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1. Introduction

Nanotechnology is an upcoming and rapidly expanding field,
which affects our lives tremendously over the next decade in
different fields, especially in medicine. Nanomedicine provides
significant improvements in the diagnosis, treatment and man-
agement of diseases, contributing to realize the personalized
medicine [1-4]. By 2017, 51 products based on this technology have
been applied in clinical practice, and 1500 patents have been
completed [5-8]. Among the different nanotherapeutics, polymer-
ic nanoparticles have made a significant impact in the clinic [9].

Nanotechnology was used in pharmaceutics to improve the
delivery of poorly soluble, highly-toxic or unstable drugs [9-11].
PM are recognized as one of the most promising drug carriers in
clinical translation with the high rate of regulatory authorities
approval, which are the inner core/outer shell nanostructure with a
diameter of several tens of nanometers (10—100 nm) assembled by
amphiphilic block copolymers in the aqueous solution (Fig. 1) [12-
16]. Active pharmaceutical ingredients (API) were incorporated
into the inner hydrophobic core of PM, either by chemical
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conjugation or by physical entrapment [17-20]. Moreover, the
outer hydrophilic shell of PM can be further functionalized with
different moieties such as environment-responsive cleavable
linkages or targetable ligands, which will further improve
specificity and efficacy of micelle-based drug delivery [21-24].
The clinical application of PM formulations is mostly through
intravenous administration and intended for the delivery of
anticancer agents.

Several PM have already entered clinical practice, while most
are currently in clinical investigation for multiple indications
[25,26]. Notably, PM can solve the main drawbacks of conventional
medicines such as poor bioavailability, high-dose requirements,
adverse side effect, low therapeutic index and non-specific
targeting, showing potential in clinical settings [27-29]. The
success of drug-loaded nano-delivery system mainly relies on
typical changes in the pharmacokinetic profile of API, such as the
area under the plasma concentration-time curve (AUC), the
elimination half-life (t;/;), the volume of distribution (Vy4), total
body clearance (CL) and the maximum plasma drug concentration
(Cmax)- The European Medicine Agency pointed out that correctly
identifying the parameters that define relevant physicochemical
properties of micelles is critical to ensure its quality [30].

The important criteria for new nanomedicines approval are
based on the better therapeutic effect and safety profile. Clinical
trials include a stepwise assessment of the safety and efficacy, and
are divided into three phases: Phase I (mainly assesses safety,
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Fig. 1. Self-assembled PM as intelligent nanocarriers for drug delivery. The incorporated API is released from the inner core by diffusion.

including dose-limiting toxicity (DLT), maximum tolerated dose
(MTD) and pharmacokinetic profile), Phase II (mainly evaluates
efficacy, including the objective response rate, progression-free
survival (PFS) and overall survival), and Phase III (mainly evaluates
safety, efficacy and dosage) [31]. Treatment will be discontinued
when the disease progresses or unacceptable toxicities develop.
This review aims to provide an up to date overview on the current
development of PM and their clinical performance.

2. PM in clinical trials and on the market
2.1. Genexol-PM (anti-tumor drug)

Paclitaxel (PTX, C47Hs;NO14, 853.92 g/mol) is the prototype of
the taxane class of chemotherapeutics as part of the National
Cancer Institute screen of plants and natural products with
putative anticancer activity, which can inhibit microtubule
depolymerization of free tubulins [32-34]. Taxol® is a formulation
of PTX with a 1:1 mixture of polyoxyethylene castor oil
(Cremophor EL) and dehydrated alcohol, however, this non-ionic
surfactant at the needed doses of the drug frequently produces
acute hypersensitivity reactions [36]. Genexol-PM (Samyang Co.,
Seoul, Korea), marketed as Cynviloq or IG-001, is a PTX-loaded poly
(ethylene glycol)2000—b—poly(D,L—laCtide)1750 (PEGzooo—b—
PDLLA750) micellar formulation with a 25 nm diameter, and that
decreases the toxicity associated with Cremophor EL administra-
tion, as shown in Fig. 2 [33,35,36]. It is the first polymeric micellar
product to the market, and Sorrento Therapeutics Inc. announced
the acquisition of exclusive distribution rights from Samyang to
Genexol-PM in the European Union and in the United States (after
merging with IgDraSol Inc.). For constructing Genexol-PM, the
block copolymer and drug were dissolved in acetonitrile, and
stirred to evaporate the organic solvent. PTX-incorporated micelles
were obtained by dissolving the resulting transparent gel matrix
with preheated water.

