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Advances in Bone-targeted Drug Delivery Systems
for Neoadjuvant Chemotherapy for Osteosarcoma

Cheng-jun Li, MD, Xiao-zhou Liu, MD, Lei Zhang, MD, Long-bang Chen, MD, Xin Shi, MD, Su-jia Wu, MD,
Jian-ning Zhao, MD
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Targeted therapy for osteosarcoma includes organ, cell and molecular biological targeting; of these, organ targeting is
the most mature. Bone-targeted drug delivery systems are used to concentrate chemotherapeutic drugs in bone tis-
sues, thus potentially resolving the problem of reaching the desired foci and minimizing the toxicity and adverse
effects of neoadjuvant chemotherapy. Some progress has been made in bone-targeted drug delivery systems for treat-
ment of osteosarcoma; however, most are still at an experimental stage and there is a long transitional period to clini-
cal application. Therefore, determining how to combine new, polymolecular and multi-pathway targets is an important
research aspect of designing new bone-targeted drug delivery systems in future studies. The purpose of this article
was to review the status of research on targeted therapy for osteosarcoma and to summarize the progress made thus
far in developing bone-targeted drug delivery systems for neoadjuvant chemotherapy for osteosarcoma with the aim of

providing new ideas for highly effective therapeutic protocols with low toxicity for patients with osteosarcoma.
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Introduction
O steosarcoma, the most common malignant tumor in the
skeletal system, originates from mesenchymal tissue, is
characterized by spindle-shaped stromal cells that are capa-
ble of generating bone-like tissues and accounts for 20% of
primary malignant bone tumors. The annual incidence is
1-3 cases per 1,000,000 people, 70%-80% of patients being
aged 10-25 yearsl. Osteosarcoma has a propensity to metas-
tasize and recur because it often occurs in the metaphyses of
long tubular bones such as the distal femur, proximal tibia
and proximal humerus, which have rich blood supplies.
Thus, hematogenous metastasis tends to occur early and
progress rapidly”.

Before the 1970s, treatment for osteosarcoma was
restricted to simple surgical excision, amputation being
required for most patients. The 1-year survival rate was
therefore very low, about 80% of patients dying of pulmo-
nary metastases*. This low cure rate prompted intensive
study of possible means of treating osteosarcoma. With
progress in molecular biology, treatments for osteosarcoma
initially developed from simple surgical excision to
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individualized limb-salvage surgery and adjuvant chemother-
apy and now include immunotherapy, gene therapy, and tar-
geted therapy” . Limb-salvage surgery is currently applicable
for stage IIB osteosarcomas, osteosarcomas in children and
pathological fracture associated with osteosarcoma; the its
indications for it continue to expand. However, the major
difficulty with successful treatment lies not in tumor re-
section but in reconstruction surgery. Because limb osteosar-
coma often grow near joints, wide excision is often
necessary. Additionally, it is difficult to find adequate bone
for use in autogenous bone grafting, which hinders recon-
struction. Tumor inactivation and in situ replantation weak-
ens the bone, resulting in a high incidence of subsequent
fracture; it is also not appropriate for patients in whom a
large proportion of the affected bone has been damaged by
the tumor. Allogeneic bone or articular transplantation has
the disadvantage of a high incidence of rejection reactions.
Rotationplasty is only applicable for osteosarcomas in the
lower-middle section of the femur and the patient still
requires an artificial limb. Replacement with artificial pros-
theses has good short-term outcomes, with a short healing
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period, but the prostheses are susceptible to looseness and
infection. Adding chemotherapy to treatment regimens for
osteosarcoma, especially since neoadjuvant chemotherapy
has been implemented, has resulted to a large extent in
replacement of conventional amputation by limb-salvage
surgery. However, there is no consensus on whether preoper-
ative chemotherapy improves the long-term prognosis of
patients and the overall response rate to chemotherapy for
patients with osteosarcoma is still about 60%. Immunother-
apy for osteosarcoma includes nonspecific immune therapy,
specific immunotherapy, adoptive immunotherapy and tar-
geting therapy. Presently, interleukin-2 has been used in
postoperative chemotherapy for osteosarcoma. This agent
stimulates generation of natural killer cells and lymphocyte
activated killer cells; however, its therapeutic effect is still
uncertain. Gene therapy for osteosarcoma is still at the
research stage and cannot yet be used in the clinic. In other
words, these therapies either fall short of expectations for
improving patients’ prognoses or they are still at an explora-
tory stage with is a long way to go before being available for
clinical application. The purpose of this article was to review
the status of research on targeted therapy for osteosarcoma
and to summarize the progress made thus far in developing
bone-targeted drug delivery systems for neoadjuvant chemo-
therapy for osteosarcoma with the aim of providing new
ideas for highly effective therapeutic protocols with low tox-
icity for patients with osteosarcoma.

