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Abstract

Introduction—Paclitaxel and docetaxel were two epoch-making anticancer drugs and have
been successfully used in chemotherapy for a variety of cancer types. In 2010, a new taxane,
cabazitaxel, was approved by FDA for use in combination with prednisone for the treatment of
metastatic hormone-refractory prostate cancer. Albumin-bound paclitaxel (nab™-paclitaxel;
abraxane) nanodroplet formulation was another notable invention (FDA approval 2005 for
refractory, metastatic, or relapsed breast cancer). Abraxane in combination with gemcitabine for
the treatment of pancreatic cancer was approved by FDA in 2013. Accordingly, there have been a
huge number of patent applications dealing with taxane anticancer agents in the last five years.
Thus, it is a good time to review the progress in this area and find the next wave for new
developments.

Area covered—This review article covers the patent literature from 2010 to early 2015 on
various aspects of taxane-based chemotherapies and drug developments.

Expert opinion—Three FDA-approved taxane anticancer drugs will continue to expand their
therapeutic applications, especially through drug combinations and new formulations. Inspired by
the success of abraxane, new nano-formulations are emerging. Highly potent new-generation
taxanes will play a key role in the development of efficacious tumor-targeted drug delivery
systems.
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1. Introduction

1.1 Scope of the review and coverage

For the collection of patent literatures and relevant review articles, the authors ran the search
using the SciFinder database, first, from 2010 to early 2015. Initially, 379 patents/patent
applications, as well as 894 review articles on taxanes and taxoids were identified. The
contents were analyzed from titles/abstracts and the literatures were sorted out based on the
subject areas, which clearly indicated trends in the clinical and preclinical research. Then,
the scope of the review was set on the basis of active research/development and significance,
as shown below. Thus, 379 patents/patent applications were funneled down to ca. 200, and
894 reviews to ca. 120 through preferential selections of more comprehensive and newer
review articles on the same subject, as well as avoidance of duplication. Those selected
review articles guided the further selections of patents/patent applications. There were
numbers of patent applications and reviews on drug combinations with taxanes in clinical
development, which were examined thoroughly, and those that have solid clinical study
records with clear indications are shown in the final list. Naturally, there were even larger
numbers of drug combination studies and inventions in the preclinical stage, but only those
that have shown the proof of concept for efficacy using in vivo animal models were chosen
for the compilation in the final list. Consequently, originally 1,273 combined literatures were
funneled down to 164 including references earlier than 2010 added as necessary background
information. The authors are confident that those selections and the scope of this review
properly reflect the trends and significant developments in the field.

1.2 First-generation taxane anticancer agents

The “taxanes” are a class of anticancer drugs that act by binding to tubulins/microtubules
which have a key role in cell division [1, 2]. The binding of taxanes to B-tubulin promotes
the assembly of microtubules and simultaneously inhibits disassembly, thereby stabilizing
microtubule dynamics [1, 2]. Suppression of microtubule dynamics results in the blockade
of cell mitosis, leading to apoptosis [1, 2].

Paclitaxel, a diterpenoid natural product (Figure 1), was discovered by Wall and Wani in
1966, as the primary active component in extracts from the bark of the Pacific yew ( 7axus
brevifolia Nutt). The chemical structure of paclitaxel was established in 1971 [3]. Injectable
paclitaxel (Taxol®) was approved by the U.S. Food and Drug Administration (FDA) for the
treatment of refractory ovarian cancer in 1992, refractory or anthracycline-resistant breast
cancer in 1994, Kaposi’s sarcoma in 1997, and non-small cell lung cancer in 1998 [4].

Docetaxel (Taxotere®) (Figure 1), a semi-synthetic analogue of paclitaxel, exhibited
excellent efficacy better than paclitaxel in some cases. Docetaxel was approved by the FDA
for the treatment of advanced breast cancer in 1996 [5], non-small-cell lung cancer
(NSCLC) in 1999 [6], metastatic hormone-refractory prostate cancer (HRPC) in 2004, and
head and neck cancer in 2006 [7]. (Note: the terms, hormone-refractory or hormone-resistant
prostate cancer (HRPC) and castration-resistant or castrate-resistant prostate cancer (CRPC)
are commonly used for the same meaning. In this review, the term “hormone-refractory”
prostate cancer (HRPC) is used for consistency.)
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It should be noted that the patents for paclitaxel and docetaxel have expired and thus the
generic drug market is activated for their manufacturing and clinical use.

Although paclitaxel and docetaxel have been serving as two of the most important drugs for
the treatment of various cancers, drug resistance imposes limitations to the efficacy of these
drugs. A nemesis for these two drugs is multidrug resistance (MDR) since both drugs have
high affinity for multidrug-resistance proteins, in particular the ATP-dependent drug efflux
pump P-glycoprotein (Pgp) [1, 8]. Expression of Pgp by cancer cells can be responsible for
both constitutive and acquired resistance to taxanes. Overexpression of class 111 B-tubulin
was also identified as the cause of taxane resistance [9]. Accordingly, the drug discovery and
development of taxane anticancer agents has been focusing on addressing these limitations
of the first-generation taxanes.

Although the primary mechanism of taxanes is to induce microtubule stabilization, mitotic
arrest, and apoptotic cell death, but recently it has been shown that taxanes also affect
androgen receptor (AR) signaling, i.e., taxanes inhibit ligand-induced AR nuclear
translocation and downstream transcriptional activation of AR-targeted genes such as
prostate-specific antigen (PSA) [10]. A significant correlation between clinical response to
taxane chemotherapy and AR cytoplasmic sequestration was found in the circulating tumor
cells (CTC) isolated from hormone-refractory prostate cancer (HRPC) patients. These
findings suggest that clinical responses to taxane chemotherapy might be assessed by
monitoring AR subcellular localization in the CTCs of HRPC patients [10-12]. Accordingly,
the application and diagnosis of taxane chemotherapy for HRPC have been receiving
substantial attention.

