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Abstract

Small-molecule tyrosine kinase inhibitors (TKIs) represent a potentially powerful
approach to the treatment of osteosarcoma (OS). However, dose-limiting toxicity,
therapeutic efficacy, and targeting specificity are significant barriers to the use of

TKls in the clinic. Notably among TKis, ponatinib demonstrated potent anti-tumor
activity; however, it received an FDA black box warning for potential side effects. We
propose ponatinib-loaded biomimetic nanoparticles (NPs) to repurpose ponatinib

as an efficient therapeutic option for OS. In this study, we demonstrate enhanced
targeting ability and maintain potent ponatinib nano-therapeutic activity, while also
reducing toxicity. In in vitro two- and three-dimensional models, we demonstrate that
ponatinib-loaded biomimetic NPs maintain the efficacy of the free drug, while in vivo
we show that they can improve tumor targeting, slow tumor growth, and reduce evi-
dence of systemic toxicities. Though there is limited Pon encapsulation within NPs, this
platform may improve current therapeutic approaches and reduce dosage-related side
effects to achieve better clinical outcomes in OS patients.

Keywords: Tyrosine kinase inhibitor, Ponatinib, Osteosarcoma, Biomimicry,
Nanoparticle, Drug delivery system
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Introduction

Over the last few years, the introduction of targeted anticancer drugs has revolutionized
therapy for many tumors (Lee et al. 2018). Specifically, small-molecule tyrosine kinase
inhibitors (TKIs) enable the targeting of specific signaling pathways contributing to can-
cer progression (Huang et al. 2020). Ponatinib (Pon) is a Food and Drug Administra-
tion (FDA)-approved TKI used against specific subsets of chronic myeloid leukemia and
acute lymphoblastic leukemia (Massaro et al. 2018), and is currently being investigated
for a variety of other neoplasms including biliary cancer, non-small cell lung cancer, and
gastrointestinal stromal tumors (Tan et al. 2019). Pon inhibits several different signal-
ing pathways upregulated in a range of neoplasms, including Src (Hu et al. 2015; Urciu-
oli et al. 2018; Evola et al. 2017), which is a critical oncogenic pathway in osteosarcoma
(OS) development and progression that has been reported to be of prognostic relevance
in patients’ survival (Rathore et al. 2021; Sevelda et al. 2015; Xu et al. 2018; Guan et al.
2020; Zamborsky et al. 2019; Zhao et al. 2021). However, the FDA has issued a black
box warning due to Pon’s severe vascular adverse effects in 27% of treated patients
(US FDA 2013; Musumeci et al. 2018). Free Pon administration also causes significant
thrombocytopenia and neutropenia in 37% and 19% of patients, respectively (Cortes
et al. 2014; De Lin et al. 2017). These drawbacks have severely limited Pon application
for many other tumors. Therefore, improving targeting and reducing dosage and side
effects would allow re-evaluation of this drug for cancer therapy.

OS is the most common malignant primary bone tumor, with roughly 1000 new
cases yearly in the USA, and represents 2% of all pediatric tumors (Zhao et al. 2021;
Harrison et al. 2018). The prognosis depends on the extent of the disease at diagnosis,
with a 5-year survival of around 70% for localized tumors, but only 20-30% for distal
metastatic OS (Janeway and Grier 2010; Picci et al. 1994; Gill et al. 2021). Its treatment
relies on a combination of surgery and chemotherapy (Harrison et al. 2018; Picci et al.
1994; Gill et al. 2021). The gold standard chemotherapy in pediatric OS is a combina-
tion of doxorubicin, cisplatin, and a high dose of methotrexate (called the MAP proto-
col) (Whelan et al. 2015; Eilber et al. 1987; Misaghi et al. 2018). Despite its therapeutic
efficacy, MAP causes severe side effects and is frequently unable to definitively eradi-
cate metastatic disease, which is the major cause of treatment failure and tumor relapse.
Thus, drug resistance and dose-limiting toxicities are significant barriers for OS treat-
ment (Hattinger et al. 2021; Wood et al. 2021), and there is still a dire need for therapies
that can address this unmet clinical need.

To reduce the cytotoxicity and improve the therapeutic efficacy of various drugs, dif-
ferent nanoparticle (NPs) formulations have been developed as drug delivery systems
(DDSs), and many of them are now successfully used in clinical practice (Anselmo
and Mitragotri 2019; Cheng et al. 2021). Among these, some DDSs specifically deliver
TKIs (Russo et al. 2021; Zhou et al. 2020), including Pon. However, these were the first
attempts of delivery without a relevant animal model, neither a target tissue strategy
(Smidova et al. 2021).

To address this, our laboratory developed and characterized biomimetic NP plat-
forms. We first developed liposomes NPs formulated with biomimetic phospholipids
(Lipo) that recapitulate the major components of cells’ membrane [cholesterol, dipal-
mitoylphosphatidylcholine (DPPC) and 1,2-dioleoyl-sn-glycerol-3-phosphocholine
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(DOPC)], and then we functionalized these NPs with leukocyte-derived membrane pro-
teins, named leukosomes (Leuko) (Corbo et al. 2017a; Molinaro et al. 2018).

The presence of cells’ membrane proteins on the surface of synthetic NPs conferred
the biological identity and function of the cells from which they are derived introduc-
ing a second level of biomimicry. Specifically, leukocyte membrane proteins (e.g., CD45,
CD47) enable long circulation time by avoiding immune clearance by the mononuclear
phagocyte system (MPS) and provide an active targeting strategy employing lymphocyte
function-associated antigen 1 (LFA-1), macrophage-1 antigen (Mac-1), and P-selectin
glycoprotein ligand-1 (PSGL-1) to deliver the payload to both tumor-associated vascu-
lature and parenchyma (Molinaro et al. 2016a; Zinger et al. 2021; Martinez et al. 2018).
Given the unique properties of biomimetic NPs (Zhang et al. 2020; Sushnitha et al.
2020; Pasto et al. 2019), including multiple functional capabilities, tunable sizes, and
high surface-area-to-volume ratio, they have shown great potential in various medical
applications and management of a wide range of inflammation-associated pathologies,
including inflammatory bowel disease, rheumatoid arthritis, infection, sepsis, and can-
cer (Zinger et al. 2021; Corbo et al. 2017b; Molinaro et al. 2019, 2020a, b; Boada et al.
2020).

We previously demonstrated that our biomimetic NPs can be reproducibly and effi-
ciently loaded with Pon (Lipo and Leuko Pon) using bovine serum albumin (BSA) as
a carrier protein to increase Pon solubility (Zinger et al. 2020; Fernandes et al. 2018).
To address the challenges of OS therapy, we present our set of biomimetic NPs as new
tools to attenuate OS development and progression. Herein, leveraging on the suc-
cessful encapsulation of Pon into our NPs (Zinger et al. 2020), we report an alternative
approach that could effectively reduce Pon toxicity, and achieve better tumor accumula-
tion through Leuko-mediated active targeting of the inflamed OS stroma.

Therefore, we propose our biomimetic NPs as a vehicle for Pon delivery to enhance,
tumor accumulation, and reduce dosage and toxic side effects in vitro and in vivo. Thus,
our optimized DDS invites the re-evaluation of this already FDA-approved drug in the
arsenal of pharmacological treatment for OS.

Results

Ponatinib and nanoparticles physiochemical properties

To identify promising small molecules for the treatment of high-risk bone tumors,
including Ewing sarcoma and OS, we performed an unbiased high-throughput screen
on sarcoma spheroids, which are a surrogate for self-renewal or stem cell properties,
using the FDA-approved NCI Drug Set V small molecule library (Table 1). As shown in
Additional file 1: Fig. S1, we assessed proof of principle single-concentration drug dis-
covery screenings of up to 114 compounds and we identified several drugs with the abil-
ity to drastically reduce the viability and stem-like properties of bone sarcoma, including
several chemotherapies such as doxorubicin and etoposide (Rothenaigner et al. 2021;
Al Shihabi et al. 2021). We also identified Pon as being highly effective at targeting OS
spheroids formation using the metastatic human 143B OS cell line (Additional file 1:
Fig. S1). We chose to further study this compound due to its ability to target multiple
key oncogenic signaling cascades in OS. If the drug’s significant systemic prothrombotic
side effects could be mitigated would offer a needed therapeutic option for high-risk OS
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Name Library set Concentration Activity
(mM)