Pertinent published reports were collected by computer
searching of PubMed with the following key words and sub-
ject terms: osteosarcoma, bone targeting, targeted therapy,
hydroxyapatite (HA). In all, 457 articles were retrieved. After
85 non-English articles had been excluded, the abstracts of
the remaining articles English (372) were browsed and pre-
liminarily assessed. This resulted in exclusion of 298 articles
that were not in conformity with the subject of this study.
The remaining 74 full texts were then browsed to identify
any duplicate or similar studies. Finally, 67 articles that had
recently been published in authoritative journals were com-
prehensively screened to determine whether the quality of
their research designs was acceptable, their research methods
standard, they had randomized their subjects and used scien-
tifically acceptable statistical methods and whether the results
research were consistent with theoretical expectations. Fur-
ther, to enrich the material included in this review, articles
related to treatment of osteosarcoma and bone targeting
were also assessed; finally, 51 articles were selected for inclu-
sion. This process is depicted as a flow chart in Fig. 1.

Targeted Therapy for Osteosarcoma
Targeted therapy is defined as the process of drugs being
selectively concentrated and delivered to targeted organs,
tissues, cells and specific intracellular structures by special
guiding mechanisms with the aim of achieving the local treat-
ment of lesions. These agents may be administered locally
drug, orally or intravenously. Targeted therapy can be classi-
fied on the basis of the targets into three categories:
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457 articles No
Retrieve them by key words and subjects, — 85 articles
and confirm whether they were English or not.
J Yes
372 articles No
Read abstracts, and assess whether 298 articles
they were related to subject of this study.
l Yes
74 articles
Confirm whether articles in the same field No > T arittelles
were recently published in authoritative -
journals.
J Yes
67 articles No
16 articles

Assess whether the quality of articles
conforms to the inclusion criteria.

l Yes

51 articles were finally included in this study.

Fig. 1 Flow chart showing the process of selecting articles for this
review.

organ-targeted, cell-targeted and molecular-targeted therapy.
Organ-targeted therapy involves guiding substances to
accumulate in high concentrations in the targeted organs or
tissues. Cell-targeted therapy involves delivering specific
molecules (such as proteins or nucleic acids) to within cells
or using particular techniques to impair the biological activity
of specific cells. It can be achieved by utilizing the different
affinities of particular proteins for the cell surface, elements
that regulate gene expression or viruses specific to certain
cells. Molecular-targeted therapy involves delivering protein
molecules, nucleotide fragments or gene products to targeted
areas by cell fusion and phagocytosis. A flow chart depicting
targeted therapy for osteosarcoma is shown in Fig. 2.

