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Abstract

The skeleton is affected by numerous primary and metastatic solid and hematopoietic malignant
tumors, which can cause localized sites of osteolysis or osteosclerosis that can weaken bones

and increase the risk of fractures in affected patients. Chemotherapeutic drugs can eliminate

some tumors in bones or reduce their volume and skeletal-related events, but adverse effects on
non-target organs can significantly limit the amount of drug that can be administered to patients.
In these circumstances, it may be impossible to deliver therapeutic drug concentrations to tumor
sites in bones. One attractive mechanism to approach this challenge is to conjugate drugs to
bisphosphonates, which can target them to bone where they can be released at diseased sites.
Multiple attempts have been made to do this since the 1990s with limited degrees of success.
Here, we review the results of pre-clinical and clinical studies made to target FDA-approved drugs
and other antineoplastic small molecules to bone to treat diseases affecting the skeleton, including
osteoporosis, metastatic bone disease, multiple myeloma and osteosarcoma. Results to date are
encouraging and indicate that drug efficacy can be increased and side effects reduced using these
approaches. Despite these successes, challenges remain: no drugs have gone beyond small phase
2 clinical trials, and major pharmaceutical companies have shown little interest in the approach

to repurpose any of their drugs or to embrace the technology. Nevertheless, interest shown by
smaller biotechnology companies in the technology suggests that bone targeting of drugs with
bisphosphonates has a viable future.
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Introduction

Bone is one of the most common and preferred sites to which cancer cells metastasize [1,
2]. Prostate and breast cancer are among the most common cancer types that metastasize to
bone [1, 2] and they are responsible for up to 70% of bone metastasis cases [3]; other tumor
types spread to bone less frequently, including lung, kidney, thyroid, melanoma, lymphoma,
gynecologic, and gastrointestinal cancers [4]. Up to 75% of patients dying from prostate or
breast cancers have evidence of bone metastasis [3]. A large recent retrospective study of
382,733 cancer patients with a variety of solid tumors reported that the overall incidence

of bone metastasis ranged from 2.9% at 30 days from the original diagnosis of the primary
tumor to 8.4% at 10 years from diagnosis [4]. However, the incidence of bone metastasis

in this review was highly variable depending on the primary tumor type, with a range at 10
years from 2.9% for gynecologic to 29.2% for prostatic cancer. Patients with prostate cancer
had the highest risk of developing bone metastases, followed by those with lung, renal or
breast cancer [4]. Bone metastases currently cannot be cured and affected patients have a
poor prognosis [1], with population-based studies reporting that cancer patients with bone
metastases have a significantly shorter survival after the diagnosis of bone metastases [5-7].
Thus, there is a great unmet need to develop drugs that will eliminate cancers that have
spread to bone.

The most common primary bone malignancies are osteosarcoma (35%), chondrosarcoma
(25%), and Ewing’s sarcoma (16%) [8]. Osteosarcoma is the most common malignant bone
tumor, particularly among children and adolescents [9]. It represents 56% of malignant bone
tumors in children [10], but it also occurs in older adults when it can complicate Paget’s
disease of bone [11], prior radiation exposure [12] and fibrous dysplasia [13]. The 5-year
relative survival rate of localized osteosarcoma is 77% [14, 15], but it drops to 27% when
the disease has spread to distant organs [14] (https://www.cancer.org/cancer/osteosarcoma/
detection-diagnosis-staging/survival-rates.html).

Multiple myeloma (MM) is a plasma cell neoplasm and the second most common adult
hematologic malignancy in the US [16]. It arises in the bone marrow (BM) where it causes
multiple foci of localized bone destruction with associated bone pain and increased risk of
fractures [17]. MM accounts for 1% of all types of cancer and 2% of cancer deaths [16,

18]. It is an incurable disease of the elderly with a median age at diagnosis of 70 years,

with 35-40% of patients being older than 75 years [19-21]. Myeloma cells originate from
plasma cells in the BM where they interact with BM cells to form vicious cycles in which
factors released by mesenchymal cells promote myeloma cell growth and myeloma cells in
turn promote release of factors from mesenchymal cells [22]. Thus, alternation in cancer
cells or/and the bone microenvironment contribute to MM progression [23]. Development of
drugs that could target both myeloma cells and bone cells would represent a new therapy for
MM.
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Delivery of chemotherapeutic drugs preferentially to bone using bone targeting strategies,
such as bisphosphonate (BP) drug conjugates [24, 25] offers potential improvements

in efficacy and side-effect profiles. A targeted delivery design provides an effective
concentration of a chemotherapeutic agent in bone, in particular at sites of higher bone
turnover in the skeleton, while maintaining low systemic levels. It may also overcome
drug resistance by increasing concentrations of drugs in the local bone microenvironment
to well above those achievable with approved doses of non-targeted drugs, which are
limited because of adverse effects [25]. Another benefit is that BP-linked conjugates could
function as a drug releasing depot to deliver anti-cancer therapies locally to the bone and
BM. In addition to treatment of metastatic bone disease, therapeutic indications for bone-
targeting of anti-cancer drugs include treatment of patients with primary BM malignancies
and osteosarcomas that have metastasized to extra-skeletal sites. This paper will review
previous and current attempts to target FDA-approved anti-neoplastic drugs and other small
molecules to bone, the strategies used, and their successes and failures.