1.3 Cabazitaxel, most recently FDA-approved taxane anticancer agent

Resistance to taxanes is associated mainly with the increased expression of the multidrug
resistance (MDR) 1 gene that encodes P-glycoprotein. Cabazitaxel (Figure 2) was superior
to paclitaxel and docetaxel because of its poor affinity to P-glycoprotein due to the presence
of methoxy groups at C7 and C10. This improved property makes this drug effective against
docetaxel-resistant tumors [13]. The indication of cabazitaxel, in combination with
prednisone, is for the treatment of patients with metastatic HRPC previously treated with a
docetaxel-prednisone regimen [14]. The extra methoxy groups also provide cabazitaxel with
a unique ability to the cross blood-brain barrier (BBB), but the clinical advantages of this
property have not been explored yet [15].

Preclinical study—Cabazitaxel demonstrated significant cytotoxicity in cell lines
including P388 (lymphablastic leukemia), HL60 (promyelocytic leukemia), KB (cervical
ademocarcinoma), and Calc18 (breast carcinoma), which are docetaxel-sensitive cell lines
[16]. The compound was also active in cancer cell lines with acquired resistance to
docetaxel, including P388/DOX, P388/TXT, P388/VCR, HL60/TAX, Calc18/TXT and
KBV1 [16]. Resistance factor ratios ranged from 1.8 to 10 for cabazitaxel, whereas
comparable values were 4.8-59 for docetaxel. Furthermore, cabazitaxel showed greater
cytotoxicity compared to docetaxel against the human colon adenocarcinoma Caco-2 cell
line, which exhibits primary resistance to taxanes [17].
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Clinical study—A Phase | study escalating cabazitaxel from 10 to 25 mg/m?
demonstrated activity in 2 HRPC patients, whereas mitoxantrone and docetaxel failed [17].
In a Phase 11 study, the efficacy and safety of cabazitaxel in combination with prednisone
was evaluated in a randomized, open-label trial involving 755 patients with HRPC who had
previously received a treatment regimen that contained doecetaxel [14, 18, 19]. Interestingly,
the study was initiated in the absence of a specific Phase 1 study in patients with HRPC, but
was supported by robust preclinical and Phase | data, as well as by the limited treatment
options for the disease at that time [20, 21]. Patients receiving cabazitaxel had statistically
significant longer overall survival time compared with those receiving mitoxantorone [18,
19]. The median survival time of patients in the cabazitaxel group was 15.1 months
compared with 12.7 months for patients in the mitoxantrone group [18, 19]. The
investigator-assessed tumor response rate was 14.4 % for patients in the cabazitaxel group
compared with 4.4% for patients in the mitoxantrone group [19].

2. Clinical development of taxane anticancer agents

2.1 New formulations of taxane anticancer agents

All formulations of taxane anticancer drugs approved by the FDA are intravenously
administered so far. The bulky and fused-ring skeleton of taxanes with lipophilic substituents
result in very poor aqueous solubility. Thus, excipients such as Cremophor EL
(polyethylated castor oil: CrEL) and ethanol are used for paclitaxel, polysorbate 80 (Tween
80) and ethanol for docetaxel, polysorbate 80, ethanol, and citric acid for cabazitaxel. CrEL
and polysorbate 80 can entrap and solubilize the taxanes in water by forming micelles. Citric
acid can stabilize the formulation by adjusting the pH, as exemplified in the cabazitaxel
formulation. Adverse effects of excipients, such as hypersensitivity, hemolysis, and
cholestasis, have been well recognized and reported [22]. To reduce the side effects, patients
must be pretreated with an antihistamine, a corticosteroid and a H2 antagonist, before
receiving these medications [23].

Nanoparticle albumin-bound paclitaxel (nab-paclitaxel; ABI1-007; abraxane) is a novel
CrEL-free formulation of paclitaxel. The human albumin-stabilized paclitaxel particles have
an average size of approximately 130 nm, which allows intravenous infusion without the risk
of capillary blockage [24]. Abraxane can be reconstituted in normal saline at concentrations
of 2-10 mg/mL compared with 0.3—-1.2 mg/mL for CrEL-paclitaxel; therefore, the volume
and infusion time are reduced [25, 26]. In addition, abraxane can be prepared in standard
plastic intravenous infusion bags since it is not associated with the risk of leaking
plasticizers from the infusion bags or tubing (CrEL-paclitaxel has this risk) [27]. Abraxane
was approved by the FDA in 2005 for the treatment of refractory, metastatic, or relapsed
breast cancer. Abraxane can be administered over a short period of time (~30 min.), is much
better tolerated than CrEL-paclitaxel, and causes much less side effects [22]. Recently,
abraxane was also examined for its efficacy against pediatric solid tumors [28], bladder
cancer [29], pancreatic cancer [29], hepatocellular carcinoma [30], melanoma [31], and
other proliferative diseases [32, 33]. Abraxane in combination with gemcitabine for the
treatment of pancreatic cancer was approved by the FDA in 2013 [34].
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“One-vial-Taxotere” formulation was approved by the FDA in 2010 [35], which eliminated
the need for a tedious initial dilution procedure that needed to be performed by a physician
before administration. A stable formulation for taxanes with reduced amounts of excipient
and ethanol was also developed by adding alkyl esters of citric acid to the “one-vial”
formulation [36]. A one-pot cabazitaxel formulation was also developed by employing an
enclosed container and CO, gas instead of citric acid [37].