Organ-targeted Therapy for Osteosarcoma

Bone consists of bone cells, collagen fibers and bone matrix,
the last being composed mainly of HA. It has been estimated
that 99% of all calcium in the human body is in the form of
HA in bones, only 1% being distributed through soft tissues
and extracellular fluid in forms other than HA®. On this
basis, in 1987 Pierce and Waite were the first to propose the
concept of bone-targeting by compound molecules being
deposited in bone and permeating into HA. They synthe-
sized WP-1, the first pharmaceutical molecule with a bone-
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Targeted Therapy

BoNE-TARGETED DRUG DELIVERY SYSTEMS

Advantages: (1) Drugs, to maximum extent,
are delivered to and greatly concentrated in
target areas; (2) Drugs retention time is
prolonged in target areas which makes drug
dose reduced and bioavailability improved;
(3) Safety, effectiveness and stability are high
and general adverse reactions are low.

Organ—Targeted Therapy

Cell-Targeted Therapy

Molecular—Targeted Therapy

The cell surface structure of

Drugs are specially concentrated
in the bone by affinity of HA in
the bone to chemical compounds,
or new dosage form is used to
improve drug distribution in the
bone during the process of local
drug delivery or general blood
circulation by reducing particle
size, prolonging the cycle time of
drugs in the body, changing
surgace charge of particles, etc.

osteosarcoma is complicated and

it has multiple epitopes of
osteosarcoma antigen. Drugs are
modified by specific receptors in
membrane surface of osteosarcoma.
Due to specificity and saturability
of receptors binding to ligands,
specific endocytosis of cells can
increase the distribution of drugs

in osteosarcoma cells through
receptor mediation after combination

Aiming at a protein molecule,
nucleic acid fragment or gene
product in cells of osteosarcoma,
drugs are delivered to the specific
sites of osteosarcoma cells to exert
effects by cellular fusion and
phagocytosis.

of ligands and receptors.

Fig. 2 Flow chart of osteosarcoma targeted therapy.

targeting role and minimal effect on non-bone tissues, thus
providing a theoretical and laboratory basis for research in
this field”. Thompson et al. and Saari et al. subsequently put
forward a consistent concept of bone seeking based on their
laboratory experiments in 1989 and in 1992 on targeting
bone by exploiting a specific affinity for HA'®'". Since then,
great progress has been made in research on bone-targeted
drugs.

With further in-depth research, the definition of bone
tissue targeting has gradually been extended. In addition to
specifically binding to HA, drugs can act directly on bone to
increase their concentrations in bone tissues. Organ-targeted
therapy for osteosarcoma mainly comprises the following
three drug-carrying modes: (i) coupling drug-carrying mode:
bone-seeking substances bind with antineoplastic drugs
directly or via intermediate substances; (ii) scion grafting
drug-carrying mode: bone-seeking substances and antineo-
plastic drugs are chemically grafted onto polymer in specific
proportions; and (iii) nano-drug carrier: drugs are coated in
nanoparticles, the surfaces of which are modified or not by
bone-seeking substances.

Cell-targeted Therapy for Osteosarcoma

At present, aptamer-based tumor-targeted therapy has
become a hot topic of research in China and elsewhere.
Aptamers, also termed “bait” or “chemical antibodies”, are
short single-stranded DNA and RNA oligonucleotides or
polypeptide fragments that exist in the body in the form
of three-dimensional structures and are capable of closely
connecting with targeted proteins with high affinity'”.
Generally, aptamers act directly on extracellular targets
rather than by entering cells by signal transduction.
Hence, cell-targeted therapy uses aptamers combined with
anti-tumor drugs to act on tumor cell surfaces. In addi-
tion, aptamers are capable of recognizing different tumor
cells and accurately distinguishing the targeted tumors by
having amplified sequence fragments bound to them;
however, different types of tumor do have some charac-
teristics in common'®. It is anticipated that in the future
more aptamers that can specifically recognize and bind
with osteosarcoma will be identified for the diagnosis and
treatment of osteosarcoma in clinical research and
practice.
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Molecular-targeted Therapy for Osteosarcoma
Molecular-targeted therapy, the most specific of targeted
therapies, is based on organ-targeted and cell-targeted thera-
pies. It targets sites such as protein molecules or gene seg-
ments in tumor cells that are specific to certain cancers, the
therapeutic substances having specific affinity to selectively
bind to these sites, thus leading specifically to the death of
tumor cells, which is the key point of molecular-targeted ther-
apy. It is anticipated that molecular-targeted drugs will be
developed in the future for a variety of new targets (such as
cellular receptors, key genes, control molecules and kinase of
osteosarcoma); however at present, the targets for osteosar-
coma are mainly angiogenesis and pulmonary metastasis'*.