Hydroxyurea NCI Approved Oncology 10 RNA inhibitor
Drug SetV

Temozolomide NCI Approved Oncology 10 DNA alkylating agent
Drug SetV

Carmustine NCI Approved Oncology 10 Alkylating agent
Drug SetV

Ifosfamide NCI Approved Oncology 10 Alkylating agent
Drug SetV

Anastrozole NCI Approved Oncology 10 Aromatase inhibitor
Drug SetV

Pipobroman NCI Approved Oncology 10 Alkylating agent
Drug SetV

Axitinib NCI Approved Oncology 10 Tyrosine kinase inhibitor
Drug SetV

Dasatinib NCI Approved Oncology 10 Tyrosine kinase inhibitor
Drug SetV

Vandetanib NCI Approved Oncology 10 Kinase inhibitor
Drug SetV

Ponatinib NCI Approved Oncology 10 RTK inhibitor
Drug SetV

Allopurinol NCI Approved Oncology 10 Purine analog, purine synthesis
Drug SetV inhibitor

Busulfan NCI Approved Oncology 10 DNA alkylating agent
Drug SetV

Cyclophosphamide NCI Approved Oncology 10 Alkylating agent
Drug SetV

Cisplatin NCI Approved Oncology 10 DNA crosslinking agent
Drug SetV

Letrozole NCI Approved Oncology 10 Aromatase inhibitor
Drug SetV

Megestrol acetate NCI Approved Oncology 10 Progestin
Drug SetV

Mitoxantrone NCI Approved Oncology 10 Topo Il inhibitor
Drug SetV

Pazopanib hydrochloride NCI Approved Oncology 10 Tyrosine kinase inhibitor
Drug SetV

Vemurafenib NCI Approved Oncology 10 RAF/MEK inhibitor
Drug SetV

Cabozantinib NCI Approved Oncology 10 RTK inhibitor
Drug SetV

Fluorouracil NCI Approved Oncology 10 Thymidylate synthesis inhibitor
Drug SetV (antimetabolite)

Altretamine NCI Approved Oncology 10 Alkylating agent
Drug SetV

Uracil mustard NCI Approved Oncology 10 Alkylating agent
Drug SetV

Tretinoin NCI Approved Oncology 10 ATRA
Drug SetV

Lenalidomide NCI Approved Oncology 10 (Unknown, alter cytokine
Drug SetV production)

Bendamustine hydrochloride  NCI Approved Oncology 10 Alkylating agent
Drug SetV

Pemetrexed NCI Approved Oncology 10 Folate antimetabolite
Drug SetV

Imatinib NCI Approved Oncology 10 Tyrosine kinase inhibitor

Drug SetV
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Name Library set Concentration Activity
(mM)

Regorafenib NCI Approved Oncology 10 RTK inhibitor
Drug SetV

Bosutinib NCI Approved Oncology 10 RTK inhibitor
Drug SetV

Thiouanine NCI Approved Oncology 10 Purine analog (antimetabolite)
Drug SetV

Floxuridine NCI Approved Oncology 10 Antimetabolite
Drug SetV

Cytarabine hydrochloride NCI Approved Oncology 10 DNA/RNA synthesis inhibitor
Drug SetV

Dexrazoxane NCI Approved Oncology 10 EDTA derivative
Drug SetV

Pomalidomide NCI Approved Oncology 10 Immunomodulator
Drug SetV

Fludarabine phosphate NCI Approved Oncology 10 Purine analog (antimetabolite)
Drug SetV

Gefitinib NCI Approved Oncology 10 EGFR inhibitor
Drug SetV

Sorafenib NCI Approved Oncology 10 Tyrosine-raf- and ser/thr kinase
Drug SetV inhibitor

Idarubicin hydrochloride NCI Approved Oncology 10 Anthracycline
Drug SetV

Daunorubicin hydrochloride  NCI Approved Oncology 10 RNA/DNA synthesis inhibitor
Drug SetV

Mercaptopurine NCI Approved Oncology 10 DNA/RNA synthesis inhibitor
Drug SetV

Methoxsalen NCI Approved Oncology 10 Furanocoumarins
Drug SetV

Thalidomide NCI Approved Oncology 10 (unknown, alter cytokine
Drug SetV production)

Pentostatin NCI Approved Oncology 10 Antimetabolite
Drug SetV

Chlorambucil NCI Approved Oncology 10 Alkylating agent
Drug SetV

Bortezomib NCI Approved Oncology 10 Proteasome inhibitor
Drug SetV

Vismodegib NCI Approved Oncology 10 GLI1/GLI2 inhibitors
Drug SetV

Raloxifene NCI Approved Oncology 10 SERM
Drug SetV

Nilotinib NCI Approved Oncology 10 RTK inhibitor
Drug SetV

Doxorubicin hydrochloride NCI Approved Oncology 10 DNA intercalating agent
Drug SetV

Mechlorethamine hydro- NCI Approved Oncology 10 DNA alkylating agent

chloride Drug SetV

Lomustine NCI Approved Oncology 10 Alkylating agent
Drug SetV

Procarbazine hydrochloride  NCI Approved Oncology 10 Alkylating agent
Drug SetV

Nelarabine NCI Approved Oncology 10 DNA synthesis inhibitor
Drug SetV

Mitomycin NCI Approved Oncology 10 DNA crosslinking agent
Drug SetV

Capecitabine NCI Approved Oncology 10 Pyrimidine analogue

Drug SetV

Page 5 of 29
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Name Library set Concentration Activity
(mM)
Crizotinib NCI Approved Oncology 10 Protein kinase inhibitor
Drug SetV
Afatinib NCI Approved Oncology 10 Angiokinase inhibitor
Drug SetV
Ixabepilone NCI Approved Oncology 10 MT stabilizing agent
Drug SetV
Etoposide NCI Approved Oncology 10 Topo inhibitor
Drug SetV
Thiotepa NCI Approved Oncology 10 DNA alkylating agent
Drug SetV
Azacitidine NCI Approved Oncology 10 Inhibitor of DNMTs
Drug SetV
Streptozocin NCI Approved Oncology 10 Alkylating agent
Drug SetV
Vorinostat NCI Approved Oncology 10 HDAC inhibitor
Drug SetV
Mitotane NCI Approved Oncology 10 Unknown (interferes with
Drug SetV steroid synthesis)
Celecoxib NCI Approved Oncology 10 Cox-2 inhibitor
Drug SetV
Methotrexate NCI Approved Oncology 10 Antimetabolite
Drug SetV
Pralatrexate NCI Approved Oncology 10 Antimetabolite
Drug SetV
Romidepsin NCI Approved Oncology 10 HDAC inhibitor
Drug SetV
Tamoxifen citrate NCI Approved Oncology 10 Anti-ER compound
Drug SetV
Aminolevulinic acid hydro- NCI Approved Oncology 10 Involved in porphyrin synthesis,
chloride Drug SetV used as a photodynamic
therapy
Decitabine NCI Approved Oncology 10 Inhibitor of DNMTs
Drug SetV
Cladribine NCI Approved Oncology 10 Purine analog (DNA synthesis
Drug SetV inhibitor)
Exemestane NCI Approved Oncology 10 Aromatase inhibitor
Drug SetV
Clofarabine NCI Approved Oncology 10 Nucleoside antimetabolite
Drug SetV
Sunitinib NCI Approved Oncology 10 RTK inhibitor
Drug SetV
Topotecan hydrochloride NCI Approved Oncology 10 Topo inhibitor
Drug SetV
Enzalutamide NCI Approved Oncology 10 Androgen receptor inhibitor
Drug SetV
Omacetaxine mepesuccinate  NCl Approved Oncology 10 Protein translation inhibitor
Drug SetV
Epirubicin hydrochloride NCI Approved Oncology 10 DNA intercalating agent
Drug SetV
Estramustine phosphate NCI Approved Oncology 10 Depolymerizes MTs, also
sodium Drug SetV metabolized to E2 and E1 in
the liver
Carfilzomib NCI Approved Oncology 10 Proteasome inhibitor
Drug SetV
Dactinomycin NCI Approved Oncology 10 RNA Polll inhibitor

Drug SetV

Page 6 of 29
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Name Library set Concentration Activity
(mM)

Dacarbazine NCI Approved Oncology 10 Alkylates DNA
Drug SetV

Melphalan hydrochloride NCI Approved Oncology 10 DNA alkylating agent
Drug SetV

Lapatinib NCI Approved Oncology 10 Tyrosine kinase inhibitor
Drug SetV

Docetaxel NCI Approved Oncology 10 Taxane (MT stabilizer)
Drug SetV

Plicamycin NCI Approved Oncology 10 (Mithramycin) RNA synthesis
Drug SetV inhibitor

Arsenic trioxide NCI Approved Oncology 10 APL treatment (in combination
Drug SetV with ATRA)

Abiraterone NCI Approved Oncology 10 CYP17 inhibitor (reduces
Drug SetV testosterone levels)