Genexol-PM has been approved for the treatment of breast
cancer, non-small-cell lung cancer and ovarian cancer [38-40]. The
expansion of Genexol-PM in other cancer clinical applications are
undergoing clinical evaluation [40-42]. A Phase II study of
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Genexol-PM in patients with locally advanced or metastatic
pancreatic cancer showed that Genexol-PM at a dose of 300
mg/m? every three weeks was well tolerated and common
toxicities were similar to Taxol [42]. The overall responses rate
was 6.7%, with 1 patient in complete response and 2 patients in
partial responses, and the disease control rate was 60%. Median PFS
and median overall survival were 2.8 months and 6.5 months,
respectively. Grade 3 toxicities included neutropenia (40.0%),
fatigue (17.8%), infection (13.3%), dehydration (13.3%), neuropathy
(13.3%), and abdominal pain (11.1%). A Phase II study of Genexol-
PM (240 mg/m?) in patients with advanced urothelial cancer
previously treated with Gemcitabine and Platinum combination
chemotherapy (n = 37) showed Genexol-PM was well tolerated and
had sufficient antitumor activity as second-line chemotherapy
after Gemcitabine-Platinum failure in patients with urothelial
cancer [41]. Of 34 evaluable patients, the overall responses rate
was 21%, with 1 patient in complete response. Median PFS and
median overall survival were 2.7 months and 6.5 months,
respectively. Grade 3/4 non-hematologic toxicities included
neutropenia (14.7%) and infection (5.9%). Only 1 patient occurred
grade 3/4 hematologic toxicities.

A Phase II study of Genexol-PM (230 mg/m?) in combination
with Cisplatin (70 mg/m?) every three weeks for six cycles in 42
patients with unresectable thymoma (n = 14) or thymic carcinoma
(n=28) showed that Genexol-PM combined with Cisplatin had
comparable efficacy to that of anthracycline-based regimens and
was well tolerated [40]. For 40 evaluable patients, the objective
responses were 62.5% (46% for thymoma (n=13) and 70% for
thymic carcinoma (n =27)). The median PFS was 9.8 months (11.4
months for thymoma and 8.1 months for thymic carcinoma) and
the two-year overall survival was 77.9% for thymoma and 65.9% for
thymic carcinoma. Myelosuppression with grade 3/4 neutropenia
was observed in 26% patients (n = 11). Thymoma has been reported
to have a better prognosis and a more sensitive response to
chemotherapy than thymic carcinoma [43,44]. However, we found
a higher response rate for thymic carcinoma than for thymoma,
and a possible explanation is that a higher proportion of patients
with thymoma were exposed to previous chemotherapy compared
to thymic carcinoma (31% vs. 15%). In another Phase II study of
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Fig. 2. Schematic diagram of the preparation of Genexol-PM. The micelle carrier of Genexol-PM consists of the block copolymer of PEG (molecular weight (MW) of about

2000 Da) and PDLLA (MW 1750 Da).
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Table 1

Clinical information of Genexol-PM (size: 25 nm, block copolymer: PEG-PDLLA, API: PTX, DL: -) from ClinicalTrials.gov database.