Some progress has been made in cell- and molecular-
targeted therapies for osteosarcoma; however, most are still
at the experimental stage and there is a long transitional
period to availability for clinical application. How to identify
highly specific targets, develop targeted drugs and control
toxicity and adverse effects is therefore yet to be explored'”.
However, organ-targeted therapy is expected to become an
effective form of treatment for osteosarcoma in the clinic
because of its clear therapeutic mechanism, strong target,
and predictable in-vivo process.

Use of Bone-targeted Drug Delivery Systems in
Neoadjuvant Chemotherapy for Osteosarcoma
In recent years, neoadjuvant chemotherapy has become a
common means of treating osteosarcoma. Neoadjuvant
chemotherapy combined with excision currently preserves
the limbs of over 75% of patients and has increased the
5-year survival rate from less that 20% to 65%-70%'°""®,
However, because bone tissue is characterized by hardness,
poor permeability and low blood flow, it is difficult to deliver
chemotherapeutic drugs into tumor sites via conventional
modes of administration. Because there is a direct relation-
ship between drug concentration and extent of necrosis, it is
difficult to achieve an effective dose in tumors, which limits
the curative effect of chemotherapy. Thus, the dosage and
therefore serum concentrations of chemotherapeutic must be
increased to increase the concentration of chemotherapeutic
agents within tumors; however, high-dose chemotherapy is
associated with severe toxicity. Although local drug delivery
(such as by regional arterial chemotherapy, hyperthermic
isolated limb perfusion and so on) reduces the overall toxic-
ity of chemotherapeutic drugs and improves the response
rate of tumors to chemotherapy, long-term follow-up has
shown that regional arterial chemotherapy and hyperthermic
isolated limb perfusion do not have superior effects on prog-
nosis compared with systemic intravenous chemotherapy.
Therefore, it is necessary and urgent to seek a new types of
chemotherapy or drug delivery systems that selectively act
on bone tissues and thus reduce toxicity and improve effi-
cacy'. Research on organ-targeted therapy for osteosarcoma
may provide feasible solutions to the above dilemmas
because bone-targeted drug delivery systems can concentrate
chemotherapeutic agents in bone tissue and specifically act

BoNE-TARGETED DRUG DELIVERY SYSTEMS

on osteosarcomas. Bone-targeted drug delivery systems can
be categorized according to their mechanisms as employing
active, passive and multiple targeting.

Active Targeting

Molecules that bind specifically to HA can act as the guides
or carriers of bone-targeted drugs, enabling those drugs to
act selectively on bone tissue. Presently, the guides or carriers
used for bone-targeting drugs include tetracyclines, dipho-
sphonic acid, propylene acid, heterocyclic small molecule
and oligopeptides®® 2.