Development of bone-targeted drugs using bisphosphonates (BPs)

BPs have been studied extensively since the 1960s and this led to development of numerous
BP-based drugs becoming commercially available for the treatment of a variety of bone
diseases, including osteoporosis, Paget’s disease, metastatic bone disease, and multiple
myeloma [26]. Mechanistically, BPs have varying degrees of affinity for bone by chelating
calcium ions present in bone hydroxyapatite [27]. The involvement of phosphonate groups
in BPs in their mechanism of binding to hydroxyapatite was further exemplified in an
investigation of the comparative binding ability of BP esters [28]. As a result of their high
affinity for bone, BPs have been used for drug targeting mainly in pre-clinical studies for
over 30 years [25, 29-31].

One of the earliest advanced studies with this approach to target anticancer therapies to
bone was carried out by scientists at Ariad Pharmaceuticals and the University of Rochester
Medical Center that involved development of Src tyrosine kinase small molecule inhibitors,
in which they used stable linkages to BP analogs to target the inhibitors to bone [32-34].
Previous studies had shown that Src tyrosine kinase was expressed by cancer cells and
enhanced their proliferation, migration and metastatic potential [35]. Later studies reported,
unexpectedly, that Src tyrosine kinase expression was required for osteoclast ruffled border
formation in mice [36]. Thus, the goal of these studies was to develop novel drugs that
would inhibit not only osteoclastic bone resorption, but also the growth of cancer cells that
had metastasized to bone. Their studies indicated that the lead bone-targeted compound,
AP23451 (Fig. 1A), dose-dependently inhibited PTH-induced hypercalcemia in mice, and
that this effect required the attached bisphosphonate because the inhibitor alone was
ineffective [33]. AP23451 also dose-dependently inhibited ovariectomy-induced bone loss in
mice as effectively as alendronate, albeit with a high dose, (Fig. 1) and inhibited osteolysis
induced by metastatic MDA-MB-231 breast cancer cells in nude mice as effectively as
zoledronate (Figs. 1A, 2A-C). However, unlike zoledronate, AP23541 also significantly
reduced tumor cell volume inside and outside bones at sites of metastasis (Fig. 2). It

more effectively reduced osteoclast numbers (Fig. 3), but it also induced significantly less
apoptosis of osteoclasts than zoledronate, a well-recognized anti-resorptive action of BPs
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[37]. Despite these encouraging /n-vivo data, AP23451 was not developed as a new drug.
This was because serious adverse CNS effects were observed in a subsequent investigational
new drug-enabling high-dose toxicology study in non-human primates and presumably
occurred because enough of the Src inhibitor crossed into the brain where Src is highly
expressed, but does not have an essential function [38]. Of note, are the higher in vivo
doses administered in these comparisons with alendronate and zoledronate. While different
biochemical targets within the osteoclast are invoked by the respective classes of drugs,
similar uptake through endocytotic mechanisms likely occurs. The greatest difference in
biodistribution is likely at the level of bone uptake. While high uptake on bone has been
demonstrated for AP23451, its bone targeting moiety, a phosphinylmethylphosphonate, is
known to exhibit significantly lower mineral affinity than hydroxyalkylbisphosphonates,
such as alendronate and zoledronate [39, 40]. This raises the possibility that this Src
inhibitor could be conjugated with a bisphosphonate with much higher mineral affinity with
the result that more of it would be targeted to bone and away from other organs.