NCT number Indication Intervention Clinical status
NCT00876486 *Breast cancer Genexol-PM III (Completed)
NCT03008512 *Hepatocellular carcinoma Genexol-PM II (Recruiting)
NCT01426126 *Bladder cancer Genexol-PM II (Completed)
*Ureter cancer

NCT02739529 *Gynecologic cancer Genexol-PM I (Unknown)
NCT02739633 *Recurrent/Metastatic adenocarcinoma of the pancreas Genexol-PM vs. Gemcitabine II (Recruiting)
NCT01770795 *Non-small cell lung cancer Genexol-PM & Gemcitabine II (Completed)
NCT01784120 *Metastatic breast cancer Genexol-PM & Doxorubicin II (Unknown)
NCT00912639 *Recurrent breast cancer Genexol-PM IV (Unknown)
NCT01169870 *Breast cancer Genexol-PM vs. Paclitaxel II (Withdrawn)
NCT00877253 *Ovarian cancer Genexol-PM & Carboplatin I (Completed)

" DL: Drug loading.
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Fig. 3. Schematic diagram of the preparation of Paxceed. The micelle carrier of Paxceed consists of the block copolymer of PEG (MW 2000 Da) and PDLLA (MW 1333 Da).

Genexol-PM, patients with advanced non-small cell lung cancer
(n=43) received Genexol-PM (230 mg/m?) on day 1 and Gemci-
tabine (1000 mg/m?) on day 1 and day 8 every three weeks for six
cycles [45]. The overall response rate, median PFS and median
overall survival were 46.5%, 4.0 months and 14.8 months,
respectively. The most common grade 3/4 toxicities included
neutropenia (16%) and pneumonia (12%). Notably, two patients
died of pneumonia and dyspnea. Genexol-PM combined with
Gemcitabine demonstrated the favorable antitumor activity in
non-small cell lung cancer, but the safety remains to be further
studied. Nevertheless, the results of these clinical trials showed an
encouraging response rate, which led to proceeding with Phase III
and Phase IV clinical evaluations.

Specific clinical information of Genexol-PM from ClinicalTrials.
gov database is shown in Table 1 [46].

2.2. Paxceed (anti-rheumatoid arthritis drug)

As a microtubule stabilizer, PTX can disrupt the normal
dynamic reorganization of the microtubule network necessary
for mitosis and cell proliferation. In addition, PTX can arrest the cell
cycle at G2/M phase, and inhibit tumor-associated angiogenesis
and tumor cell proliferation. Given the aggressive proliferation of
synovial cells and pannus formation in rheumatoid arthritis (RA),
PTX therapy for RA treatment is not surprising [47-49]. Paxceed
(Angiotech Pharmaceuticals, Inc., Vancouver, BC, Canada) is a PTX-
loaded PEGy,gpo-b-PDLLA 333 micellar formulation with a PTX
loading of 25% (w/w), as shown in Fig. 3 [50,51]. The dose of
Paxceed used for RA is much lower than that used for cancer. For
constructing Paxceed, PTX and the copolymer were dissolved in
acetonitrile followed by evaporation of the solvent. Micellar
solution was obtained by dissolving the resulting matrix with
preheated water.

A Phase II pilot Study of Paxceed in patients with severe
psoriasis (n=12) was conducted in Maryland [52]. At the stage I,
Paxceed (75 mg/m?) was intravenously infused every four weeks
for six cycles. Due to a decrease in efficacy three to four weeks after

each infusion, at the stage II, the adjusted dose of 37.5 mg/m? was
intravenously infused every two weeks for three cycles followed by
50 mg/m? of Paxceed for 6 cycles. In the stage I, all 5 patients
improved (mean=59.7% decrease in psoriasis area and severity
index, range 40.3%—79.2%). Four patients who completed stage Il
(n=7) improved (mean=45.9% decrease in psoriasis area and
severity index, range 14.6%—79.1%). Paxceed was well tolerated
throughout stage I and II. Phase III clinical trials of Paxceed are
currently in progress, but no new was reported since 2004.

Specific clinical information of Paxceed from ClinicalTrials.gov
database is shown in Table 2 [53].