Liposomal formulations for taxanes have been extensively investigated and developed in the
last decade [38]. For example, a liposomal-paclitaxel, “Lipusu” [39], has been successful in
China [40], and a liposome-entrapped paclitaxel (LEP-ETU), as well as a paclitaxel-loaded

cationic liposome (EndoTAG-1) are showing promising results in clinical studies [41].

Other formulations that have been developed in the last 5 years include cyclodextrin-based
polymer-taxane conjugates [42], oil-in-water nano-emulsions [43], polyarginine-based
nanocarriers [44], cellulose-based nanoparticles [45], nanodispersion [46], a diblock
poly(lactic) acid-poly(ethylene)glycol conjugate [47] magnetically responsive nanoparticle
carriers [48], silicate-conjugated nanoparticle prodrugs [49], taxane-aggregates of branched
homopolymers modified with functional groups [50], orotic acid esters [51], a spray-drying
method for oral administration [52], and a combination with cyclosporin and a P-
glycoprotein inhibitor for oral formulation [53].

2.2 New taxanes in clinical development

Analogues of paclitaxel which are currently undergoing clinical evaluation include larotaxel,
milataxel, ortataxel, and tesetaxel. Larotaxel is under clinical evaluation as a single agent or
in combination therapy for urethral bladder cancer, advanced pancreatic cancer, advanced
NSCLC and metastatic breast cancer (Figure 3) [54-57]. A Phase 11 trial of larotaxel with
cisplatin for locally advanced/metastatic urothelial tract or bladder cancer suggested that it
does not improve outcomes versus cisplatin/gemcitabine [58]. Ortataxel is currently under
Phase Il evaluation for taxane-refractory NSCLC and metastatic breast cancer [59], as well
as recurrent glioblastoma [60]. After failing to demonstrate improved efficacy in a Phase 11
evaluation in metastatic colorectal cancer, tesetaxel has recently completed Phase | and 11
trials in solid tumors [61-63]. Milataxel failed to demonstrate efficacy in a Phase Il study for
advanced previously-treated colorectal cancer, but proved to be effective in a separate study
in patients with platinum-refractory NSCLC [64]. BMS-184476 showed evidence of
antitumor activity in previously treated NSCLC and was well tolerated at 60 mg/m? dose
[65].

The C2’ position has been extensively exploited for the development of prodrugs of
paclitaxel to increase aqueous solubility and improved antitumor activity. Docosahexaenoic
acid (DHA)-paclitaxel (“Taxoprexin”) and poly(L-glutamic acid) PG-paclitaxel (“Opaxio™)
are two examples of such paclitaxel conjugates, which are currently in clinical trials (Figure
3).

DHA is an omega-3 naturally occurring polyunsaturated fatty acid, which is taken up by
tumor cells [66]. Preclinical studies of DHA-paclitaxel demonstrated increased activity
relative to paclitaxel [67]. Phase I clinical studies demonstrated a well-defined and
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manageable side effect. In a Phase 1l trial, 36 patients with metastatic melanoma were
treated, 4 patients had a partial response, and 13 had stabilization of the disease [67, 68].
DHA-paclitaxel advanced to Phase 111 clinical trials for the treatment of metastatic
malignant melanoma [67].

Poly(L-glutamic acid) is a water-soluble biodegradable polymer with carboxylic acid side
chains, to which paclitaxel can be conjugated. The resulting conjugate is highly water
soluble (>20 mg/kg) and does not need CrEL for formulation. In chemotherapy-naive
patients with advanced NSCLC, PG-paclitaxel was compared to gemcitabine or vinorelbine
and showed equivalent efficacy with less myelotoxicity, but more neurotoxicity [69]. When
compared to docetaxel in the second-line treatment of NSCLC, PG-paclitaxel produced
similar survival rates with reduced alopecia, neutropenia, and febrile neutropenia, but
increased neurotoxicity rates [69]. PG-paclitaxel was combined with temozolomide for the
treatment of high-grade gliomas and showed promising results [70]. A Phase 1l trial of PG-
paclitaxel with concurrent radiation for newly diagnosed glioblastoma without O6-
methylguanine-DNA methyltransferase methylation is ongoing. Neoadjuvant concurrent PG-
paclitaxel and radiotherapy combination therapy for esophageal carcinoma was well
tolerated and yielded CR in 32 % of patients [71]. Phase Il trials with NSCLC, ovarian
cancer, and glioblastoma are underway [27].

2.3. New combinations of taxane anticancer agents with other drugs

Common paclitaxel toxicities include hypersensitivity reactions (due to CrEL), bone marrow
suppression, joint pain, diarrhea, and hair loss, whereas toxicities for docetaxel include
edema and shortness of breath [72, 73]. Combination chemotherapy has been applied to
minimize these side effects. The rationale for combination chemotherapy is to use drugs that
work by different mechanisms, thereby decreasing the probability for cancer cells to develop
resistance. When drugs with different modes of actions are combined in the absence of drug-
drug interactions, each drug can be used at its optimal dose, without intolerable side effects.
The combination chemotherapies of taxanes with various drugs, currently under clinical
investigation based on published patents, patent applications and journal articles, are shown
in Table 1 and Figure 4.