Subsequent attempts to target drugs to bone with BPs have had limited success for a number
of reasons. These include insufficient financial support to sustain programs and the use of
non-cleavable linkages between the BP and drug that can limit the activity of the drug. For
example, Agyin et al. synthesized a BP-linked bortezomib (Btz) conjugate to treat multiple
myeloma [41]. The BP-Btz conjugate inhibited myeloma cell growth in vitro, but its effects
were not tested /77 vivo due to lack of funding (personal communication). They linked Btz to
a BP using a chemically and biochemically stable linkage, aiming to ensure the success of
these bone-targeted drug conjugates [41], but this would likely reduce cellular transport /n
vivo. The investigators also planned to develop releasable proteasome inhibitors in the tumor
microenvironment by linking them to BPs containing more labile linkers, although they
have never reported any results with these. These investigators incorporated alendronate,

an FDA-improved bone resorption inhibitor, as the bone-targeting agent, but this could
make it difficult to determine the precise source of any osteoclast inhibitory activity since
Btz also inhibits osteoclast formation [41]. As with all dual action drugs, even with drug
releasing conjugates, consideration would need to be given to the relative concentration

of each component of the drug combination that releases locally as the concentration of
each required to produce the desired pharmacologic effect would likely differ for each
biochemical target.

Recent attempts to target estrogen analogs [42], prostaglandins [42] [43], and antibiotics
[42, 43] to bone through a carbamate linker have led to promising results in preclinical
models. This chemical linkage was designed to allow the targeting and subsequent release
of an active agent at the bone surface. This approach improved the efficacy of estradiol

to inhibit bone resorption in ovariectomized mice, while limiting side-effects, such as
endometrial hyperplasia [42]. In a related effort, this BP-drug conjugation technology
facilitated adequate delivery to bone and the slow release of prostaglandin to stimulate
bone formation in an animal model of osteoporosis and a radio-labelled, pharmacokinetics
study to estimate concentrations of delivered drug [44, 45]. Some carbamate linkers appear
to be cleaved by enzymatic or hydrolytic means in the acidic microenvironment under the
OC ruffled border in bone resorption lacunae, thus releasing the active drug. However,
this release mechanism may be substrate-specific because carbamate-linked glycopeptide
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antibiotics, such as vancomycin, dalbavancin, ortavancin and telavancin, failed to produce /n
vivo activity in mouse models of osteomyelitis [46].

Bisphosphonates are highly effective anti-resorptive drugs in diseases associated with
increased bone resorption [47]. However, adverse effects associated with some of the potent
recent generation BP therapies, including osteonecrosis of the jaw in some patients with MM
or metastatic bone disease, and atypical femoral fractures in a small percentage of patients
with osteoporosis, have reduced both patients’ willingness to take and physicians’ comfort
to prescribe BPs [48]. The exquisite bone-targeting property of BPs, however, is an attribute
that has not been fully exploited in new drug design [49]. BPs with high bone-binding
activity and minimal anti-resorptive activity should therefore be ideal carriers to deliver
desired drugs to bone with minimal risk of the adverse effects of aminobisphosphonates
[50].

3. Clinical and preclinical studies of BP- linked anti-cancer drugs

Chemotherapeutic drugs are used widely to kill rapidly multiplying malignant cells by

a variety of mechanisms, but they can also kill healthy dividing cells, including those

in the gastrointestinal tract [51], central nerve system [52] and hair follicles [24]. In an
attempt to reduce adverse effects and more specifically target cancer cells and bone, several
chemotherapy drugs have been linked to BPs and tested in mainly preclinical and some
human studies outlined below.

3.1. OsteoDex (ODX)

OsteoDex (ODX) is a BP-dextran-guanidine complex developed by DexTech Medical AB,
to treat metastatic bone disease. ODX contains a carbohydrate backbone (dextran) that
enables the incorporation of multiple alendronate molecules (average 8 alendronate per
dextran) and guanidine. In vitro studies demonstrated that ODX had similar potency to
inhibit bone resorption as zoledronate, but it also killed PC3 cells, a cell line established

in 1979 from a bone metastasis of a 62-year-old Caucasian male with grade IV prostate
cancer, with 10-fold higher potency than zoledronate (IC50 2 pum vs. 25 um) [53]. DexTech
completed a Phase 1 open-label, multiple ascending dose, multicenter clinical trial of ODX
(ClinicalTrials.gov NCT02825628) and reported the results in 2016 [54]. Twenty-eight
patients with castration-resistant prostate cancer and confirmed bone metastases were given
7 intravenous infusions of ODX every third week. In total, 206 adverse events were
recorded. Of these, 13.6% were classified as treatment-related, mostly acute-phase reactions,
and none was considered to be serious or severe. No cumulative toxicity and no renal
toxicity were recorded [54].