2.3. NK105 (anti-tumor drug)

NK105 (NanoCarrier/Nippon Kayaku, Japan) is a PTX-
loaded PEGi2000-b-poly (4-phenyl-1-butanoate-L-aspartamide)soog
(PEG12000-b-PPBAggoo) micellar formulation with a 85 nm diameter
and aPTXloading of23%(w/w),as showninFig.4[54,55]. The half of
carboxylic groups of the polyaspartate block (P(Asp)) were
esterified with 4-phenyl-1-butanol to increase the hydrophobicity
of the core. For constructing NK105, the block copolymer and PTX
were dissolved in dichloromethane and dispersed in water as an
emulsion. After evaporation of dichloromethane, the block copoly-
mers self-assembled into core-shell PM incorporating PTX [56,57].

In a Phase II study, NK105 (150 mg/m?) was administered
intravenously every three weeks in patients with advanced gastric
cancer after failure of first-line chemotherapy without anti-allergic
premedication (n=56) [58]. The overall response rate was 25.0%,

Table 2
Clinical information of Paxceed (size: -, block copolymer: PEG-PDLLA, API: PTX, DL:
25%) from ClinicalTrials.gov database.

NCT number Indication Intervention Clinical status
NCT00055133 *Rheumatoid arthritis Paxceed I (Completed)
NCT00006276 *Psoriasis Paxceed I (Completed)

* DL: Drug loading.
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Fig. 4. Schematic diagram of the preparation of NK105. The micelle carrier of NK105 consists of the block copolymer of PEG (MW 12,000 Da) and P(Asp) modified with 4-

phenyl-1-butanoate (MW 8000 Da).

with 2 patients in complete responses and 12 patients in partial
responses. 30% patients experienced stable disease for several
months. The median PFS, median overall survival and time to
treatment failure were 3.0 months, 14.4 months and 2.8 months,
respectively. Drug related main toxicities were neutropenia
(64.9%), leukopenia (17.5%), lymphopenia (8.8%), neuropathysen-
sory (1.8%), fatigue (3.5%) and stomatitis (1.8%). NK105 at a dose of
150 mg/m? exhibited a 9-fold larger plasma AUC, a 26-fold lower
CL and a 10-fold lower V4 compared with conventional PTX at a
dose of 210 mg/m?.

Two independent Phase I studies of NK105 with once every
three weeks schedule (at doses ranging from 10—180 mg/m?) or
weekly schedule (at doses ranging from 50—100 mg/m?) were
conducted, which showed that weekly NK105 (80 mg/m?) was well
tolerance and presented a desirable antitumor activity profile
[59,60]. A Phase III non-inferiority study comparing NK105 and
PTX in patients with metastatic or recurrent breast cancer (n =436)
was started in 2012 and completed in July 2019 [61]. Although the
recommended weekly dose of NK105 was 80 mg/m?, neutropenia
was frequently observed in the subsequent expansion stages. The
dose had to be reduced to be 65 mg/m? based on the results from
the Phase I study [59]. NK105 (65 mg/m?) and PTX (80 mg/m?) was
administered intravenously once weekly for three consecutive
weeks. 3.3% patients (n=214) for NK105 and 10.8% patients
(n=213) for PTX discontinued treatment due to adverse effect
(neutropenia and leukopenia). The incidence of peripheral sensory
neuropathy (PSN) for NK105 and PTX were 1.4% vs. 7.5%,
respectively. The median PFS, the median overall survival and
overall response rates for NK105 and PTX were 8.4 months vs. 8.5
months, 31.2 months vs. 36.2 months and 31.6% vs. 39.0%,
respectively. Unexpectedly, the median PFS of PTX was longer
than NK105, which may be due to a lower dose intensity of NK105.
In 2016, Nippon Kayaku Co., Ltd. announced that “the primary
endpoint of the study, progression free survival, did not meet the
prespecified statistical criteria”, but NK105 was well tolerated and
had a better PSN profile than PTX.