Abraxane is the most common drug to appear in drug combination clinical trials among the
taxane-related patent applications for combination therapy filed in 2010-2014. In most
cases, the toxicities were well tolerated. Double or triple combinations of drugs with
abraxane is in clinical trials as first-line treatment for metastatic breast and pancreatic
cancer. The combination therapy of abraxane and gemcitabine for metastatic pancreatic
cancer was approved by the FDA in 2013 [34]. The FDA-approved pertuzumab injection
(“Perfeta™) in 2012 [74] for use in combination with trastuzumab (“Herceptin”) and
docetaxel for the treatment of patients with HER2-positive metastatic breast cancer who
have not received prior anti-HER2 therapy or chemotherapy for a metastatic disease.
Ganetespib, an Hsp 90 inhibitor, combined with docetaxel for the treatment of patients with
metastatic NSCLC, who have a progressed disease following one prior chemotherapy
regimen, was granted a Fast Track development designation by the FDA [75] and this
combination is currently undergoing Phase 11 trials for advanced NSCLC [76, 77].
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Motesanib and carboplatin/paclitaxel combination showed improved anti-tumor activity on
nonsquamous NSCLC in the Asian subgroup [78].

2.4 Drug conjugates for tumor-targeted delivery in clinical trials

Targeted therapy represents the major hope in modern cancer treatment and a substantial
step towards personalized medicine. An explosion in the development of tumor-targeted
drugs and drug conjugates has been observed over the past decade, following the clinical
success of trastuzumab (Herceptin®) in the treatment of metastatic human epidermal growth
factor receptor 2 (HER2)-positive breast cancer [105]. Also, many drug conjugates,
including many antibody-drug conjugates (ADCs) [105], as well as some small-molecule
drug conjugates (SMDCs) [106], have entered clinical trials in recent years. However, the
only taxane conjugate currently in clinical trials is ANG-1005 (Figure 5) [107].

Angiopep-2 (AP-2) has been used as a peptide-based drug delivery system that provides a
non-invasive and flexible platform for transporting drugs or biologically active molecules
across the BBB into the central nervous system (CNS) [108, 109]. AP-2 consists of a peptide
with 19 amino acid residues (TFFYGGSRGKRNNFKTEEY), derived from the Kunitz
protease inhibitor (KPI) domain. This peptide binds to a specific receptor, low-density
lipoprotein receptor-related protein-1 (LRP1), which is highly expressed on brain
microvascular endothelial cells (BMVECs) of the BBB [108, 110]. It was found that some
cancer cell lines highly express LRP1, and LRP1 overexpression is closely related to the
invasivness of tumors. Therefore, the use of this peptide as a carrier to specific cancer cells
is beneficial. Through clinical trials, it has been demonstrated that the drug conjugate of
AP-2 with paclitaxel (ANG-1005: paclitaxel/AP-2 = 3) is efficacious in ovarian cancer and
in particular, dramatically shrinks metastatic tumors within and outside the brain (e.g., in the
lung) [107]. Other clinical trials on advanced brain metastatic cancer and recurrent
maliganant glioma are underway [107].

3. Taxanes in preclinical development

3.1 New taxane anticancer agents and their preclinical development

Paclitaxel and docetaxel have made a significant impact on current cancer chemotherapy, but
seriously suffer from the lack of tumor specificity and multi-drug resistance (MDR).
Cabazitaxel exhibits improved potency against MDR-expressing cells and tumors, but its
clinical application is rather limited to prostate cancer so far. Thus, the preclinical
development of new taxane anticancer agents has been actively continuing (Figure 6).

On the basis of extensive SAR studies of taxoids (“Taxol-like” taxanes), a series of highly
potent new-generation taxoids have been developed. Most of these new-generation taxoids
exhibited 2-3 orders of magnitude higher potency than those of paclitaxel and docetaxel
against drug-resistant cell lines expressing MDR phenotypes [111, 112]. These new-
generation taxoids possess built-in Pgp-modulating ability. The 2"d-generation taxoids have
modifications at the C10 and C3’ positions, while the 3"d-generation taxoids possess
modifications at the C2, C10 and C3’ positions, and either a 2-methyl-1-propeny! or 2-
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methylpropy! group replaces the phenyl group in paclitaxel, docetaxel and cabazitaxel at the
C3’ position.

Recently, it has been shown that the ineffectiveness of standard chemotherapeutic agents
could be attributed to the existence of relatively rare, highly drug resistant, quiescent or
slowly proliferating tumor-initiating cells, i.e., “cancer stem cells (CSCs)” [113, 114]. These
cells heighten the expression of many stem-cell related genes, exhibit similar pluripotency,
and are notoriously malignant. CSCs are exclusively endowed with tumor-initiating capacity
in the majority of cancer types, and are responsible for sustaining tumor growth, metastasis
and relapse. Consequently, it is obviously highly important to discover and develop
anticancer agents that can control or eradicate CSCs in the next-generation chemotherapy.

One of the new-generation taxoids, SB-T-1214, exhibited remarkable efficacy against highly
drug-resistant (Pgp+) DLD-1 colon tumor xenograft in mice, inducing complete regression
in all surviving mice with tumor growth delay >187 days, wherein paclitaxel failed to show
any efficacy [111]. SB-T-1214 exhibited impressive activity against colon CSCs from
HCT116, HT29 and DLD-1 cell lines using cancer spheroids in 3D cultures [115]. Most
importantly, viable cells that survived this treatment regimen significantly lost the ability to
form secondary spheroids. Also, it was found that the treatment of these CSCs with SB-
T-1214 led to the down-regulation of a number of stem cell-related genes and significant
inhibition of genes involved in retaining pluripotency [115]. In addition to SB-T-1214, SB-
T-1216, SB-T-121602 and SB-12854 exhibited high potencies against HCT116 CSCs, which
are orders of magnitude different from those of commonly used anticancer drugs in clinic.
The ICsq values (nM) for these new-generation taxoids in comparison with known drugs are
as follows: cisplatin (4,540); doxorubicin (78.0); methotrexate (32.7); paclitaxel (33.8);
topotecan (451); SB-T-1214 (0.28); SB-T-1216 (0.83); SB-T-121602 (0.24) and SB-T-12854
(0.14) [116].