Irinotecan hydrochloride NCI Approved Oncology 10 Topo I inhibitor
Drug SetV

Cabazitaxel NCI Approved Oncology 10 Taxol derivative
Drug SetV

Bleomycin sulfate NCI Approved Oncology 10 DNA breaks
Drug SetV

Triethylenemelamine NCI Approved Oncology 10 DNA alkylating agent
Drug SetV

Fulvestrant NCI Approved Oncology 10 SERM
Drug SetV

Paclitaxel NCI Approved Oncology 10 MT stabilizer
Drug SetV

Vinorelbine tartrate NCI Approved Oncology 10 MT inhibitor
Drug SetV

Carboplatin NCI Approved Oncology 10 DNA intercalating agent
Drug SetV

Trametinib NCI Approved Oncology 10 MEK inhibitor
Drug SetV

Vinblastine sulfate NCI Approved Oncology 10 MT inhibitor
Drug SetV

Temsirolimus NCI Approved Oncology 10 mTOR inhibitor
Drug SetV

Erlotinib hydrochloride NCI Approved Oncology 10 Tyrosine kinase inhibitor (EGFR
Drug SetV specific)

Dabrafenib mesylate NCI Approved Oncology 10 ATP-competitive kinase inhibi-
Drug SetV tor and targets the MAPK path-

way

Vincristine sulfate NCI Approved Oncology 10 MT disruptor
Drug SetV

Gemcitabine hydrochloride NCI Approved Oncology 10 (Nucleoside analog) inhibits
Drug SetV DNA synthesis

Amifostine NCI Approved Oncology 10 DNA intercalating agent
Drug SetV

Teniposide NCI Approved Oncology 10 Topo Il inhibitor
Drug SetV

Sirolimus NCI Approved Oncology 10 (Rapamycin) mTOR inhibitor
Drug SetV

Imiquimod NCI Approved Oncology 10 TLR7 agonist
Drug SetV

Zoledronic acid NCI Approved Oncology 10 Bisphosphonate (prevents

Drug SetV

bone resorption)




Giordano et al. Cancer Nanotechnology (2022) 13:40 Page 8 of 29

Table 1 (continued)

Name Library set Concentration Activity
(mM)
Valrubicin NCI Approved Oncology 10 Topo Il inhibitor
Drug SetV
Everolimus NCI Approved Oncology 10 mTOR inhibitor
Drug SetV
Plerixafor NCI Approved Oncology 10 CXCR4 blocker
Drug SetV
Oxaliplatin NCI Approved Oncology 10 DNA synthesis inhibitor
Drug SetV

Screening data from the Approved Oncology Drug Set V Library

patients. We also decided to prioritize our studies in OS, versus Ewing sarcoma, due to
the greater availability of patient-derived xenograft models and our syngeneic murine
OS models that allow for more comprehensive targeting and therapeutic studies using
immunocompetent models.

Pon, a multi-TKI of Src, Abl, and vascular endothelial growth factor receptor (VEGFR),
is characterized by very poor water solubility, thus hindering its encapsulation in nano-
formulations. To address this limitation, we used BSA as a carrier to encapsulate Pon
into our Leuko and Lipo NPs, using empty NPs of each type as control, as shown in our
previous publication (Zinger et al. 2020). NPs were formulated with a protein:lipid ratio
of 1:40 (w/w) in order to achieve the slowest percentage drug released and the highest
concentration of leukocyte proteins within the formulation (Zinger et al. 2021). Empty
and Pon-loaded Leuko and Lipo NPs showed an average size of 140.8 nm, polydisper-
sity index (PDI) of 0.1281 a.u., zeta potential (ZP) of —4.1563 mV, NP concentration of
4.37592E+12 (particles/ml), and encapsulation efficiency of (8%) (Additional file 1: Fig.
S2), confirming that presence of Pon and membrane proteins did not affect NP proper-
ties as we previously demonstrated (Zinger et al. 2020). NPs also exhibited remarkable
stability in phosphate-buffered saline (PBS), showing an average size of 131.85 nm, PDI
of 0.1554 a.u., ZP of —3.8115 mV, and NP concentration of 6.07563E+12 (particles/ml)
that were maintained when stored at 4 °C up to 14 days (Additional file 1: Fig. S3).

Biomimetic NPs internalization in murine and human osteosarcoma cell lines in vitro

Demonstrating the efficient internalization of NPs by cells is of paramount impor-
tance to assess each formulation’s ability to deliver its therapeutic payload to the tar-
get tissue; therefore, we assessed the interaction of biomimetic NPs with both murine
and human OS cell lines in vitro. First, we treated murine OS (mOS) cells originated
from primary OS (577 and F420) and metastatic lung tumor (RF379) and human
PDX-derived OS (hOS) cells (TCCC-OS94 primary and TCCC-0S202 recurrency
tumor) with empty Lipo and Leuko NPs to determine the maximum tolerable concen-
tration, which was ~1.3 x 10'! (corresponding to approximately ~0.1-0.2 mM lipid
concentration) as reported in Additional file 1: Fig. S4. Then, we incubated all the
cell lines with rhodamine-PE-labeled NPs (3 x 10'! particles/ml). In all the tested cell
lines, the NP uptake tended to increase over time (Fig. 1; Additional file 1: Figs. S5,
S6). Specifically, we observed < 10% NP uptake at 3 and 6 h after treatment (Additional
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file 1: Figs. S5, S6) while NP internalization increased 24-h post-treatment: 577 cells
displayed 26% and 32%, RE379 22% and 26%; and F420 42% and 46% Lipo and Leuko
uptake, respectively (Fig. 1a, b, d, e, g, h). NP uptake in human-derived PDX OS cell
lines was lower: 11% for Lipo and 17% for Leuko in TCCC-0OS94, while 9% uptake for
Lipo and 16% for Leuko was observed in TCCC-0S202 at 24 h (Fig. 1j, k, m, n). Over-
all, all mOS and hOS cells showed a slightly to significantly higher uptake of Leuko
depending on the cell lines. Conversely, only the F420 cell line did not demonstrate
significant differences between Lipo and Leuko NP uptake at 24 h (Fig. 1e). As shown
by immunofluorescence (Additional file 1: Figs. S5, S6), both Lipo and Leuko revealed
a punctate cytosolic pattern at early time points, suggesting an endocytosis-mediated
uptake, which changed at 24 h, when NP accumulation mostly appeared in the peri-
nuclear region depending on the cell line (Fig. 1). Taken together, these data show
that mOS and hOS cells efficiently uptake Lipo and Leuko NPs over time.

Anticancer efficiency of ponatinib-loaded biomimetic NPs against murine and human
osteosarcoma cell lines in the 2D system

Considering the efficient NP internalization observed in all the mOS and hOS cell
lines, our next step was to investigate the cell viability after Pon-loaded NP treat-
ment to better assess anticancer efficacy in vitro. First, we evaluated the Pon IC;, dose
(Additional file 1: Fig. S5) by exposing mOS and hOS cells to increasing concentra-
tions of free Pon for 72 h. We found that Pon was able to suppress 577, F420, and
RF379 cell viability by 50% at 3 uM, 1.2 uM, and 0.15 pM doses, respectively (Addi-
tional file 1: Fig. S5a, b, c). For hOS cell lines, Pon IC,, doses were 3.8 uM and 1.67
uM for TCCC-0S94 and TCCC-0S202, respectively (Additional file 1: Fig. S5d, e),
thus demonstrating comparable sensitivities between the murine and human OS
cell lines. Subsequently, we tested the ability of Pon to kill mOS and hOS cells when
encapsulated in NPs. In toxicity studies, a single exposure to Pon-loaded Lipo and
Leuko showed a similar loss of survival compared to free Pon, as detected after 72 h
(Fig. 1c, £, i, I, 0; IC;) reported in Table 2). By contrast, treatment with equivalent
amounts of empty Lipo and Leuko (equivalent particle concentrations used for loaded
NPs ) did not show toxic effect, in particular at the concentrations corresponding to
Pon IC50 dose, only 10-15% of cell death was observed, reflecting the desired safety
profiles of the NPs due to their biocompatible and biodegradable nature (Fig. 1c, f, i,
1, 0). These results suggest that empty NPs exhibit non-cytotoxic effects and only the
delivery of Pon is affecting cell viability.