Specific clinical information of NK105 from ClinicalTrials.gov
database is shown in Table 3 [62].

2.4. Paccal Vet (anti-tumor drug)
Paccal Vet (Oasmia Pharmaceutical) is a novel nanoparticle
formulation of PTX in combination with a novel excipient

composed of a surfactant-based derivative of retinoic acid (XR-

Table 3

17: N-all-trans retinoyl cysteine methyl ester sodium salt and N-13-
cis retinoyl cysteine methyl ester sodium salt) with a 20—40 nm
diameter, as shown in Fig. 5 [63,64].

A multi-center European, open label, single-arm study of Paccal
Vet in 29 dogs with grade II or Il mast cell tumors showed the
clinically significant biological activity of Paccal Vet against mast
cell tumors [65]. Paccal Vet was administered infused at doses
ranging from 135 mg/m? to 150 mg/m? every three weeks for three
cycles. Complete or partial responses were observed in 59% dogs.
The median time to response and median PFS were 15 days and 247
days, respectively. Grade 3/4 neutropenia and grade 1/2 leukope-
nia were observed in the most dogs. 13 dogs were discontinued the
study due to disease progression, with 9 dogs that were
euthanased and 1 dog that died. A Phase III study of Paccal Vet
vs. lomustine in 252 dogs with grade II or Il mast cell tumors
showed Paccal Vet had clinically safe and effective [66]. Overall
response rates for Paccal Vet and lomustine were 7% vs. 1%,
respectively. The majority adverse events of Paccal Vet were
transient and clinically manageable. 27 dogs (33%) treating with
lomustine developed hepatopathy and were discontinued com-
pared with 3 dogs (2%) treating with Paccal Vet.

Paccal Vet has been granted MUMS (Minor Uses/Minor Species,
similar to orphan drug designation) status and was approval by the
FDA Center for Veterinary Medicine for use in dogs with resectable
and nonresectable squamous cell carcinoma and nonresectable
stage III, IV and V mammary carcinoma [32]. Federal law prohibits
extralabel use of conditionally approved drugs, meaning that
Paccal Vet can only be utilized for aboved indications.

The trials of Paccal Vet are not listed in the ClinicalTrials.gov
database and the clinical information of Paccal Vet from published
literatures is shown in Table 4 [65,66].

2.5. BIND-014 (anti-tumor drug)

Docetaxel (C43H53N014, 807.9 g/mol) is a semi-synthetic taxoid
derived from the European yew and the first promising PTX analog.
Docetaxel is about twice as potent as PTX as an inhibitor of
microtubule depolymerisation, which was used widely as an
antimicrotubule agent in breast, lung, ovarian and gastric cancers
[67-70]. The clinical docetaxel formulation Taxotere is composed
of polysorbate 80 and ethanol, associated to several adverse
effects, including hypersensitivity reactions, hemolysis and
peripheral neuropathy [71,72]. BIND-014 (BIND Biosciences,
Cambridge, MA, USA) is a novel targeted nanoparticles with a

Clinical information of NK105 (size: 85 nm, block copolymer: PEG-PPBA, API: PTX, DL: 23%) from ClinicalTrials.gov database.

NCT number Indication

Intervention Clinical status

NCT01644890 *Breast cancer nos metastatic recurrent

NK105 vs. Paclitaxel III (Completed)

" DL: Drug loading.
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Fig. 5. Schematic diagram of the preparation of Paccal Vet. The micelle carrier of Paccal Vet consists of XR-17 (N-all-trans retinoyl cysteine methyl ester sodium salt and N-13-

cis retinoyl cysteine methyl ester sodium salt).

Table 4
Clinical information of Paccal Vet (size: 20-40 nm, block copolymer: XR-17, API:
PTX, DL: -) from published literatures.

NCT number Clinical status

11

Indication Intervention

*Solid tumors Paccal Vet

" DL: Drug loading.