SB-T-12854 is one of the series of 3'-difluorovinyl-taxoids, which were designed and proven
to block cytochrome C metabolic pathway, especially metabolism by CYP3A4 enzyme [112,
117]. SB-T-12854 suppressed rat lymphoma more effectively than paclitaxel [118].

Following the advance in DHA-paclitaxel (Taxoprexin) (vide supra), new-generation taxoids
bearing DHA at the C2’ position have been developed and several of these DHA-taxoids
exhibited excellent efficacy against (Pgp+) DLD-1 human colon as well as (Pgp-) A121
human ovarian cancer xenografts in mice, with much reduced systemic toxicity than the
corresponding parent taxoids [119]. Among these DHA-taxoids, DHA-SB-T-1214 exhibited
a remarkable antitumor effect on DLD-1 human colon, H460 human non-small cell lung,
CFPAC-1 and PANC-1 human pancreatic cancer xenografts in mice, wherein paclitaxel and
DHA-paclitaxel showed no or only marginal efficacy [57, 120].

Recently, a library of 7,10-modified paclitaxel, cabazitaxel and ortataxel analogues, using
the same isoserine C13-side chain as that of SB-T-1214, were reported, and a number of
these taxanes showed good to excellent potency against a panel of cancer cell lines [121].

A series of “abeo-taxanes”, bearing taxane skeletons derived from baccatin 111 through
skeletal rearrangement, was developed with modifications at the C7- and C9-hydroxyl
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groups. These abeo-taxanes exhibited good potencies against various cancer cell lines that
are resistant to paclitaxel, vinblastine, and doxorubicin [122]. Based on MTS assays and /7
vivo efficacy evaluation, abeo-taxoid 15a.2 appears most promising [122, 123]. These abeo-
taxanes are also claimed to be effective against neurodegenerative disorders [122].

As a strategy to improve the metabolic stability and obtain new IPs, deuterated analogues of
docetaxel and cabazitaxel were developed [124]. Introduction of a trifluoro-zert
butoxycarbonyl group was also examined [124]. These analogues should be able to mitigate
the metabolism by CYP3A4 and CYP3AS. Preliminary /n vitro assays against a panel of
cancer cell lines look promising so far [124].

3.2 Tumor-targeted delivery of taxane anticancer agents in preclinical development

Although paclitaxel, docetaxel and cabazitaxel exhibit impressive efficacy in cancer
chemotherapy, their adverse effects cause serious problems in the quality of life of patients.
Accordingly, it is logical to develop efficient tumor-targeted drug delivery systems for
taxane anticancer agents (Figure 7). The most common and popular approach has been the
use of monoclonal antibodies, either naturally occurring [125, 126] or engineered [127,
128], following the recent successes of ADCs. However, in spite of extensive efforts along
this line, very few compounds/ conjugates have reached clinical trials and have not gone
further to date [129]. A hyaluronic acid — taxane conjugate [130], as well as a hyaluronidase
— taxane conjugate [131] have been explored. Poly(glutamyl-glutamate)-taxane conjugates
have been developed, which look promising [132, 133]. Deuterated docetaxel prodrugs
conjugated to dendrimer-like “multi-arm polymers (ARM)”, 4-ARM-PEG,gk-CM-Gly-dg-
DOC and 4-ARM-PEGygk-BA-dg-DOC, have been developed (DOC = docetaxel) [134].

Peripheral sensory neuropathy is the most commonly reported neurotoxic side effect of
paclitaxel and it limits treatment when given alone or in combination with other neurotoxic
antineoplastic agents such as cisplatin. To mitigate paclitaxel neurotoxicity various
neuroprotective agents have been investigated in animal and clinical studies [135]. A
docetaxel conjugate with FK506, which is an immunosuppressive and neuroprotective agent,
was developed. The conjugate was highly cytotoxic (ICsg 1 nM) against SKOV3 ovarian,
PC3 prostate, and MCF7 breast cancer cell lines, but did not affect neurite growth [136].
Cholesterol was also conjugated to taxanes [137].

Vitamins are required by all living cells for survival, but cancer cells particularly need
certain vitamins and nutrients to sustain their rapid growth and proliferation, e.g., vitamin
B19, folic acid (vitamin Bg), biotin (vitamin B>) and riboflavin are essential for cell division.
Therefore, the vitamin receptors are overexpressed on the cancer cell surface for the uptake
of necessary vitamins. Accordingly, those vitamin receptors serve as highly useful targets for
tumor-targeted drug delivery as well as biomarkers for identification and imaging of cancer
cells. Folic acid is essential for cell division involving DNA synthesis and repair, while
biotin is also essential for cell division, cell growth, fatty acid production, metabolism of fats
and amino acids, and plays a role in energy production. All living cells require vitamin By,
(cobalamin) for survival, but rapidly dividing tissues have an increased demand for
cobalamin.

Expert Opin Ther Pat. Author manuscript; available in PMC 2017 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ojima et al.

Page 10

Among those vitamin receptors, the folate receptor has been shown to be an important and
relevant target [138, 139]. In fact, several folate-drug conjugates are currently in clinical
trials (but not with taxanes), and notably “Vintafolide” (EC-145), a folate-vinblastine
conjugate [139], has advanced to Phase Il clinical trials. However, biotin receptors had not
been studied until it was discovered in 2004 that those receptors were even more
overexpressed than the folate and vitamin B1, receptors in a variety of cancer cells [140].
Thus, the biotin receptor has emerged as a new target for tumor-targeted drug delivery.