Table 2 Ponatinib IC50 value

577 F420 RF379 TCCC-0S94 TCCC-0S5202
Pon (uM) 3 1.2 0.15 38 1.67
Lipo_Pon (uM) 1.1 03 0.05 287 0.88
Leuko_Pon (uM) 145 0.6 0.06 1.70 0.86

Cytotoxicity (IC50 values, uM) following 72-h exposure to Pon, Lipo and Leuko Pon-loaded NPs in a panel of murine OS (577,
F420, RF379) and human PDX-derived OS (TCCC-0594, TCCC-05202) cell lines
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Biomimetic NP internalization in murine and human osteosarcoma cell lines in 3D in vitro
system

The ability of drug-loaded NPs to reach their target cells may be affected by the complex
physiology and architecture of the tissue. Three-dimensional tumor spheroids can reca-
pitulate some aspects of this complexity, enabling high resolution when evaluating NPs
penetration. Thus, we first optimized 3D spheroid growth of mOS and hOS cells and
then evaluated the internalization and penetration of Lipo and Leuko rhodamine-PE-
labeled NPs 24 h after treatment. With regard to mOS cells, only 577 and RF379 were
able to form spheroids. As previously reported, cancer cells have different capacities to
form spheroids, even for the same tumor type (Han et al. 2021). mOS and hOS cell lines
formed tight spheroids in 2—3 days showing a defined border with an average diameter
of 350 pm (£ 15) at day 3. Spheroid formation was highly reproducible and variation in
size on day 3 was CV <5% (data not shown).

When OS spheroids were incubated with rhodamine-PE-labeled NPs, we observed a
higher accumulation of Leuko compared to Lipo at 24 h (Fig. 2). In particular, in the
murine 577-derived spheroids, we detected 60% internalization of Leuko vs. 30% Lipo,
and in the RF379 30% Leuko vs. 10% Lipo (Fig. 2a, b, d, e). For human-derived PDX
spheroids, accumulation was overall slightly lower at these time points, showing 15%
Leuko internalization vs. 3% Lipo for TCCC-0S94 and 8% Leuko vs. 4% Lipo for TCCC-
085202 (Fig. 2g, h, j, k). The confocal cross-sections (z-stack) showed penetration up to
60—80 um (£ 10) in depth, demonstrating the ability of these NPs to efficiently penetrate
(Additional file 1: Figs. S8, S9).

The 3D results showed higher Leuko uptake and penetration by all OS cell lines com-
pared to Lipo, thus providing greater rationale for the utility of our biomimetic NPs for
targeting and effectively delivering cytotoxic agents.

Anticancer efficiency of ponatinib-loaded biomimetic NPs against murine and human
osteosarcoma cell lines in the 3D system

To address the effectiveness of NPs in delivering anti-tumor agents, we evaluated the
anti-tumor effects of Pon NPs on mOS and hOS spheroids. As with the 2D monolayer,
we first exposed spheroids derived from 577, RF379, TCCC-0S94, and TCCC-0S202
cells to increasing concentrations of free Pon for 72 h to establish the IC;, in the 3D
model. We demonstrated that free Pon efficiently inhibits both mOS and hOS spheroid
growth in a dose-dependent manner, as shown in the qualitative pictures and the 3D
Cell Titer-Glo® viability assay (Additional file 1: Figs. S10, S11).

To further investigate the efficacy of Pon-loaded NPs, we exposed the spheroids to free
Pon and Pon-loaded Lipo and Leuko NPs using IC, and 2 x IC,, doses for 72 h. The
results showed that the IC, dose for both free Pon and Pon NPs was able to kill more
than 50% of OS cells in 3D spheroids (Fig. 2). In particular, for 577 cells, the IC,, concen-
tration (3 pM) of free Pon resulted in 40.9% reduction of viability, while Lipo Pon and
Leuko Pon reduced viability 42% and 45%, respectively. Conversely, the 2 x IC;, (6 uM)
treatment led to a 93 to 96% viability reduction for all free Pon, Lipo Pon and Leuko Pon
(Fig. 2¢). In RF379 cells, the IC,, (0.15 uM) of free Pon hindered cell viability by 51%,
while Lipo Pon and Leuko Pon curtailed cell viability by 62% and 50%, respectively. The
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Fig. 2 3D biomimetic NP uptake and cytotoxicity on murine and human-derived OS cell lines.
Representative images of Lipo and Leuko rhodamine-labeled NPs internalization at 24 h in mouse OS (577,
RF379) (a, d) and PDX-derived OS (TCCC-0S94, TCCC-0S202) (g, j) cells using confocal Nikon A1 imaging
system. Maximum projection images of green (FITC-WGA staining), blue (Dapi, nuclei staining), and red
(rhodamine-NP staining) channels are shown. All data are expressed as mean 4= SD (n =8 spheroids per
condition). Scale bar =100 um. Relative quantification of Lipo and Leuko NPs uptake in mQOS (b, ) and hOS
cells (h, k) spheroids after 24-h treatment. Cell cytotoxicity analysis (3D Cell Titer Glo assay) of mOS (c, f) and
hOS (i, ) exposed for 72 h to increasing concentrations of Pon, empty NP (Lipo and Leuko), and NP-loaded
Pon (Lipo Pon and Leuko Pon). All data are expressed as mean £ SD (n =3). Lipo and Leuko NPs for mOS,
h-Lipo and h-Leuko for human PDX-derived OS cells **p <0.01; ***p < 0.001; ****p < 0.0001

2 x IC;, dose instead improved the treatment by reducing cell viability by 67%, 69%, and
65% for free Pon, Lipo Pon, and Leuko Pon, respectively (Fig. 2f).

In the hOS cell lines, Pon ICy, (3.8 M) treatment caused an 44% reduction in viability,
while Lipo Pon and Leuko Pon achieved 37% and 41% decreases in TCCC-OS94. Dou-
bling the dose to 2 x IC,, (7.6 pM), we observed an improved treatment toxicity, leading
free Pon, Lipo Pon, and Leuko Pon to reduce cell viability by 82—-95% (Fig. 2i). Alterna-
tively, in TCCC-0S202, the IC;, (1.76 uM) and 2 x ICy, (3.52 uM) treatment showed
similar results. Spheroid viability was reduced by 42% with Pon, 45% with Lipo Pon, and
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42% with Leuko Pon at the IC;, dose versus 95% with Pon, 93% with Lipo Pon, and 94%
with Leuko Pon at the 2 x IC;, dose (Fig. 2L).

These results confirmed the ability of Pon-loaded NPs to kill OS cells with efficiency
similar to or better than free Pon in 3D, with more than a 25% increase in Leuko Pon
cytotoxic effects compared to the 2D system.

Biomimetic Leuko nanoparticle in vivo targeting

As we previously published, Leuko NPs are able to avoid MPS uptake and increase circu-
lation time in healthy mice (Corbo et al. 2017a), and to selectively adhere to the inflamed
vasculature in breast tumors, local inflammation, atherosclerosis plaques and triple-neg-
ative breast cancer in comparison with the biomimetic Lipo (Molinaro et al. 2016a, 2018;
Martinez et al. 2018). To study the effects of Pon biomimetic NPs and their targeting
capability, we used an orthotopic OS mouse model. F420 OS cells (1 x 10°) were injected
into the tibia of C57BL/6 mice. After 2 weeks, when tumor formation was visible, Lipo
and Leuko Cy7-labeled NPs were injected via tail vein. By IVM analysis (Fig. 3a, b), we
noticed an increased accumulation of Leuko NPs in the tumor region and in the sur-
rounding vessels compared to Lipo NPs 1-h post-injection. By imaging the NPs traffick-
ing within the first 60 min, we also observed a different accumulation dynamic rate as
shown in Fig. 3¢ Leuko targeted the tumor faster than Lipo (p <0.0001). This observation
was also confirmed over time (1, 6, and 24 h) using the IVIS Lumina II System. In the
tumor lesion, the strongest fluorescence signal was observed 1 h after injection (Fig. 3d),
with greater targeting and preferential accumulation of Leuko compared to Lipo NPs as
shown in the quantification graph (Fig. 3e). Moreover, the observed fluorescence inten-
sity at the tumor site was much higher than in other organs (Fig. 3e, f); notably, Leuko
accumulated less in the filtering organs compared to Lipo NPs, confirming the ability of
the proteins’ functionalization on Leuko NPs to enhance the targeting of the primary
tumor. No noticeable organ damage or inflammatory lesions were observed in the H&E-
stained sections of the major organs, suggesting that injected Lipo and Leuko NPs have
no toxic effect (Fig. 3g).