100 nm diameter, which is composed of PEG-PLA decorated with
small-molecule prostate-specific membrane antigen substrate
analog inhibitor (S,5-2-[3-[5-amino-1-carboxypentyl]-ureido]-
pentanedioic acid, ACUPA), encapsulating docetaxel, as shown in
Fig. 6 [73,74].

A Phase I study of BIND-014 in patients with advanced or
metastatic tumors demonstrated BIND-014 was well-tolerated
with predictable and manageable toxicity [73]. The recommended
Phase Il dose for BIND-014 is 60 mg/m? every three weeks or
40 mg/m? weekly. A multicenter open-label, Phase II study of
BIND-014 in combination with prednisone in patients with
metastatic castration-resistant prostate cancer (n=42) was con-
ducted in 2013 [75]. BIND-014 (60 mg/m?) was intravenously
administered every three weeks along with prednisone (5 mg/m?)
twice daily. Drug-related adverse effect included fatigue (69%),
nausea (55%), neuropathy (33%), and neutropenic fever (2%). The
overall responses rate was 32%, with 1 patient in complete
response, 5 patients in partial responses and 9 patients in stable
diseases, and the median PFS was 9.9 months. In another Phase II
study, BIND-014 (60 mg/m?) was intravenously administered every
three weeks as the second-line therapy in 40 patients with Stage

McO

4

H
Y ACUPA

AN PEG-PLA

II/IV non-small cell lung cancer with characterized genomic status
(EGFR mutation, ALK rearrangement, KRAS mutation). 63% disease
control rate was observed in patients with KRAS mutations. The
common adverse effects such as neutropenia, anemia and
neuropathy were significantly reduced by BIND-014. Although
BIND-014 was somewhat effective against lung cancer, it was
disappointed in later clinical trials against cervical and head-and-
neck cancers (data not published). In April 2016, the company
announced that it would cut down its work with BIND-014, and
explore new targets [76].

Specific clinical information of BIND-014 from ClinicalTrials.gov
database is shown in Table 5 [77].

2.6. Nanoxel-PM (anti-tumor drug)

Nanoxel-PM (Samyang Co., Seoul, Korea), is a docetaxel-loaded
PEG>000- PDLLA 765 micellar formulation with a 25 nm diameter, as
shown in Fig. 7 [78,79]. For constructing Nanoxel-PM, Docetaxel
(4.0%, w/w) and the copolymer (76.0%, w/w) were dissolved in
ethanol, and stirred to evaporate the organic solvent. Micellar
solution was obtained by dissolving the resulting transparent gel
matrix with preheated water. D-Mannitol (20.0%, w/w) aqueous
solution as a cryoprotectant was added to the micellar solution,
stirred for 20 min at room temperature.

The relative magnitude of AUC; and C,.x of Nanoxel-PM to
those of Taxotere®™ was 106.2% and 107.0% for mice, 98.8% and
91.0% for rats, and 88.0% and 82.7% for beagle dogs, respectively,
which were within 100% + 20% regarded as being bioequivalent
[78]. Clinical studies had been registered in the ClinicalTrials.gov,
but no results were published.
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Fig. 6. Schematic diagram of the preparation of BIND-014. The micelle carrier of BIND-014 consists of the block copolymer of PEG-PLA and ACUPA-PEG-PLA.
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Table 5

Clinical information of BIND-014 (size: 100 nm, block copolymer: PEG-PLA & ACUPA-PEG-PLA, API: Docetaxel, DL: -) from ClinicalTrials.gov database.

NCT number Indication Intervention Clinical status

NCT01812746 *CRPC BIND-014 I (Completed)
*Prostate cancer

NCT01792479 *Non-small cell lung cancer BIND-014 I (Completed)

NCT01300533 *Metastatic cancer BIND-014 I (Completed)
*Cancer
*Solid tumors

NCT02283320 *KRAS positive patients with non-small cell lung cancer BIND-014 II (Completed)
*Squamous cell non-small lung cancer

NCT02479178 *Urothelial carcinoma BIND-014 Il (Terminated)

*Cholangiocarcinoma
*Cervical cancer
*Squamous cell carcinoma of head and neck

" DL: Drug loading.
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Specific clinical information of Nanoxel PM from ClinicalTrials.
gov database is shown in Table 6 [80].