DexTech initiated a phase I1b randomized, double-blind, placebo-controlled multicenter
study evaluating efficacy and tolerability of Osteodex in patients with metastatic castration-
resistant prostate cancer (CRPC) in 2015, but it was terminated in 2016 because of poor
patient recruitment. They initiated a second phase Il randomized, double-blind, dose-finding,
repeat dose Phase Il multicenter study ODX in 2016 of 55 patients with castration-resistant
prostate cancer with skeletal metastases (ClinicalTrials.gov NCT02825628). The primary
objective was to evaluate relative changes from baseline in serum alkaline phosphatase
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and PINP at 12 weeks of three different doses of ODX (3.0, 6.0 and 9.0 mg/kg ODX).
Secondary objectives are progression-free and overall survival. The company has reported
encouraging results without serious side effects on their website, and suggested that ODX
treatment slowed down the course of the skeletal disease in the majority of patients who
completed the 5 months of treatment (https://news.cision.com/dextech/r/promising-follow-
up-results-from-dextech-s-phase-iib-study-for-osteodex,c2932053), but results from the last
recruited patients will not be reported until June 2020.

3.2. Cytarabine-etidronate conjugate (MBC-11)

MBC Pharma, Inc, Aurora, CO, USA conjugated cytarabine to etidronate, the first
bisphosphonate approved to treat osteoporosis and Paget’s disease [55], to generate
MBC-11. Cytarabine, also known as cytosine arabinoside, is used to treat acute myeloid
leukemia, acute lymphocytic leukemia, chronic myelogenous leukemia, and non-Hodgkin’s
lymphoma. Cytosine arabinoside interferes with DNA synthesis through its rapid conversion
to cytosine arabinoside triphosphate, which damages DNA during the cell cycle S phase
(synthesis of DNA). MBC-11 was licensed to Osteros Biomedica Ltd., part of the Russian
holding company, Maxwell Biotech, for clinical development. Osteros Biomedica Ltd.
sponsored the first-in-human trial of BP-linked anti-cancer drugs, which was conducted

in St. Petersburg, Russia. The phase | open-label, nonrandomized, dose escalation study,
which included 15 patients with advanced breast, cervical or prostate cancers and bone
metastases who were given MBC-11 daily for 5 days intravenously, every 4 weeks for 4
cycles (ClinicalTrials.gov NCT02673060), was completed in 2019. Zinnen et al. reported a
maximal tolerated dose of 5 mg/kg, based on 2 of 3 patients given 10 mg/kg experiencing
dose-limiting grade 4 neutropenia and thrombocytopenia. This lower dose had similar
myelosuppressive adverse effects as effective doses of the parent drug, cytosine arabinoside,
which are typically 2—20-fold higher, suggesting that the bone-targeting of lower amounts
of cytosine arabinoside delivered sufficient effective concentrations of the drug to the bone
microenvironment. Evidence for this is that treatment significantly reduced cancer cell
activity in 111 of 206 bone lesions, as assessed by fluorodeoxyglucose positron emission
tomography/computed tomography imaging compared to levels detected at baseline [56].
Although 3 patients had a partial metabolic response and 3 others had stable metabolic
disease, as assessed by PET scanning, 8 had progressive metabolic disease, despite often
displaying significant reduction or stabilization of bone lesions. On the basis of these phase
1 findings, the company is planning a phase |1 study to investigate the effects of MBC-11
in patients with bone metastases as the dominant site of disease due to castration-resistant
prostate or breast cancer. MBC-11 also was tested in a pilot phase-1I trial in 5 dogs with
spontaneous osteosarcomas. An initial report indicated that an effective dose was identified,
and 4 of the 5 dogs had a positive response to MBC-11, as indicated by reduced lameness
in the affected limb via force platform gait analysis. Owner-reported “quality of life and
pain scores’ also improved and FDG-PET/CT imaging indicated reduced tumor-specific
metabolic activity in 3 dogs [57].

3.3. Gemcitabine-ibandronate conjugate (GEM-IB)

GEM-IB is a 2nd generation bone-targeted conjugate from MBC Pharma, Inc. consisting
of the nucleoside metabolic inhibitor, gemcitabine (GEM), chemically linked to ibandronate
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(IB). GEM is used in combination with other chemotherapeutic drugs for advanced or
metastatic cancers, such as lung and breast cancers, and as a first-line treatment alone for
pancreatic cancer. GEM-IB was tested in vivo in a mouse model of prostate cancer-induced
bone disease and significantly reduced metastases with a trend for improved survival. It
was also used in combination with the mitotic inhibitor drug, docetaxel, and higher efficacy
with regard to tumor reduction and survival benefit was reported in a murine model of
osteosarcoma (https://patents.justia.com/patent/20190350958).