Effect of ponatinib-loaded biomimetic NPs on OS tumor progression in vivo

To investigate the efficacy of Pon NPs in OS mouse model, we first determined the tol-
erated dose and toxicity of free Pon in mice, comparing intravenous (IV) tail and intra-
peritoneal (IP) injections. Mice were injected with three doses of Pon: 20, 30, and 50 mg/
kg. While Pon IV injections were immediately lethal for the mice (even at the lowest
doses), Pon IP injections were well tolerated during 3 weeks of treatments (2 times per
week) using 20 or 30 mg/kg Pon. The highest dose of Pon (50 mg/kg) started to show
toxic effects after 2 weeks of treatments. Histopathology assessment was conducted in
all cohorts and as shown in Fig. 4, drug-related toxic effects were observed in organs
when free Pon was injected IV (Fig. 4a). These included, in particular in heart and lung,
congested vessels and infiltration of inflammatory cells, mostly platelets that adhering
to endothelial cells in the vessels can cause ischemia and thrombosis, the most common
side effects of ponatinib. Abnormal morphology changes were also observed mostly in
liver where microabscess (circle) involving a few hepatocytes with inflammatory cells
and necrotic debris were present. When injected IP, toxic effects were observed at the
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Fig. 3 In vivo biomimetic NP targeting and biodistribution. Representative images of Lipo and Leuko NP
accumulation within orthotopic osteosarcoma tumor after 1 h by IVM showing vessels (green), tumor cells
(red) and NP (white) (a) and quantification of Lipo and Leuko accumulation within the tumors (Leuko in red,
Lipo in green) (b) *p <0.02. Lipo and Leuko NPs accumulation speed within the tumor in vivo during the
first 60 min after injection as observed with IVM (c). Representative fluorescent imaging of Lipo and Leuko
Cy7-labeled NPs localization in the tumor after 1-6-24 h (d) and quantification of fluorescence intensity of
regions-of-interest (ROI). (Leuko in red, Lipo in green) (e) *p < 0.05. Quantification of fluorescence intensity
of regions-of-interest (ROI) of NP biodistribution in mice organs (Leuko in red, Lipo in green) (f). *p < 0.05.
Histological section of organs after 24 h of NP IV injections compared to control (no treatment). All sections
were stained with hematoxylin—eosin (g). Scale bar =10 um
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Fig. 4 Ponatinib injection and toxicity. Histological section of mice heart, lung and liver after Pon IV (a) vs. IP
(b) injections compared to control (no treatment). All sections were stained with hematoxylin-eosin. Mice
were injected with Pon 2 times a week. Scale bar =10 pum (highlighted frame scale bar =100 um, black
arrow =immune cell infiltration, black circle area = necrotic area)
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highest dose, 50 mg/kg Pon (apoptotic and infiltrating inflammatory cells, brown dots in
Fig. 4b, highlighted frame).

To test the effect of Pon-loaded biomimetic NPs on tumor progression, OS-bearing
mice were divided into six groups: (i) control, (ii) free Pon, (iii) empty Lipo, (iv) empty
Leuko, (v) Lipo Pon, and (vi) Leuko Pon. Mice were treated 2 times a week for 3 weeks
with 30 mg/kg Pon IP and 200 pl NP IV (1.5 mg/kg Pon-loaded NPs). While untreated
control mice and mice injected with empty NPs were killed within 2 weeks of treatment
secondary to tumor size reaching study endpoint (>1000 mm?®) (Additional file 1: Fig.
S14a), a slower tumor growth rate was observed in the other treatment groups (Fig. 5a).
No significant difference was observed between mice treated with free Pon and Pon-
loaded NPs as shown in the tumor cell fluorescence quantification graph in Fig. 5b. In
addition to slowed tumor progression, the survival rate of the treated OS-bearing mice
was higher compared to no treated mice (p<0.05) but no significant differences were
observed among the treatment groups (Fig. 5¢). No strong evidence of organ damage
was observed in the major organs 3 weeks after treatments as shown in Fig. 5d. However,
in Pon treatment group mice, we observed some infiltrating inflammatory cells (brown
dots) in lung and liver.

Therefore, our results suggest that the Pon NPs’ increased tumor targeting ability,
reduced treatment dose (1.5 mg/kg loaded Pon vs. 30 mg/kg free Pon) while maintaining
anti-tumor activity comparable to the higher dose of free drug. In fact, while 1.5 mg/kg
Pon dose loaded into the biomimetic NPs were able to slow down the tumor growth, the
corresponding amount of free drug injected IV, well tolerated by the mice, did not show
any effect of tumor growth (Additional file 1: Fig. S14b). Thus, our approaches highlight
the potential use of biomimetic NPs, specifically Pon NPs, as a future therapeutic treat-
ment for OS.

Discussion

In the last 20 years, many TKIs have entered clinical practice, improving treatment for
cancers, including different types of sarcoma (Huang et al. 2020; Wilding et al. 2019;
Nakano et al. 2018; Tian et al. 2020; Jiao et al. 2018). TKIs targeting angiogenesis-related
kinases such as VEGFRs and Src, have been verified to be helpful in prolonging the
progression-free survival of advanced OS patients (Tian et al. 2020; Gao et al. 2019).
Unfortunately, some of these compounds present sub-optimal properties such as poor
solubility, low oral bioavailability, and severe adverse effects, which limit their clinical
application.

Among these TKIs, Pon, marketed as ICLUSIG®, is an orally active multi-tyrosine
kinase inhibitor currently approved by the FDA for patients with chronic myeloid leuke-
mia and Philadelphia chromosome-positive acute lymphoblastic leukemia (Molica et al.
2019; Hoy and Hoy 2014). Pon has shown significant efficacy towards adult malignan-
cies, but its use in pediatric oncology has not been thoroughly assessed because of the
reported detrimental systemic effects, including prothrombotic events and cardiotoxici-
ties that have led to a “black box” warning from the FDA (US FDA 2013; Musumeci et al.
2018; Gainor and Chabner 2015). However, due to its ability to effectively target multi-
ple oncogenic signaling cascades that are critical in pediatric malignancies, a Phase 1/1I
trial (Clinicaltrials.gov: NCT03934372) was recently opened to evaluate the safety and
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Fig. 5 Ponatinib in vivo efficacy. Mouse tumor growth quantification (a), quantification of fluorescence
intensity of regions-of-interest (ROI) by VIS analyses (b), Kaplan—-Meier survival (c) of mice treated with Pon
(30 mg/ml, IP injections) and Pon NPs (1.5 mg/ml IV injections) 2 times per week, for 3 weeks. *p < 0.5 Pon

vs. control, Leuko Pon vs. control, Lipo Pon vs. control. n= 10 mice for each group (Leuko in red, Lip green,
Pon in black, control in grey). Histological section of mice organs after the 3 weeks of Pon, Leuko and Lipo
Pon-loaded NPs treatment (d). All sections were stained with hematoxylin-eosin (black arrow =immune cell
infiltration). Scale bar =10 um

efficacy of ponatinib for recurrent and refractory pediatric solid tumors and lymphoma.
This trial highlights the potential value that safe and effective delivery of Pon can be a
viable therapeutic option for pediatric oncology patients.

Even though Pon therapeutic potential remains high, the application of an efficient

drug delivery system with disease-targeting moieties to improve targeting and reduce
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potential Pon-associated side effects will help re-evaluating this drug for solid tumor
treatments (Musumeci et al. 2018). Indeed, from our high-throughput screen of FDA-
approved small molecules capable of inhibiting sarcoma spheroids development, we
identified Pon as a possible therapeutic candidate.

It is worth noting that several nano-drug carriers have already been developed for
OS therapy (Giordano et al. 2021), such as drug-loaded magnetic liposomes, chitosan—
dipotassium orthophosphate hydrogel for doxorubicin delivery, dextran-centered lipid-
modified polymeric NP conjugated with doxorubicin, doxorubicin-decorated magnetic
liposomes, and multi-drug loaded NPs conjugated with zoledronic acid (Wang et al.
2020). However, all of these promising approaches were either associated with cytotoxic
effects or low efficacy (Wang et al. 2020; Liu et al. 2021). In comparison, the biomimetic
NPs used in the present work showed higher retention time in circulation, lower accu-
mulation in the filtering organs (e.g., kidney, liver and spleen), increased targeting and
drug accumulation in the tumor due to the physical-chemical feature. We previously
demonstrated that Leuko-mediated delivery reduces drug toxicity, enhances targeted
delivery, and improves drug bioavailability and pharmacokinetics (Corbo et al. 2017a;
Molinaro et al. 2016a, 2018, 2020b; Martinez et al. 2018). Therefore, using our under-
standing of BSA as a carrier for Pon in the blood, we have successfully encapsulated Pon
into our biomimetic NPs to repurpose it as an efficient and safe anticancer drug. While
we were able to achieve only 8—10% Pon encapsulation efficiency, this dose was sufficient
to show a therapeutic effect (Zinger et al. 2020). The presence of leukocyte adhesion
membrane proteins (LFA-1, Mac-1, and PSGL-1) confers to Leuko NPs active target-
ing toward proteins expressed by inflamed blood vessels, the first physiological barrier
that NPs encounter after intravenous administration (Zinger et al. 2021; Martinez et al.
2018). This property can be exploited for the treatment of primary and pulmonary meta-
static OS, which are characterized by induced neovascularization and inflammatory cell
accumulation (Buddingh et al. 2011; Joyce and Pollard 2009). Consequently, we assessed
the anti-tumor efficacy of our NPs Pon formulations, demonstrating promising results
against OS. Exploiting Leuko NP targeting of the inflamed endothelium in the proxim-
ity of OS cells (Molinaro et al. 2016b), we specifically delivered Pon to the tumor site,
thereby addressing the limitation of bone structure accessibility and overcoming tumor
microenvironment drug-resistance (Giordano et al. 2021).