2.7. Docecal (anti-tumor drug)

Docecal (Oasmia Pharmaceutical) is a next-generation nano-
particle formulation based on docetaxel, in combination with XR-
17 with a carrier to API ratio of 2.25:1, as shown in Fig. 8.

Docecal was approved for clinical trials in 2015. Preclinical
studies of Docecal demonstrated similar efficacy to Taxotere® in
inhibiting cell growth. The pharmacokinetic Phase 1 study
demonstrated that Docecal is bioequivalent with Taxotere®™
(AUCq_., and Cax) With regards to the total fraction of docetaxel
in plasma. No unexpected adverse events were reported. In a Phase
11 study, Docecal (100 mg/m?) without premedication or Taxotere®
(100 mg/m?) with standard mandated premedication was admin-
istered intravenously every three weeks for six cycles in 200
patients with metastatic breast cancer. Dexamethasone premed-
ication was given at a dose of 16 mg/day (8 mg twice per day) for
three days starting one day prior docetaxel administration. Drug

Table 6

. Docetaxel

3
Self-Assembly

25 nm
Nanoxel-PM

Fig. 7. Schematic diagram of the preparation of Nanoxel-PM. The micelle carrier of Nanoxel-PM consists of the block copolymer of PEG (MW 2000 Da) and PLA (MW 1765 Da).

related main toxicities were neutropenia (Docecal, 52% vs.
Taxotere®, 83%), leukopenia (Docecal, 15% vs. Taxotere®™, 27%)
and febrile neutropenia (Docecal, 14% vs. Taxotere®, 23%). The best
overall objective tumor response (the results from main analysis)
showed that non-inferiority with respect to efficacy could not be
determined for Docecal. After finalization of the treatment for
patients that completed all six cycles, additional statistical
analyses with respect to efficacy showed Docecal met non-
inferiority compared to Taxotere®™ within the predefined limits.
The efficacy as objective response rate is comparable at a later
timepoint than defined in the main analysis.

The trials of Docecal are listed in the EU Clinical Trials Register is
shown in Table 7 [81].

2.8. NC-6004 (anti-tumor drug)

Cisplatin (Cl,HgN,Pt, 300.05 g/mol) is a platinum chelate
complex and displays genotoxicity, activated intracellularly by
the aquation of the two chloride leaving groups, and then
covalently binds to DNA, forming DNA adducts [82]. Kataoka

Clinical information of Nanoxel-PM (size: 25 nm, block copolymer: PEG-PLA, API: Docetaxel, DL: -) from ClinicalTrials.gov database.

NCT number Indication Intervention Clinical status
NCT04066335 *Breast cancer Nanoxel Recruiting
*Non-small cell lung cancer
*Prostate cancer
*Ovarian cancer
*Head and neck cancer
*Gastric cancer
*Esophageal cancer
NCT02639858 *Head and neck squamous cell carcinoma Nanoxel II (Recruiting)
NCT03585673 *Esophagus squamous cell carcinoma Nanoxel & Oxaliplatin Il (Recruiting)
NCT02982395 *Metastatic cancer Nanoxel & Mitomycin-C III (Terminated)
*Non muscle invasiv bladder cancer
NCT03614364 *Salivary duct carcinoma Nanoxel & Herzuma I (Not yet recruiting)
NCT00915369 *Advanced breast cancer Nanoxel I (Unknown)

" DL: Drug loading.
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Fig. 8. Schematic diagram of the preparation of Docecal. The micelle carrier of Docecal consists of XR-17 (N-all-trans retinoyl cysteine methyl ester sodium salt and N-13-cis

retinoyl cysteine methyl ester sodium salt).