3.4. Bisphosphonate-doxorubicin conjugate (12b80)

12b80 is a conjugate of doxorubicin and a cleavable hydroxyl-bisphosphonate linked
through imine bonds developed by Atlanthera Drug Discovery Company, France.
Doxorubicin is a first-line drug used to treat some sarcomas, including osteosarcoma,

but it has a limited therapeutic index due to severe cardiac toxicity. 12b80 has high

bone affinity, with specific release of doxorubicin in acidic conditions, with tumor cell
uptake of the prodrug and lower cytotoxicity in vitro than doxorubicin. 12b80 displayed
rapid and sustained targeting of bone tissue and tumor-associated heterotopic bone in
in-vivo mouse models and delivered higher doxorubicin concentrations in the tumor-bone
environment compared to a non-vectorized doxorubicin and was more potent than a
doxorubicin/zoledronate combination. Consequently, 12b80 showed much lower toxicity
than doxorubicin and promoted strong antitumor effects in a rodent orthotopic osteosarcoma
model [58].

4. Bortezomib-bisphosphonate conjugates.

4.1.

Bortezomib (Btz) is a proteasome inhibitor used as a first-line treatment for multiple
myeloma (MM) and mantle cell lymphoma [59]. It induces myeloma cell apoptosis by
promoting excessive intracellular accumulation of ubiquitinated proteins [60] via reversible
occupation of the active proteolytic site of the 26S proteasome [61, 62]. Btz also promotes
osteoblast differentiation [63], reduces osteoclast formation [64], and increases bone volume
in mice [65, 66]. However, the therapeutic efficacy of Btz is limited by the development

of drug resistance [67] and systemic adverse effects on non-bone tissues, mainly peripheral
neuropathy and thrombocytopenia [68]. Thus, there is a clinical need to develop methods to
deliver Btz or other anti-MM drugs to bone, the major site where myeloma cells reside and
induce debilitating osteolysis, at effective concentrations with a much lower risk of systemic
side effects.

Bortezomib-alendronate conjugates.

Several BP-linked Btz conjugates have been developed and tested in in-vitro cell cultures or
in preclinical mouse models. In 2013, Agyin et al. linked PS-341 (=Btz) as well as MG-262,
an experimentally used proteasome inhibitor, to Alendronate (Aln) using a non-cleavable
linkage. These conjugates inhibited myeloma cell growth /in-vitro [41]. In 2014, Swami

et al. engineered bone-homing polymeric nanoparticles by linking them to Aln and then
developed a library of Btz-loaded Aln-nanoparticles. The Aln-nanoparticle-Btz increased
survival and decreased tumor burden in a MM mouse model in a prevention protocol (mice
were pretreated for 3 weeks before myeloma cell inoculation) compared to Btz alone [69].
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In 2018, Wang et al. synthesized an Aln-nanoparticle-Btz complex using a pH-sensitive
linkage, which increased release of Btz from 20-30% at pH 7.4 to 60-70% at pH 5. The
conjugate was given to mice 3 weeks after intra-tibia injection of MDA-231 breast cancer
cells. The Aln-nanoparticle-Btz complex reduced tumor burden and bone destruction more
effectively than Btz alone [70]. The effects of these Btz complexes on Btz resistance and
neurotoxicity, critical limitations of Btz therapy, were not investigated in these studies.

4.2. Drug-releasing BP conjugates of bortezomib.

Our group has recently synthesized and studied novel bone-targeted forms of Btz by

linking it with various drug-releasing linkers to a BP, which has high affinity for bone,

but lacks anti-resorptive activity. The linker was designed to be sensitive to the acidic
environment of the bone surface where bone turnover occurs (Fig. 4A). We found that the
lead bisphosphonate-bortezomib conjugate (BP-Btz), but not Btz, bound to bone slices and
inhibited the growth of MM cells in-vitro [71]. Importantly, BP-Btz reduced tumor burden
and prevented bone loss in a mouse model of MM more effectively than Btz with less
systemic side effects on platelets and dorsal root ganglia [71]. It is notable that this approach
has also been effective in reducing myeloma cell formation away from the bone surface,
deeper into the bone marrow. More studies are required to fully understand the mechanism
of this off-bone effect. Based on these findings, there is a strong rationale for developing
BP-Btz as a novel therapy to treat patients with MM. However, despite these encouraging
results, major pharmaceutical companies, as of yet, have shown little interest in targeting Btz
or other proteasome inhibitors to bone (personal experiences). This may in part be due to
the early stage or pre-clinical research status of many of these programs. Although BP-Btz
more effectively increases bone mass than Btz [71], it is unlikely that it will be attractive as
a novel bone anabolic agent for non-neoplastic bone diseases, such as osteoporosis, because
Btz targets proteasomes and inhibits proteasomal degradation non-specifically, and there

are other bone anabolic drugs with more specific molecular mechanisms to increase bone
volume [72, 73].