Diphosphonic acid compound is a bone resorption
inhibitor that can inhibit the release of bone-matrix growth
factor and cancer cell adhesion to bone matrix and decrease
the occurrence of osseous metastases in individuals with can-
cer. It is also the preferred carrier for bone-targeted drugs
because it has a significant affinity to HA**, In 1996, Hosain
et al. used amido bonds to link tetraethyl methylene dipho-
sphonate and methotrexate and observed the distribution of
the resultant conjugates in blood, skin, muscle, liver, lung,
and bone of mice after technetium 99 m labeling. They
reported that the conjugate was eliminated from the blood
after intravenous injection, 20% of it being deposited in bone
and 55% being excreted in urine”. After the conjugate had
been administered to New Zealand rabbits intravenously,
radionuclide imaging indicated that it was mainly distributed
in bone and joints 1.5 hours after administration. However,
no further research was performed on tetraethyl methylene
diphosphonate-methotrexate conjugate until 2014, when
Yang et al. prepared a methotrexate-diphosphonic acid con-
jugate that acted on osteosarcoma MG-63 cells with a concen-
tration gradient of 2-3000 pg/mL. They found that MG-63
cells showed the typical characteristics of apoptosis and cell
viability declined significantly when a concentration of over
2000 pg/mL for 24-96 hours was achieved®. Yang et al. also
reported that the apoptotic effect of a methotrexate—
diphosphonic acid conjugate on MG-63 cells is time- and
dose-dependent, which indicates that binding to diphospho-
nic acid only changes the pharmacokinetics and distribution
of methotrexate but does not reduce its lethality for tumors°.

Besides diphosphonic acid compounds, tetracycline,
which is strongly bone seeking, is also capable of inhibiting
collagenase activity and bone resorption and promoting
fibroblast adhesion”*®, Tetracycline fluoresces under ultravi-
olet light, which facilitates analyzing and detecting conju-
gates”. Oligopeptides with certain bone-seeking properties
can target various sites in the bone depending on their
amino acid sequences. This is because HA in sites of bone
formation is in a minimally crystalline form, whereas HA in
sites of bone absorption is in a highly crystalline form.
Repeated amino acid sequence in oligopeptides can bind to
HA, different amino acid sequences having different affinities
for different crystal forms of HA***'. For example, the octa-
peptide of aspartic acid has a strong affinity for the highly
crystalline HA in sites of bone absorption, whereas
(AspSerSer)s, which comprises six repeats of the aspartic
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acid-serine- serine sequence, has a strong affinity for the
minimally crystalline HA in sites of bone formation®”. Zhang
et al. used (AspSerSer)s to achieve targeted delivery of small
nucleic acids to osteoblasts®. However, diphosphonic acid
compounds are mainly regarded as carriers for bone-
targeting drugs in the treatment of osteosarcoma; there are
few reports of other carrier-associated agents.

Passive Targeting

In passive targeting, drug-carrier particles are taken in by the
mononuclear phagocyte system in vivo and concentrated into
bone tissues through normal physiological processes in that
myeloid tissues contain specific macrophages that produce
particles that enable small circulating cells to enter the bone
marrow”*. Therefore, given the phagocytic ability of bone
marrow macrophages, the drug delivery system would
be concentrated into bone by specific phagocytosis by bone
marrow macrophages. Thus it is clear that the main obstacle
to achieving passive bone-targeted drug delivery lies in the
marrow-blood barrier and the strong phagocytic ability of
liver and spleen cells. Brusa et al. found that when particles
of 0.1-0.2 pm entered the body, they were removed rapidly
from the blood by macrophages in the reticuloendothelial
system, eventually reaching lysosomes in Kupffer cells™.
Additionally, particle systems of 50-100 nm can enter paren-
chymal hepatic cells and particle systems of less than 50 nm
can enter the spleen and bone by penetrating through the
endothelial cells of the liver or through lymph. Hence, redu-
cing the size of particles is a key factor in inhibiting intake
by the liver and increasing distribution of the particles in the
bone. Moreover, research has shown that modifying the par-
ticle surface can increase the cycle time of particles in vivo,
inhibiting intake by the spleen and increasing their content
in bone®.