Biotin-taxoid (SB-T-1214) conjugates with a self-immolative disulfide linker were
developed [141-144], including nano-conjugates using single-walled carbon nanotubue
(SWNT) [145]. These conjugates exhibited highly efficient cancer cell — selective
internalization via receptor-mediated endocytosis and high potency with much reduced
toxicity in normal human cells. Also, one of these conjugates, “BLT-1" demonstrated
impressive efficacy /n vivo against MX-1 human breast cancer xenografts in mice, totally
eradicating tumors with 20 mg/Kg/dose, once a week for 4 weeks regimen without any
weight loss of mice [146]. A dual-warhead drug conjugate bearing SB-T-1214 and
camptothecin, which represents a unique combination therapy through simultaneous tumor-
targeted drug delivery [146]. This conjugate achieved two orders of magnitude specificity to
cancer cells as compared to normal cells [146].

Another biotin-taxoid (docetaxel) conjugate through direct connection at the C2” position of
docetaxel (IDD-1010) was developed, which exhibited good /n vivo efficacy against PC3
prostate cancer xenograft in mice [147]. A paclitaxel-cobalamin conjugate was examined for
its efficacy in treating eye diseases, wherein its anti-angiogenic activity was confirmed [148-
150]. A folate-taxoid (SB-T-1214) conjugate (FLT-1) was also developed, which exhibited
remarkable cancer cell specificity (>1,000) against ID8 ovarian and MX-1 breast cancer
cells through folate receptor targeting, as compared to W38 normal cells [151].

3.3 New drug combinations in preclinical development

Since combination therapy of taxane anticancer agents has been successful in clinic and drug
combination is one of the most translational approach for drug development, preclinical
development of new drug combinations is quite active with a large number of patent
applications. Selected examples are summarized in Table 2 and Figure 8. These examples
have shown proof of concept in animal models. Thus, inventions with only /n vitro
evaluations are not included. The chemical structures of the drugs used for combination with
paclitaxel, docetaxel and abraxane are shown in Figure 5. However, the structures of
monoclonal antibodies are not relevant for this table and thus not included. Early indications
of these drug combinations cover a variety of cancer types, including metastatic, HER2+,
and inflammatory breast cancers; locally advanced or metastatic NSCLC; pancreatic,
prostate, colon, ovarian, and other gastric cancers. These combinations have increased
antitumor activity, especially on metastatic cancers, and proved to be well tolerated.

5. Conclusion

It has been 23 years and 19 years since paclitaxel and docetaxl, respectively, were approved
by the FDA. There are still very active investigations in the clinical applications for these
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two drugs, especially through two or three drug combinations. The potential of cabazitaxel
will be actively explored. Abraxane, aloumin-bound paclitaxel nano-droplet, made a
breakthrough in the formulation of this highly cytotoxic drug. This formulation substantially
changed pharmacological properties of paclitaxel and has made a variety of new clinical
applications possible, as represented by its use with gemcitabine for pancreatic cancer,
which was unimaginable for the paclitaxel formulation. Thus, the development of new nano-
formulations is a very active area. But, drug combination appears to be the most active area
of clinical and translational research in this area. Nevertheless, the development of highly
potent new taxanes is continuing, especially next-generation taxanes active against cancer
stem cells are emerging. Highly potent new taxanes will have a substantial demand for the
development of turmor-targeted drug conjugates using tumor-targeting monoclonal
antibodies for ADCs, as well as small molecules such as vitamins for SMDCs.

6. Expert Opinion

First-generation taxanes, paclitaxel and docetaxel, were revolutionary anticancer agents and
became block-buster drugs. Although the patents for both drugs have expired, these two
drugs continue to lead cancer chemotherapy in clinic, and stimulated the generic drug
markets. One of the critical reasons for the exceptional success of these two drugs is the fact
that these two drugs have a unique mechanism of action, which is categorized as
microtubule stabilizing agents. Although the primary mechanism of action is the cell
division arrest at the G2/M stage, triggering the signaling pathway that leads to apoptosis,
there seem to be other concurrently operating mechanisms to make these drugs effective.
Also, because of the unique mechanism of action, these drugs are readily used for
combination with other drugs, which have a different mechanism of action. These two drugs
are, however, very hydrophobic and good substrates for ABC transporters, typically P-
glycoprotein. Also, the molecular weights of these drugs are around 800 and thus these
drugs are totally outside of the Lipinski rule for oral administration.

Although cabazitaxel, the newest FDA-approved taxane, has not appeared in the list of
various clinical or preclinical studies on combination therapies yet, based on the patent
literature in the last 5 years, it will surely start soon to explore the full potential of this drug.
In contrast to the first-generation taxanes, cabazitaxel is a poor substrate for P-glycoprotein,
which is an advantageous property.

Albumin-bound paclitaxel nano-droplet formulation, nab-paclitaxel or abraxane, is an
innovative formulation for paclitaxel. This formulation not only improved solubility of
highly hydrophobic paclitaxel, but also substantially reduced systemic toxicity and thus
expanded its therapeutic window. This nano-formulation brought in enhanced permeability
and retention (EPR) effect, characteristic to nano-scale particles, which enabled passive
tumor-targeting, which can mitigate certain adverse effects. Abraxane has dramatically
expanded the indications of paclitaxel as exemplified by the FDA approval of its use for
pancreatic cancer treatment in combination with gemcitabine in 2013. Since paclitaxel was
totally ineffective against pancreatic cancer, this was a big surprise in the field. This
remarkable clinical development of abraxane has inspired researchers so that very active
investigations have been ongoing in various nano-formulations, including lyposomal
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formulations. Thus, this line of research on the development of new nano-formulations for
the three FDA-approved taxanes will continue very actively to produce promising results
and eventual FDA approvals.