4.3. Targeting bortezomib-resistant MM with a combination of bortezomib and
chloroquine.

Another clinical challenge with the use of Btz is drug resistance. Bortezomib resistance
(BR) develops in 50-77% of MM patients [67] via multiple mechanisms, including
activation of chemo-resistance pathways, immunoproteasomes, mutations in proteasome
subunits, and activation of autophagy [67]. This has led to development of 2" and 3'd
generation proteasome inhibitors [74]. These new drugs have been successful in the setting
of BR, but they generally have a severe adverse effect profile [75], which has limited their
widespread use. Thus, there remains an unmet need to overcome BR with novel approaches.

We hypothesized that by bone-targeting Btz, higher and sustained concentrations of Btz
could be achieved locally and that these might be able to overcome Btz resistance. We
measured Btz levels in plasma and bones from mice that we treated with equimolar doses
of Btz or BP-Btz to determine if bone-targeting resulted in higher concentrations of Btz in
bone /n vivo. We detected nearly identical levels of Btz in plasma 10 minutes and 12 hours
after mice were given either Btz or BP-Btz, and plasma levels had decreased to undetectable
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levels by 36 hours post-injection (Fig. 5). However, at 36 hours post injection, Btz levels
were 4-fold higher in bone samples from mice treated with BP-Btz than from Btz-treated
mice (Fig. 5).

Because BP-Btz is extremely hygroscopic, which makes handling and storage challenging,
we converted BP-Btz to its corresponding tris-tetraethyl ammonium salt (UR-70, Fig. 4B)
to suppress its hygroscopicity and enhance shelf stability. Unlike BP-Btz, the salt remained
as a free flowing solid, despite storage at room temperature for days. To determine if this
new salt form of BP-Btz conjugate can affect Btz-resistant myeloma cells /n vivo, we
treated mice bearing 5TGM1-GFP-labeled Btz-resistant myeloma cells with UR70 or Btz
and examined tumor burden using VIS fluorescence imaging. We found that UR70 reduced
tumor burden in mice bearing Btz-resistant myeloma cells, more effectively than Btz (Fig.
6). These findings suggest that our strategy to target Btz to bone could be efficacious in the
clinical setting of BR.

Chloroquine (CQ) is FDA-approved to treat malaria, and was used as an anti-inflammatory
drug to treat rheumatoid arthritis and systemic lupus erythematosus until the 1980s

when it was replaced by hydroxychlorogquine (HCQ), which has a more favorable

toxicity profile, including a lower incidence of cardiomyopathy and retinopathy [76]. As
autophagy inhibitors, CQ and HCQ have also been studied extensively as anti-cancer agents
administered alone or in combination with more than 40 chemotherapeutic drugs and/or
radiation in animal models of various cancers, including breast, lung, melanoma, colon, liver
and glioblastoma [76]. Autophagy is a homeostatic cellular recycling system responsible
for degrading damaged or unnecessary cellular organelles and proteins [77]. Cancer cells
can use autophagy as an energy source, and thus they can survive in an environment, such
as hypoxic and acidic conditions, which is unfavorable for normal cells. CQ and HCQ are
able to sensitize tumor cells to chemotherapeutic drugs and/or radiation and thus enhance
their therapeutic efficacy. In most of these preclinical studies CQ and HCQ have had
favorable effects on preventing the growth of most of these tumors. The first clinical trial
with CQ was started in 2005 in combination with standard chemotherapy for glioblastoma
multiforme. Since then, CQ and HCQ have been or are being studied in more than 30
clinical trials to evaluate their efficacy in combination with various standard treatments

for several types of cancers. In most of these studies a positive or partial response was
reported [76]. CQ and HCQ inhibit autophagy and promote apoptosis of cancer cells, but
they also work by affecting CXCR4-CXCL12 signaling, Toll-like receptor 9, and p53 in
cancer cells, and tumor-associated fibroblasts and vessels as well immune responses in the
tumor microenvironment retinopathy [76].

We reported that CQ, as a lysosome inhibitor, suppresses OC formation by inhibiting

the degradation of TNF receptor-associated factor 3 (TRAF3), an adaptor protein in

TNF receptor family signaling, which negatively regulates NF-xB signaling [78]. By this
inhibitory mechanism, CQ prevented ovariectomy-induced bone loss and PTH-induced
osteoclastogenesis and marrow fibrous in mice [78]. CQ also inhibited TRAF3 degradation
in OB precursors and inhibition of OB differentiation induced by TGFp1 [79]. Thus, CQ
could also have beneficial effects in patients with bone metastases by inhibiting tumor-
induced osteolysis and possibly enhancing bone formation. We are therefore studying the
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effects of Btz in combination with CQ and HCQ in MM mouse models. We also have
generated BP-linked CQ and HCQ conjugates and are testing their effects in mouse models
of MM and menopause- and age-related osteoporosis.

