi.org/10.2217/nnm.14.119
http://www.ncbi.nlm.nih.gov/pubmed/25405799
http://dx.doi.org/10.1016/j.phrs.2016.03.002
http://www.ncbi.nlm.nih.gov/pubmed/26968122
http://dx.doi.org/10.1039/c0nr01013h
http://www.ncbi.nlm.nih.gov/pubmed/21461437
http://dx.doi.org/10.1021/acs.biomac.5b00435
http://www.ncbi.nlm.nih.gov/pubmed/25974032
http://dx.doi.org/10.1016/j.addr.2016.03.002
http://www.ncbi.nlm.nih.gov/pubmed/26994591
http://dx.doi.org/10.1039/C4NR00915K
http://www.ncbi.nlm.nih.gov/pubmed/24860847
http://dx.doi.org/10.1038/nnano.2012.90
http://www.ncbi.nlm.nih.gov/pubmed/22706697
http://dx.doi.org/10.1073/pnas.0913192107
http://www.ncbi.nlm.nih.gov/pubmed/20133674
http://dx.doi.org/10.1016/j.jconrel.2016.08.010
http://www.ncbi.nlm.nih.gov/pubmed/27524282
http://dx.doi.org/10.3322/caac.21387
http://www.ncbi.nlm.nih.gov/pubmed/28055103
http://dx.doi.org/10.1200/JCO.2005.01.5867
http://www.ncbi.nlm.nih.gov/pubmed/16505425
http://www.ncbi.nlm.nih.gov/pubmed/19787235
http://dx.doi.org/10.1016/j.jconrel.2014.10.002
http://www.ncbi.nlm.nih.gov/pubmed/25312541

Int. J. Mol. Sci. 2017, 18, 1555 90f9

23. Lee, C.C; Gillies, E.R.; Fox, M.E.; Guillaudeu, S.J.; Frechet, ] M.].; Dy, E.E.; Szoka, E.C. A single dose of
doxorubicin-functionalized bow-tie dendrimer cures mice bearing C-26 colon carcinomas. Proc. Natl. Acad.
Sci. USA 2006, 103, 16649-16654. [CrossRef] [PubMed]

24. Mazzucchelli, S.; Bellini, M.; Fiandra, L.; Truffi, M.; Maria, A.; Sorrentino, L.; Longhi, E.; Nebuloni, M.;
Prosperi, D.; Corsi, F. Nanometronomic treatment of 4T1 breast cancer with nanocaged doxorubicin prevents
drug resistance and circumvents cardiotoxicity. Oncotarget 2017, 8, 8383-8396. [CrossRef] [PubMed]

® © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

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



http://dx.doi.org/10.1073/pnas.0607705103
http://www.ncbi.nlm.nih.gov/pubmed/17075050
http://dx.doi.org/10.18632/oncotarget.14204
http://www.ncbi.nlm.nih.gov/pubmed/28039473
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Dox Encapsulation in HFt-MP-PAS40 
	In Vitro Antiproliferative Effects of HFt-MP-PAS40-Dox Nanocarriers 
	Therapeutic Evaluation of HFt-MP-PAS40-Dox Efficacy In Vivo 
	Tolerability of HFt-MP-PAS40-Dox 

	Materials and Methods 
	Cloning, Overexpression, and Purification of HFt-MP-PAS40-Dox Construct 
	Dox Encapsulation in HFt-Based Nanocarriers 
	Antiproliferative Effects of HFt-MP-PAS40-Dox In Vitro 
	Western Blot Analysis 
	Therapeutic Evaluation of HFt-MP-PAS40-Dox In Vivo 
	Histology 

	Conclusions 