Sou et al prepared L-glutamate, N-[3-carboxyl-1-
oxygen propyl]-1 and 5-26 alkyl ester (SA)-coated liposomes
and demonstrated bone targeting in rabbits®”. They found
that, 24 hour after intravenous injection, SA-Ve is distribu-
ted in the bone marrow and liver, whereas uncoated lipo-
somes are mainly distributed in the spleen and liver.
Liposomes that have been further coated with polyethylene
glycol (PEG) reportedly inhibit intake by the liver of SA-Ve.
The amount of SA-Ve in the bone marrow is maximal when
the amount of PEG is 0.6%, which indicates that SA-Ve tar-
gets bone marrow. However, this process is in mutual com-
petition with the intake of SA-Ve by the liver. Therefore,
appropriate modification by PEG of the SA-Ve surface inhi-
bits the intake of SA-Ve by the liver, resulting in SA-Ve tar-
geting bone marrow. Based on these data, Sou et al
performed another feasible study of SA-Ve bone targeting in
primate macaques, and found that 70% of SA-Ve is taken in
by bone marrow macrophages after intravenous injection’®.
Wang et al. used PEG-coated polylactide-co-glycolide acid
nanoparticles as carriers to prolong the cycle time of pacli-
taxel and etoposide in the blood, consequently utilizing a
combination of the two different mechanisms of these
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chemotherapeutic agents for osteosarcoma®. Hu et al. pre-
pared PEG-coated pH-sensitive doxorubicin nanoparticles,
thus prolonging the cycle time of doxorubicin®’. When it
reaches the tumor sites, the nanoparticles release the doxoru-
bicin quickly, completing the directed delivery of doxorubi-
cin to the tumor. Thus, nanoparticles are potential
components of bone-targeted drug delivery systems; anti-
drugs can be coated in them and delivered into bone to treat
osteosarcoma.

Multiple Targeting

Multiple targeting strengthens drug targeting and selectivity
by simultaneously utilizing multiple targeting mechanisms.
Dhule et al. coated the antineoplastic agents curcumin and
C6 ceramide in a lipid bilayer of liposomes and found that
the half-life and cycling time of liposomes modified by PEG
were prolonged. Additionally, liposomes modified by folic
acid actively targeted over-expressed folate receptor o on the
surface of osteosarcoma, indicating that curcumin-C6 cera-
mide liposomes have an inhibiting effect on osteosarcoma
in vivo and in vitro*'. Wu and Wan performed a similar
experiment in which doxorubicin was sealed in a lipid
bilayer of liposomes and diphosphonic acid and found that
this system had less systemic toxicity and stronger selectivity
for osteosarcoma than a bone-target drug delivery system
with a single mechanism*?. Low et al. used aspartic acid as a
bone-targeting guidance molecule to coat acid-sensitive dox-
orubicin and found that doxorubicin was not released under
physiological conditions before reaching to tumor site, where
the pH dropped to 5.5, resulting in the release of doxorubi-
cin, enabling it to exert an anti-tumor effect®”. Furthermore,
Morton et al. and Rudnick-Glick et al. showed that dipho-
sphonic acid-coated nanoparticle has good bone targeting
and antitumor activity’>*. Therefore, combining multiple
targeting mechanisms in one targeted drug delivery system
increases targeting and reduces the toxic effects of drugs.
Thus, multiple targeting is a potential means of treating
osteosarcoma™***’,

Conclusion
In recent years, great progress has been made in research
on bone-target drug delivery systems, but there are still
exists some limitations. Firstly, carriers are the key factors in
passive targeting and their distribution in the body is influ-
enced by many factors. Of these, changes in particle size and
modification of the surface can reportedly prolong the cycle
time and enhance bone targeting by liposomes; however, the
influence of surface charge and structure on bone targeting
has not yet reported*™*. Secondly, specific affinity for HA
on bone surface is currently mostly used for active targeting.
Additionally, combining bone marrow macrophage receptors
and osteosarcoma surface receptors is another means of
enhancing bone targeting. In a word, exploring the combined
use of new, polymolecular and multi-pathway targets is an
important aspect of research into designing new bone-
targeted drug delivery systems.
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