We first demonstrated the ability of Pon-loaded biomimetic NPs to be efficiently inter-
nalized by both mOS and hOS cell lines in vitro (Fig. 1). We found that Leuko Pon was
potently able to inhibit the viability of mOS and hOS cell lines with a similar or lower
IC;, compared to free Pon and Lipo Pon, suggesting sustained drug release from Leuko
Pon NPs while ensuring the same or greater cytotoxicity (Fig. 1). Although the cytotoxic
effect of NPs Pon was the same or slightly greater than the free drug, this result could be
explained by the incomplete release of Pon from NPs in the absence of an intratumoral
acidic microenvironment in the in vitro setting, which lacks the complexity of the in vivo
tumor microenvironment (Fernandes et al. 2018).

To achieve therapeutic efficacy, NPs need to penetrate and the payload (i.e., drug)
effectively released and accumulate in the tumor. While animal models represent the
best option to recapitulate tumor biology, 3D models have been proven to be more phys-

iologically relevant than 2D monolayer cultures in recapitulating some key features of
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solid tumors (e.g., kinetic growth, cell layers, oxygen gradient, lower pH) (Van Zundert
et al. 2020) and allow tracking of NP penetration at the cellular level with high resolution
(Tchoryk et al. 2019). Moreover, whereas few research groups have investigated NP traf-
ficking in various spheroid tumor models, biomimetic NP penetration and efficacy have
not previously been assessed in OS-derived spheroids. Consistent with prior results in
2D models, NPs were able to efficiently penetrate in both mOS- and hOS-derived sphe-
roids at 24 h (Fig. 2), showing a higher percentage of Leuko uptake compared to Lipo
because of the presence of membrane proteins that increase cell-cell interactions and
promote targeting as we previously published (Molinaro et al. 2016a, 2020b; Martinez
et al. 2018). In addition, using the same IC;,dosage determined in our 2D model, Leuko
NPs efficiently delivered Pon into tumor spheroids, affecting OS cell viability with the
same efficacy as free Pon and Lipo Pon. Thus, confirming the ability of Leuko Pon to
maintain the same free drug efficacy, could in turn facilitate prolonged anti-tumor cyto-
toxicity and reduce the Pon dosage required in vivo. Also, the use of different mOS and
hOS cell lines enables a more complete understanding of the effect of Pon NPs on tumor
cells, mimicking the genetic heterogeneity found in OS patients (Wang et al. 2019).
Differences in NPs internalization and penetration between cancer cell lines have
been widely reported, as the significant differences in the response of cell populations
in 2D monolayer and 3D spheroid models. This is likely due to genetic and phenotypic
heterogeneity between cell line populations, resulting in variation in cell size, packing
density, membrane composition and intrinsic endocytic potential. These cellular proper-
ties, alongside with the physical and biological properties of NPs, modulate cell-particle
interactions and affect internalization in dense tumors (Han et al. 2021; Xu et al. 2014).
These experiments highlight the importance of these biological differences and their
interplay with nanomaterials when exploring mechanisms of NPs uptake. Overall, we
demonstrated the ability of NPs Pon to reach the same or slightly greater cytotoxicity as
that of free Pon, while increasing targeting and reducing drug-related side effects in vivo.
While we did not observe a strong difference between Pon-loaded NPs and free Pon
in cell-based models, of critical importance is the fact that our NPs platform could over-
come Pon toxicity in vivo, as reported by FDA. Reducing the dosage needed for the
treatment, these biomimetic NPs enable the repurposing of the drug for clinical applica-
tion. In mice, we observed a fatal effect when Pon was administered IV, causing death
within 1 hour, posing a tremendous limitation and leaving IP injection as the only tol-
erated solution (Fig. 4). Pon-loaded NPs, however, were not only well tolerated by the
mice when injected IV but were also able to slow tumor growth and avoid Pon-related
side effects (Fig. 5, Additional file 1: Fig. S13), demonstrating the therapeutic poten-
tial of Pon-loaded NPs. Remarkably, Leuko Pon efficiently accumulated into the tumor
lesion in an OS orthotopic model 1-h post-injection, unlike Lipo Pon (Fig. 3). Thus, we
demonstrated in vivo the ability of Leuko Pon biomimetic NPs to increase accumula-
tion in the tumor stroma compared to Lipo NPs, while showing lower retention in the
filtering organs responsible for NP clearance, including liver and spleen (Fig. 3) (Zinger
et al. 2021; Molinaro et al. 2020b). Moreover we observed that the presence of mem-
brane proteins also affects the targeting ability by increasing the accumulation rate of
these biomimetic NPs compared to the Lipo formulation. In detail, exploiting the leu-
kocytes’ biological mechanism to be recruited to the site of inflammation, leukosomes
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demonstrated increased targeting of inflamed endothelia (Martinez et al. 2018) and
cancer vasculature and stroma. Despite not knowing the specific molecular mechanism
involved in leukocyte recruitment to the tumor, it is a common feature of many neo-
plasms, including osteosarcoma (Liu et al. 2016), to elicit a chronic inflammatory envi-
ronment in the diseased tissue, which results in local leukocytes chemotaxis” (Zinger
et al. 2021; Molinaro et al. 2020b). These data suggested that the introduction of cells’
membrane protein on Leuko Pon induced a better tumor targeting in comparison with
the bare lipidic NPs (Lipo).

Finally, the in vivo efficacy study demonstrated the ability of both biomimetic NPs to
effectively slow tumor growth (Fig. 5). When comparing NPs Pon IV and free Pon IP,
we observed similar tumor growth inhibition. The route of drug administration (IV vs.
IP) can affect serum clearance, tissue distribution, and drug pharmacokinetics in mice
(Guichard et al. 1998; Chang et al. 2010). IV delivery is the most efficient route for deliv-
ering substances to animals as it precludes delays associated with absorption processes
and alterations due to pre-systemic effects, while remaining rapid and accurate. The
major pharmacological problems with IP drug injection are the limited tissue penetra-
tion and poor homogeneity of drug distribution (Shimada et al. 2005) even though it
results in faster and more complete absorption as well as resembles the metabolic fate
compared to oral administration (the Pon route used in clinical setting) (Al Shoyaib et al.
2020; Lukas et al. 1971; Abu-Hijleh et al. 1995).

We also need to consider the differences in composition and structure of the free drug
versus the drug loaded in NPs, as well as free drug interactions with other components
in the blood that can affect the concentration of drug that reaches the tumor site (Guich-
ard et al. 1998; Gao et al. 2016).

Several other factors need to be taken into consideration while evaluating drug kinetic
and accumulation: blood flow, vascular structure, and vessel permeability, surround-
ing stroma, MPS function, and the type of tumor (Petschauer et al. 2015). Mathemati-
cal models, taking into consideration all these factors, have been employed to help to
get a better understanding of the drug distribution as well as the pharmacokinetics but
tumor models that accurately represent the types of tumors seen in patients are really as
important too for conducting these informative studies from a preclinical perspective
(Petschauer et al. 2015; Chen et al. 2021; Yao et al. 2018; Kovshova et al. 2021; Chu et al.
2013).

However, taking into consideration all of these factors and considering that the Pon
dosage loaded into NPs was drastically lower (free Pon IP 30 mg/kg vs. Leuko Pon IV
1.5 mg/kg), Pon-loaded NPs are likely more effective than free Pon (Fig. 5). Therefore,
optimization of Pon NPs to increase its encapsulated concentrations, together with the
evaluation of Pon and Pon-loaded NPs pharmacokinetic profile could improve treatment
outcome.

Overall, these results suggest that biomimetic NPs loaded with tyrosine kinase
inhibitors can be a crucial tool for OS treatment; moreover, leukocyte-derived mem-
brane proteins could increase the interaction of Leuko-mediated drug delivery in the
inflamed tumor vasculature, as we also demonstrated in melanoma and breast can-
cer (Molinaro et al. 2020b). In addition, since conventional DDSs fail to deliver drugs
at the effective concentration for cancer cell death due to the complexity of the tumor
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microenvironment (Fernandes et al. 2018), Leuko Pon can be considered an alternative
platform able to tune cell crosstalk within the inflamed OS tumor microenvironment
(Joyce and Pollard 2009), thereby enhancing the accumulation of Pon at the tumor site
and surrounding inflamed tissue. We believe that our biomimetic DDS could also re-
educate the tumor environment which involves tumor cells, immune cells, stromal cell,
to block the initiation of metastasis (Wang et al. 2020).