Currently, several taxanes are in clinical trials, including larotaxel, milataxel, BMS-184476,
ortataxel and tesetaxel. Larotaxel advanced to Phase 111 trials in combination with cisplatin
for advanced/metastatic urothelial tract or bladder cancer, but could not exceed a cisplatin/
gemcitabine combination. Milataxel showed efficacy in Phase 11 trials for platinum-
refractory NSCLC. BMS-184476 exhibited efficacy for previously treated NSCLC.
Ortataxel is in Phase I trials for taxane-refractory NSCLC, metastatic breast cancer, and
also recurred glioblastoma. Ortataxel is orally active and can also cross the blood brain
barrier (BBB). Tesetaxel failed to demonstrate improved efficacy in Phase Il trials for
metastatic colorectal cancer, as compared to the standard treatment, but recently completed
Phase I/11 trials for solid tumors. It is difficult to judge if any of these taxanes can go through
Phase I11 trials and reach registration at this stage.

Two taxane conjugates are also in clinical trials. DHA-paclitaxel (Taxoprexin) has advanced
to Phase 111 trials for metastatic melanoma. A polyglutamic acid conjugate of paclitaxel (PG-
paclitaxel, Opaxio) has also advanced to Phase 111 trials for NSCLC, ovarian cancer, and
glioblastoma, which appears promising. One tumor-targeting peptide (angiopep-2) conjugate
of paclitaxel, ANG-1005, is in clinical trials for metastatic ovarian cancer, advanced brain
metastatic cancer and malignant glioma, showing early promise.

Numbers of second- and third-generation taxoids have been developed and continue to be
developed for the pursuit of high potency taxane-based anticancer drugs. Metabolically more
stable 3’-difluorovinyl-taxoids have also been developed, which can block metabolism by
CYP3A4 and other cytochrome C enzymes. A notable finding is that at least several new-
generation taxoids have potency against highly drug-resistant cancer stem cells (CSCs). One
of these taxoids, SB-T-1214, showed promising efficacy in animal models. Also, its DHA
conjugate, DHA-SB-T-1214, exhibited remarkable efficacy against DLD-1 colon, CFPAC-1
and PANC-1 pancreatic, and H460 NSCL cancer xenografts in mice.

A variety of tumor-targeting drug conjugates have been developed, using vitamins as
targeting modules. Vitamin B receptors are overexpressed on various cancer cell surfaces.
Thus, those conjugates undergo cancer specific vitamin receptor-mediated endocytosis to get
into cancer cells with high efficiency, mitigating systemic toxicity to normal cells. Among
the vitamin B receptors, the folate and biotin receptors appear to be highly promising by
demonstrating very high cancer cell as well as tumor specificity /n vitroand in vivo. Thus,
some of those tumor-targeting conjugates will advance to clinical studies in the near future.
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Highlights

First-generation taxane anticancer drugs, paclitaxel and docetaxel, are
still playing significant roles in the current cancer chemotherapy and
expanding their indications.

Drug combinations are crucial to increase efficacy and mitigate adverse
effects of taxanes. Thus, highly active clinical and preclinical studies
are ongoing, which will lead to the development of new and efficacious
cancer therapies.

Albumin-bound paclitaxel nano-droplet formulation, abraxane, brought
a breakthrough in formulation, and has dramatically expanded the
clinical application of paclitaxel. As such, efficacious nano-
formulations, including liposomal formulations, are emerging.

Currently, several taxanes are in clinical trials, and highly potent next-
generation taxanes are emerging in preclinical studies, which have
efficacy against cancer stem cells.

Taxane conjugates have not been successfully developed yet so far. But,
Opaxio, a paclitaxel conjugate with polyglutamic acid, is in clinical
trials showing promise. Tumor-targeting drug conjugates of new-
generation taxanes are emerging as potential next-generation
chemotherapeutic agents with few adverse effects because of the
tumor-specific drug delivery.
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paclitaxel (Taxol®)

Figure 1.
First-generation taxanes
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cabazitaxel (Jevtana®)

Figure 2.
Chemical structure of cabazitaxel
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Figure 3.
Chemical structures of paclitaxel analogues in clinical trials
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Drugs under investigation in combination with taxanes
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Chemical structure of ANG-1005
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New taxanes in preclinical development
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Chemical structures of new taxane conjugates in preclinical studies
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Drugs under investigation in combination with taxanes
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Table 1

Drug combinations in clinical development

Drug combination Development stage, Indication References

;abraxane, carboplatin, open-label Phase 11 - ) [79], [80]
rastuzumab first-line therapy for HER2-positive metastatic breast cancer

azacitidine, abraxane Phase I/11: various solid tumors and leukemia [33]
abraxane, gemcitabine Phase I1l: metastatic pancreatic cancer [81], [82]
abraxane, vandetanib Phase I: pancreatic cancer [29]

docetaxel, ganetespib

Phase I1/111: second-line therapy for advanced NSCLC
Phase I11: Advanced NSCLC

[76], [77], [83]

Phase I11: recurrent, platinium-resistant ovarian, fallopian tube or

followed by abraxane

paclitaxel, ganetespib peritoneal cancer [84], [83]
curcuminoids, docetaxel | Pilot Phase II: HRPC [85], [86]
anti-clusterin
oligonucleotide . . .
(custirsen:TV-1011/ Phase I11: second line therapy for advanced or metastatic NSCLC | [87]
OGX-011), docetaxel
motesanib, carboplatin/ | pyace 111 nonsquamous NSCLC; Asian subgroup [78], [88]
paclitaxel
ombrabulin, docetaxel/
paclitaxel or cisplatin/ Phase I: advanced solid tumors [89], [90]
carboplatin
. . Phase I1l: metastatic HRPC

prednisone, cabazitaxel FDA approval for treatment of metastatic HRPC [14] [18]. [91]
paclitaxel, MetMAD, . . . .
bevacizumab Phase Il: metastatic, triple-negative breast cancer [92]