Myeloma cells produce large amounts of immunoglobulins as well as misfolded proteins
[80], accumulation of which can cause cell death [81]. Misfolded proteins are typically
degraded by proteasomes and lysosomes, and a major mechanism of action of Btz is to
prevent proteasomal degradation of these misfolded proteins to induce death of MM cells. A
phase I clinical trial of Btz combined with CQ and cyclophosphamide carried out with the
goal of testing the hypothesis that in the setting of relapsed and refractory MM simultaneous
inhibition of proteasome and lysosome activity would be more effective than proteasome
inhibition alone [82].

A phase Il clinical trial was performed between October 2011 and April 2013 to determine
if addition of chloroquine to a combination Btz and cyclophosphamide might have a
synergistic therapeutic effect in 11 patients with refractory MM after 2 cycles of therapy.
One patient withdrew early in cycle 1 and 2 patients progressed before completing cycle 1.
Of the 8 evaluable patients who completed at least 2 cycles, 3 had a partial response, 1 had
stable disease and 4 progressed, resulting in a clinical benefit rate of 4/10 (40%) with what
was considered to be an acceptable toxicity profile [82].

4.4. Unsolved issues and future work for BP-Btz.

Although significant progress has been made targeting BP-Btz to bone in animal models
of MM, there still are several unsolved issues, which need further investigation: 1) How
does BP-Btz kill myeloma cells in cell cultures /n-vitro? Is the whole conjugate taken up
intact by MM cells to function as a conjugate or is Btz released intracellularly? If so,
what is the mechanism, or does Btz need to be released first by a cellular mechanism

on the cell membrane? 2) How far can Btz molecules released from bone surfaces travel
within the bone marrow to reach and kill myeloma cells that can be hundreds of um

away from a bone surface? 3) Does BP-Btz regulate the functions of bone and myeloma
cells differently from Btz because it remains in the bone microenvironment longer than
Btz and at higher concentrations for longer periods? This could provide the added benefit
of building new bone at sites of osteolysis. 4) Could BP-Btz be used as an anabolic

drug to inhibit bone resorption and stimulate new bone formation to treat osteoporosis or
enhance fracture repair? 5) Is Btz the best MM drug to target to bone to treat patients with
MM, particularly those who develop Btz resistance? Would bone-targeted new generation
proteasome inhibitors, such as carfilzomib, be more effective than BP-Btz? 6) Would
combinations of BP-Btz with other anti-MM drugs be effective against Btz resistance than
these other drugs alone? 7) Which other anti-cancer drugs should be BP-linked to treat
cancers that have spread to bone, such as breast and prostate cancer?

5. Conclusions

The technology to target drugs to bone to treat diseases affecting the skeleton has
been discussed for over 30 years. Since then, several small biotechnology companies
and academics groups have successfully conjugated FDA-approved drugs or other small
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molecule drug development candidates to bisphosphonates to target them to bone. These
approaches have attempted to more effectively treat common bone diseases and to reduce
side effects of the drugs that limit the amounts that can be given to patients. The

most promising include bisphosphonates releasably-linked to estrogen, prostaglandins,
fluoroquinolones, cytarabine, gemcitabine, doxorubicin and bortezomib. Pre-clinical studies
have demonstrated significant efficacy of several antineoplastic conjugates in metastatic
bone disease and multiple myeloma, and in one case encouraging success with these
conjugates has been reported in phase 1 and early phase 2 clinical trials. Despite these
successes, no drugs have been developed or studied in phase 3 clinical trials, and no major
pharmaceutical companies have shown sufficient interest in this technology to use it to target
any of their drugs to bone. Some reasons for this could be the costs involved in developing
and testing these conjugates, availability of 2" and 3 generation proteasome inhibitors,
and reluctance to draw attention to side effects of drugs that they currently have on the
market. Nevertheless, interest shown by smaller biotechnology companies in the technology
suggests that bone targeting of drugs with bisphosphonates has a viable future.
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Figure 1. Chemical structures of AP23451, alendronate and zoledronate and effects of Src

inhibitor, AP23451, and alendronate on ovariectomy-induced bone loss.

(A). Chemical structures of AP23451, alendronate and zoledronate. (B). 3-m-old female
mice were sham operated or ovariectomized and treated with vehicle, AP23451 or
alendronate at the indicated doses once per day for 35 days. After sacrifice, bone mineral
density (BMD) was measured in L2—4 lumber vertebrae using dual X-ray absorptiometry.
Data are means +/— SD. One-way ANOVA with Turkey’s test. *: p<0.05 vs ovariectomy.
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Figure 2. AP23451 prevents MDA-M B-231 breast cancer-induced osteolysis and reduces, but
does not eliminate tumor cell growth in long bones.