Conclusion

In conclusion, biomimetic NPs efficiently enhanced tumor penetration and reten-
tion in vivo and maximized the activity of the encapsulated Pon for tumor therapy. In
an immunocompetent murine model of OS, our Pon-loaded NPs were able to reduce
tumor growth and prolong overall survival of the experimental group. These promising
results suggest therapeutic potential for Pon biomimetic NPs for OS, not only for pri-
mary tumors but also for metastasis. In the future, biomimetic NPs could be expanded
to deliver a large number of small-molecule inhibitors and easily applied across a wide
range of solid tumor types, providing a meaningful strategy for reducing side effects and
enhancing patient outcomes in the clinic.

Materials and methods

Reagents

Membrane protein extraction kit, chloroform, methanol, Tween 20, and 2-mercaptoe-
thanol were purchased from Sigma-Aldrich (Missouri, United States). Dipalmitoylphos-
phatidylcholine (DPPC), 1,2-dioleoyl-sn-glycerol-3-phosphocholine (DOPC) and
cholesterol (ovine wool, >98%) were purchased from Avanti Polar Lipids, Inc. (Alabama,
United States). Ponatinib (LC laboratories, Massachusetts, United States). Float-A-Lyzer
G2 dialysis devices were purchased from Spectrum Laboratories (Massachusetts, United
States). PBS 10x solution, acetonitrile (ACN) syringe filters 0.22 pm, sterile PVDF, Mil-
liporeSigma Milli-Q Ultrapure Water Systems Accessory, and Pierce Rapid Gold BCA
Protein Assay Kit were purchased from Fisher Scientific (Pennsylvania, United States).
Dynamic Light Scattering (DLS), NanoSight NS300, and disposable cuvettes primarily
for the measurement of ZP were provided from Malvern Instruments (Worcestershire,
United Kingdom). Other supplies used included semi-microvolume disposable polysty-
rene cuvettes for size measurements (Biorad, California, United States), Waters 2695
high-performance liquid chromatography (HPLC) System w/UV Detector (Waters Cor-
poration, Massachusetts, United States), Verex vial kit for HPLC and Luna® 5 um C18(2)
100 A, LC Column 250 x 4.6 mm (Phenomenex, California, United States), rotary evap-
orator (BUCHI Labortechnik AG, Flawil, Switzerland), centrifugal devices with Omega™
Membrane 30K from (Pall Corporation, New York, United States), and FLUOstar
Omega microplate reader (BM@G, Labtech Ortenberg, Germany).

Membrane protein extraction and quantification

Membrane proteins were extracted from murine monocytes/macrophages (J774
cells), or human monocytes (THP-1 cells)cell lines using a ProteoExtract Native Mem-
brane Protein Extraction Kit according to the manufacturer’s protocol and as we have
already published in our previous works (Molinaro et al. 2016a; Boada et al. 2020).
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Quantification of the extracted protein concentration was determined using a Pierce
Rapid Gold BCA Protein Assay Kit according to the manufacturer’s protocol. Absorb-
ance was measured at 480 nm on a FLUO star Omega microplate reader, and protein
concentration was determined using a calibration curve with albumin diluted in 1x PBS
at the following concentrations: 0, 25, 125, 250, 500, 750, 1000, and 1500 pg/ml.

Nanoparticle preparation

NPs were fabricated as described in our previous publications (Boada et al. 2020). In
this work, we used Liposome (Lipo) as our control group and formulated Leukosome
(Leuko) using either membrane proteins derived from ]J774 or THP-1 cells, referred to
as Leuko and h-Leuko, respectively. Briefly, NPs were formulated using DPPC, DOPC,
and cholesterol (molar ratio 4:3:3) dissolved in chloroform to a final lipid concentration
of 9 mM. Once lipids were dissolved, they were mixed in a round bottom flask and chlo-
roform was evaporated using the rotary evaporator (45 °C, 30 min, O psi, 280 rpm), and
a thin film was obtained. For Lipo, the thin film was hydrated with 2 ml BSA dissolved
in 1x PBS [200 mg/ml (w/v)] for 30 min, 45 °C, 280 rpm. For Leuko, membrane proteins
were added at one-fortieth of the lipid weight and brought to 2 ml with BSA dissolved in
1x PBS. Lipo and Leuko formulations were extruded using different cycles of polycar-
bonate membranes (0.4, 0.2, and 0.08 pm) setting the heating system at 45 °C. Lipo Pon
and Leuko Pon were fabricated using the same procedure, adding 2 mg Pon dissolved in
methanol:chloroform 1:1 (v/v) during thin-film preparation. Fluorescent NPs were for-
mulated as defined above, adding 0.1 mg rhodamine, Cy5.5, or Cy7 dissolved in chloro-
form during thin-film preparation. After extrusion, the samples were loaded inside the
dialysis membranes and put in 2 L. 1x PBS at 4 °C. Buffer was changed three times (after
1, 3, and 16 h). Samples were sterilized by loading in a syringe and using a 0.22 ym PVDF
filter.

Nanoparticle characterization and stability

All NPs were characterized by size, polydispersity index (PDI), and zeta potential (ZP)
with DLS measurements. Briefly, for evaluating size and PDI, polystyrene cuvettes were
loaded with 495 pl 1x PBS and 5 pl sample 100:1 (v/v). Size and PDI were evaluated as
an average of 30 measurements. The evaluation of ZP was done by loading 900 ul Milli-
Q, 90 ul 1x PBS, and 10 pl sample into the disposable cuvettes. ZP was evaluated as an
average of 45 measurements. NP concentration was evaluated using NanoSight NS300.
The samples were diluted in Milli-Q water 1:10,000 (v/v) with the following parameters:
temperature, 25 °C, screen gain, 1; camera level, 13; infusion rate, 100; and flow ratio, 1
ml/min. For each sample, five measurements were acquired with a duration of 60 s each.
A detection threshold equal to 7 was used to calculate the final NP concentration. NPs
were stored at 4 °C, and the size, PDI, and ZP measurements were repeated after 1, 4, 7,
and 14, days, while NP concentration was measured after 1 and 14 days.

Ponatinib encapsulation and stability

Pon encapsulation was evaluated after nanoparticle filtration via HPLC analysis. 30 pl
of the sample were mixed with 120 pul 1x PBS and 150 pl ACN into 1.5-ml Eppendorf
tubes. The tubes were warmed for 10 min at 40 °C, then sonicated for 10 min at 40 °C.
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The samples were centrifugated for 10 min at 17,000 rcf and 40 °C, and 200 pl of super-
natant was transferred into the centrifugal filtering devices and centrifuged for 10 min
at 17,000 rcf and 40 °C. Finally, Pon concentration was evaluated using HPLC. Pon
encapsulation was also assessed at days 0, 4, and 7 for stability testing via HPLC analysis.
Sample triplicates were aliquoted for each time point and stored at 4 °C in 1.5-ml ultra-
centrifuge tubes after filtration. At each time point, the samples were ultra-centrifuged
for 60 min at 4 °C at 226,395 rcf. After ultracentrifugation, the supernatant was removed,

and the pellet was resuspended in 1x PBS to the initial volume.

High-throughput screen using a library of FDA-approved compounds

In collaboration with the Center for Drug Discovery at Baylor College of Medicine, a
high-throughput screen was devised to identify small molecules that have activity
against bone sarcoma tumor-initiating, or cancer stem cell-like properties. Briefly, 143B
(OS) and TC71 (Ewing sarcoma) cells were seeded on ultra-low attachment 96-well
plates (Corning®) at a density of 4 x 103 viable cells in 100 pl of sarcosphere medium
(B27: 1x, bFGF: 20 ng/ml, EGF: 20 ng/ml, DMEM/F12, without phenol red) per well
using Multidrop Combi dispenser (Thermo Fisher Scientific, Inc.) on day 1. Sarcospheres
were treated with compounds from the NCI approved Oncology Set V (114 compounds)
at 10 uM on day 2 using a Tecan Freedom Evo Robotic System (Tecan Inc), and analyzed
for cell viability using CellTiter-Glo® cell viability assay on day 5. The cell-killing effect
of each compound was normalized to the viability of DMSO treated cells measured in

parallel. Testing was done in triplicate.