. : Phase 11: advanced recurrent epithelial ovarian or primary
paclitaxel, trebananib peritoneal cancer [93], [94]
abraxane, capecitabine Phase I1: first-line treatment of metastatic breast cancer [95], [96]
abraxane, trastuzumab, Phase I1: first-line therapy for advanced HER-2 positive breast [95]
carboplatin cancer
pertuzumab, Phase I11: first-line treatment for HER2-positive metastatic breast [97], [98]
trastuzumab, docetaxel cancer '
E/el\;:(lg:?:er!I,_(gastuzumab | Phase Il1l: HER2-positive metastatic breast cancer [99], [100]
doxorubicin and
cyclophosphamide Pilot Phase I: early-stage breast cancer [95], [101]

abraxane, carboplatin,

Phase I1 trial: locally advanced bladder cancer

[102], [103]

bevacizumab

gemcitabine
gemcitabine, abraxane Phase I1: breast cancer [104]
gemcitabine, abraxane, Phase I1: breast cancer [104]
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trastuzumab, bevacizumab and pertuzumab: therapeutic monoclonal antibodies; vandetanib: VEGFR/EGFR tyrosine kinase inhibitor for thyroid
cancer treatment; motesanib: angiokinase inhibitor; ombrabulin: combretastain A-4 derivative; trebananib: peptibody, angiogenesis inhibitor;

curcuminoids: curcuminoid extract containing curcumin as main component and demethoxycurcumin and bisdemethoxycurcumin as minor

components; AMG-386: an angiopoietin (Ang) 1 and 2 neutralizing peptibody; MetMAb: a humanized monovalent monoclonal antibody against
the hepatocyte growth factor receptor (c-Met); MYOCET: a non-pegylated liposomal doxorubicin; NSCLC: non-small cell lung cancer; HRPC:
hormone-refractory prostate cancer.
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Table 2

New drug combinations in preclinical development

antagonist

Drug combination Proof of concept References
paclitaxel, AC480 xenograft in mice: MX-1 (breast) [152]
S xenograft in mice: Hs766t, Mia-PaCa-2, PANC-1, BxPC-3
abraxane, TH302, gemcitabin (pancreas) [153]
. xenograft in mice: Calu 6 (lung), NCI-N87 (stomach), MDA-MB-

paclitaxel/docetaxel, FR260330 231 (breast) [154]

docetaxel, AZD8186 xenograft in mice: PC3 (prostate), HCC70 (breast) [155]

paclitaxel/docetaxel, O6- xenograft in mice: HCT116 BBR, HCT116 (colon), MDA-MB-468 [156]

benzylguanine (BG) (breast)

paclitaxel, MPS-1 kinase inhibitor xenograft in mice: A2780cis (ovary), NCI-H1299 (NSCLC) [157]

(cpd A27)

paclitaxel, alisertib xenograft in mice: MDA-MB-231 (breast), NCI-H82, CTG-0166 [154]
(SCLC)

. . . xenograft in mice and /n vivo imaging of inflammatory breast

paclitaxel, romidepsin cancer (IBC): SUM 149, Mary-X model of IBC [158]

docetaxel, AZD5363 xenograft in mice: BT474c, HCC-1187 (breast) [155, 159]

sorafenib, docetaxel xenograft in mice: Mia-PaCa-2 (pancreas) [160]

PEGPH20, nab-paclitaxel, xenograft in mouse: BXPC-3 PDA (pancreas), MDA-MB- [131]

gemcitabine 468/HAS3 (breast)

. ~ . xenograft mice: MDA-MB-231, MDA-MB-435, MDA-MB-435-
siRNA for B7-H3 (shB7), paclitaxel shB7-H3 (breast) [161]
P xenograft in mice: NCI-H1975, HT29 (colon), HEL92.1.7

Hsp90 inhibitor, docetaxel (leukemia), HCC827 (NSCLC) [162]

decitabine/paclitaxel/ abraxane xenograft in mice: NSCLC16325/ NSCLC16384 (SPARC- [33]
negative)

abraxane, gefitinib xenograft in mice: EGFR-expressing BT474 (breast) [32]

abraxane, bevacizumab xenograft in mice: MDA-MB-231-Luc+, MDA-MB-435-Luc+ [32]
(breast)

abraxne, nab-17AAG xenograft in mice: H358, 11358 (lung) [32]

abraxane, nab-rapamycin xenograft in mice: HT29 (colon) [32]

abraxane, ABI-011 xenograft in mice: PC3 (prostate) [32]

abraxane, ABI-011, bevacizumab xenograft in mice: HT29 (colon) [95]

paclitaxel, rimcazole xenograft in mice: MDA-MB-231 (breast) [163]

paclitaxel, SIPIR-receptor xenograft in mice: HTB- 56 (NSCLC), MDA-MB-231 (breast) [164]
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bevacizumab: therapeutic monoclonal antibody; AAG: 17-allylamino-geldanamycin, PEG: polyethylene glycol; ABI-011: nab-thiocolchicine
dimer; SIPIR-receptor antagonist: a series of compounds were tested at the same time; Hsp90 inhibitor: a series of triazolones; NSCLC: non-small
cell lung cancer; SCLC: small cell lung cancer;
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