MDA-MB-231 cells (10%-10) were inoculated into the left cardiac ventricle of 3-m-old
female nude mice, which were given daily s.c. injections of AP23451 (10 mg/kg) or
zoledronate (0.25mg/kg) for 28 days. After sacrifice, all femora, tibiae and humeri were
removed and fixed in 10% phosphate-buffered formalin, decalcified in 14% EDTA and
embedded in paraffin. (A). H&E-stained sections of distal femora showing an osteolytic
lesion in the metaphysis of a vehicle-treated mouse (arrows), but not in AP23451- or
zoledronate-treated mice, which developed osteopetrosis (vertical lines, where unresorbed
bone largely fills the BM cavity) during the 28 days of treatment as a consequence of the
inhibitory effects of these agents on bone resorption. The numbers of osteolytic metastases
were counted in these 6 bones from each mouse. (B). Volume of tumor inside bones and
trabecular bone volume (left panel) and volumes of tumor deposits outside bones (right
panel). C. H&E-stained sections of distal femora showing replacement of metaphyseal bone
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and diaphyseal bone marrow by tumor cells in a vehicle-treated mouse. Osteopetrosis in
the metaphysis of AP23451- and zoledronate-treated mice as well as tumor deposits (black
arrows) in the BM where there are surviving unresorbed bone trabeculae (yellow arrows),
and the numbers of metastases (mets) and % of metastases with osteolysis. Data are means
+/- SD. One-way ANOVA with Bonferroni test. *; p<0.05 vs vehicle-treated mice.
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Figure 3. Differing effects of AP23451 and zoledronate on osteoclastsin metaphyses of mice
inoculated with M DA-MB-231 breast cancer cells.

(A). H&E-stained sections of distal femora of mice showing occasional surviving (yellow
arrows) osteoclasts in AP23451-treated mice and surviving and apoptotic (black arrows)
osteoclasts in zoledronate-treated mice. (B). Total numbers of osteoclasts in femoral
metaphyses (left panel) and % of osteoclasts with the typical features of apoptosis
(cytoplasmic contraction and nuclear condensation and fragmentation). Data are means +/-
SD. One-way ANOVA with Bonferroni test. * p < 0.05 vs zoledronate.

Bone. Author manuscript; available in PMC 2021 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Xing et al. Page 21

A
Linker
B 1
| Sy H 4+ Br
- D e e
o oo u L]
o 0 : N7 NSy
HO-p ]| o Moo ]
HO N™ O S ""--,_D
H}'D-‘,F‘:Q" H |II. o
Ho © Ay C7H,,BBINGO, P
r
BP-Btz HBr Salt “MW: 79532
BP linker Btz
c
|
A M.
e ] G l.:-- 1
6 . e L i [
HO - I N o A
EtyN* "0 NT o7 T 7
EtgN* ‘0-Fsg ;g |
EtsN* O L
_ Ce:HosBN,O,,P
BP-Btz Tetraethylammonium Salt  w: 1102 15 -
" BP " linker - Btz ,
Figure4.

Cartoon of the bone-targeting delivery concept (A) and structure and formulation of BP-Btz
(A) and UR70 (B).
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Figure 5. BP-Btz hasalonger half-lifein bonethan Btz.
3 (A) 3.5-m-old female C57BL/6 mice were given single retro-orbital intravenous injections

of equimolar doses of Btz (0.6mg/kg) or BP-Btz (1.243 mg/kg). Blood was drawn at 10 min,
12, 24, and 36 hr after injection. Leg bones were harvested at sacrifice at 36 hrs. (B) Btz
levels in plasma and leg bones were measured in each mouse by liquid chromatography with
liquid chromatography-mass spectrometry.
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Figure 6. Bone-targeted UR70 reduces tumor burden in mice bearing Btz-resistant myeloma
cells.

(A) Treatment protocol for 7-wk-old male NSG mice given injections of 0.5 x 106
Btz-resistant 5TGM1-GFP mouse myeloma cells into each tibia. 3 days after tumor cell
inoculation, mice were given retro-orbital intravenous injections of equimolar concentrations
of the BP (0.699mg/kg), Btz (0.6mg/kg) or UR70 (1.722mg/kg) every 3 days for 8 cycles.
(B) Representative images of legs from mice from each group 3 days after the last injection,
visualized with an I1VIS Spectrum in vivo imaging system and showing GFP-positive tumor
in the injected tibiae. (C) Tumor burden assessed by GFP intensity. Unit: Average Radiant
Efficiency [p/s/cm?/sr] / [uW/cm?]. Data are mean + SD. One-way ANOVA with Turkey’s
test. *: p<0.05 vs vehicle.
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