Cell lines

Mouse Osteosarcoma cell lines 577 and F420 (primary), RF379 (lung metastasis), and
human patient-derived xenograft (PDX) OS cells TCCC-OS94 (diagnostic primary
lesion) and TCCC-0S202 (recurrent OS) were obtained from Dr. Jason T. Yustein
(Texas Children’s Cancer and Hematology Centers, Department of Pediatrics, Baylor
College of Medicine, Houston, TX, USA). The murine cell lines were established from
murine OS tumors generated in a conditional genetically engineered mouse model using
an osteoblast-conditional CRE-recombinase model with alterations in p53, as previ-
ously described (Guichard et al. 1998). Patient-derived OS cells were established from
pieces of fresh OS patient biopsy transplanted into multiple immune-defective mice to
grow xenograft tumors (Chang et al. 2010). All cells were passaged for a maximum of
3 or 4 weeks, after which new seed stocks were thawed for experimental use. All cells
were grown at 37 °C in 5% CO,. Murine OS cell lines were maintained as a subconflu-
ent monolayer using high glucose Dulbecco’s modified Eagle’s medium (DMEM, Gibco)
supplemented with 10% fetal bovine serum (FBS, Atlas Biologicals) and 1% penicillin—
streptomycin (Gibco), while human-derived PDX cell lines were maintained in DMEM/
F12 media (Gibco) supplemented with 5% FBS (Atlas Biologicals), 1% penicillin—strepto-
mycin (Gibco), and 1% B27 (Gibco).

Nanoparticle uptake by murine and human OS cells in 2D
For cellular uptake studies, murine and human OS cell lines were seeded at a density of
20,000 cells/well in 4-well confocal chamber slides (Thermo Fisher). Following overnight
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incubation, the cells were washed with PBS and treated with rhodamine-labeled Lipo
and Leuko NPs at 3 x 10'! particles/ml and incubated for 3, 6, and 24 h. Immediately
after treatment, the supernatant was removed, cells were washed with PBS, fixed with
4% paraformaldehyde (PFA) for 10 min, and washed twice with Hank’s Balanced Salt
Solution (HBSS). Next, cells were stained first with 5 pg/ml wheat germ agglutinin
(WGA) S-10 Alexa Fluor' 488 Conjugate (Invitrogen) for 10 min at 37 °C, washed twice
in HBSS, and then stained with 1 pg/ml DAPI (Abcam) for 3 min at room temperature.
Imaging was acquired with Keyence BZ-X800 All-in-one Fluorescence Microscope. The
images were processed using Fiji Is Just Image]J (FIJI, version 1.53c) software.

Nanoparticle uptake by murine and human OS spheroids

Murine and human-derived PDX OS cells were seeded at 1000—2000 cells/well in com-
plete medium for 72 h to induce OS spheroid formation before treatment. OS spheroids
were incubated with rhodamine-labeled NPs for 24 h at the concentration of 5 x 10!
particles/ml. Subsequently, ten spheroids per condition were pooled together and
washed in PBS, then fixed with 4% PFA for 10 min and washed twice with HBSS. Next,
cells were stained with WGA S-10 Alexa Fluor " 488 Conjugate (Invitrogen) and DAPI
(Abcam) as previously described. Spheroids suspended in 1x PBS were placed onto a
4-well chamber slide and z-stack images (7—10 um slices) were acquired on a Nikon Al
Confocal Imaging System. Images were processed using the Nikon elements software.

OS cell viability assays

In 2D settings, murine and human-derived PDX OS cell lines were seeded in a 96-well
tissue culture plate at 70% confluency for overnight attachment. Cells were treated with
increased concentrations of ponatinib, empty NPs (Lipo and Leuko), and Pon-loaded
NPs (Lipo Pon and Leuko Pon) and cell viability was evaluated after 72 h using a MTT
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide)-based assay (Sigma-
Aldrich) according to the manufacturer’s instructions. Cell viability (%) was calculated
using the formula: (A sample)/(A control) x 100. IC50 values for free Pon and Pon-
loaded NPs (summarized in Table 2) were determined using GraphPad. Based on the
Pon IC50 value determined in the 2D cell viability experiments, a range of drug dos-
ages was selected for the 3D cell viability test. In 3D settings, OS spheroids were treated
Pon, Lipo, Leuko, Lipo Pon, and Leuko Pon at concentrations equal to the Pon IC50 and
2 x IC50 values for 72 h, and viability was assessed using CellTiter-Glo® 3D Cell Viabil-
ity Assay (Promega) according to the manufacturer’s instructions. The optical density of
each well was measured using a Spark® multimode microplate reader (Tecan).

In vivo targeting and biodistribution experiments

In vivo targeting and biodistribution experiments were performed according to the
guidelines of the Animal Welfare Act, the NIH Guide for the Care and Use of Laboratory
Animals, and a protocol approved by The Houston Methodist Institutional Animal Care
and Use Committee (IACUC; protocol 1S00006416). An orthotopic OS tumor model
was generated by injecting F420 OS cells (1 x 10°) into the tibia of C57Black/6 mice (6—8
weeks old). Equal populations of male and female mice were used due to the equal inci-
dence of OS in both genders. Tumor size was measured using a caliper and volume was
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calculated according to the formula: Volume = (a x b?)/2, where a and b represent the
length and width of the tumor, respectively. When tumor volume reached ~ 100 mm?,
Cy7-labeled NPs (100 pl) were administrated via tail vein injection, and mice were killed
at 1, 6, and 24 h after NP injection. Fluorescent imaging (excitation/emission wave-
lengths: 710/760 nm) was performed using the In Vivo Imaging System (IVIS) Lumina
IT (PerkinElmer, Massachusetts, United States) to assess NP biodistribution in the major
organs (liver, lung, spleen, kidney, and heart) and targeting in the tumors. Quantification
of IVIS images was obtained by drawing regions of interest to measure average radiance
(expressed as photons/s/cm?/sr) using Living Image® 4.2 software (Caliper Life Sciences,
Hopkinton, MA).

Intravital confocal microscopy

Intravital microscopy (IVM) experiments were performed according to the guidelines
of the Animal Welfare Act, the NIH Guide for the Care and Use of Laboratory Ani-
mals, and protocols approved by The Houston Methodist IACUC. The IVM system
of the Microscopy Core at the Houston Methodist Research is an upright Nikon A1R
laser scanning confocal microscope equipped with a resonance scanner, motorized and
heated stage, and Nikon long-working distance 4x and 20x dry plan-apochromat objec-
tives. When tumor volume reached ~ 100 mm?, mice were anesthetized with isoflurane
and the tumor was exposed before imaging by making an incision and removing skin
using a skin flap. The animal was then placed on the heated stage under the microscope
and a coverslip mounted on the exposed tissue. Each of the animals was injected with 50
ul of 0.1 mg/ml FITC-dextran to visualize the vessels and 100 pl of Cy5.5-labeled NPs.
The imaging lasted up to an hour after injection and animals were killed immediately
after the imaging. All settings, including laser power, gain, offset, and pinhole diameter
were maintained throughout each acquisition. All images were analyzed with NIS-Ele-
ments software. The area covered by the particles was quantified defining an intensity
threshold value common to all the images. The accumulation rate was quantified by fit-
ting with a linear regression the area change measured overtime during the first 60 min
after NPs injection. Data were obtained by averaging results on at least three images
from three mice.

In vivo efficacy study

In vivo efficacy experiments and animal care procedures were approved by the BCM
IACUC (protocol AN-5225). Animals received humane care as per the Animal Wel-
fare Act and the NIH Guide for the Care and Use of Laboratory Animals. An ortho-
topic OS tumor model was generated as previously described. Equal populations of male
and female mice were used due to the equal incidence of OS in both genders. When
tumor volume reached ~ 100 mm?, the mice were divided into groups: control groups
(untreated or treated with empty Lipo or Leuko NPs) and treatment groups (free Pon or
Pon-loaded Lipo or Leuko NPs). Twice a week, mice were injected IP with 30 mg/kg Pon
or IV with 200 pl of NPs for 3 weeks. All animals were euthanized the week after the last
treatment or when tumor size was reaching the endpoint (1000 mm?).
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Histological sample preparation and imaging

Mouse tissue samples from the lung, spleen, liver, kidney, and heart were washed using
1x PBS and then fixed using 10% neutral buffered formalin and embedded in paraffin.
Samples were sectioned at a thickness of 4 ym and hematoxylin and eosin (H&E) stain-
ing was performed for a general pathologic inspection. The slides were imaged using the
Keyence BZ-X810 microscope.

Statistical analysis

All results were obtained from at least three independent experiments and expressed as
the mean=+SD. For comparison between two groups, unpaired, two-tailed Student’s ¢
tests were used. Analysis of variance (ANOVA) followed by a post hoc test for multiple
comparisons (Dunnett’s) was used for comparison of groups of 3 or more. For Kaplan—
Meier survival analysis, log-rank (Mantel-Cox) test was used. Results were considered
statistically significant at p-values<0.05. The statistical analysis was processed with
GraphPad Prism 6 Software (GraphPad; San Diego, CA, USA).

Abbreviations
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TKI Tyrosine kinase inhibitor
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DLS Dynamic light scattering
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zp Zeta potential
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