Table 7
Clinical information of Docecal (size: -, block copolymer: XR-17, API: Docetaxel, DL:
-) from EU Clinical Trials Register.

EudraCT number Indication Intervention Clinical status

2012-005161-12-

*Breast cancer Docecal 111

" DL: Drug loading.

and colleagues developed the first PM loaded with Cisplatin,
formed via polymer-metal complex formation between the
carboxylic groups of PEG-b-p(e,p-aspartic acid) and cisplatin in
water [83]. However, the rapid structural decay of the micelles led
to high levels of accumulation of drugs in the liver and spleen,
which resulted in similar antitumor efficacy as the free drug. To
improve the stability of the PM and the drug release profile, NC-
6004 (NanoCarrier, Japan/Orient EuroPharma, co-development,
Fig. 9), a Cisplatin-loaded PEG5000-b-poly(L-glutamic acid)gggo
(PEG-P(Glu)) micellar formulation with a 30 nm diameter and a
Cisplatin loading of 39% (w/w) was developed. For constructing
NC-6004, the sodium salt of PEG-P(Glu) and Cisplatin [(Glu) =
5 mmol/liter; (Cisplatin)/(Glu)=1.0]) were dissolved in distilled
water and reacted for 72h to prepare Cisplatin-incorporating
micelles [84-87]. In media containing chloride ions, Cisplatin is
released from NC-6004 through exchange reaction between the
carboxylic groups in P(Glu) and the chloride ions.

A Phase I study of NC-6004 for patients with advanced solid
tumors (n=17) was conducted in UK, at doses ranging from 10
mg/m? to 120 mg/m? [88]. Renal impairment and hypersensitivity
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reactions were developed at 120mg/m? as MTD, and the
recommended dose for Phase II of NC-6004 was 90 mg/m?. The
Crmax and AUC for NC-6004 at 120 mg/m? were 34-fold smaller and
8.5-fold larger than those for Cisplatin, respectively. There were no
patients in complete response or partial response, 41.2% patients in
stable disease. The median PFS was 49 days and 82.4% patients died
or had tumor progression. Another Phase I study of NC-6004 in
combination with gemcitabine for advanced solid tumors was
conducted in Japan (n=12) [89]. For the first treatment cycle (day
21/cycle) NC-6004 alone was administered at doses ranging from
60 mg/m? to 90 mg/m?2. From the second to eighth cycles, patients
received NC-6004 (on day 1/cycle) in combination with 1000
mg/m? of gemcitabine (on day 8/cycle). The most common drug-
related adverse events were neutrophil decrease (66.7%) and white
blood cell count decrease (41.7%). The MTD was determined to be
90 mg/m? and the recommended dose for Phase Il was 60 mg/m?.

A Phase I/II trial of NC-6004 plus gemcitabine for metastatic
pancreatic cancer was conducted in Taiwan and Singapore (n = 22)
[90]. NC-6004 at doses ranging from 60 mg/m? to 180 mg/m? (on
day 1/cycle) and 1250 mg/m? of gemcitabine (on day 1 and day 8/
cycle) was administered. Grade 3/4 leukopenia occurred in 68%
patients and grade 3/4 thrombocytopenia occurred in 59% patients.
Of 20 evaluable patients, tumor shrinkage occurred in 55%, partial
responses in 15%, and stable disease in 70%. No complete response
was observed. Since 2014, NC-6004 in combination with gemci-
tabine vs. gemcitabine alone has proceeded into Phase III study in
patients with locally advanced or metastatic pancreatic cancer, but
the results have not been published yet.
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Fig. 9. Schematic diagram of the preparation of NC-6004. The micelle carrier of NC-6004 consists of PEG12000-P(Glu)sopo-Na®.
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Table 8

Clinical information of NC-6004 (size: 30 nm, block copolymer: PEG-P(Glu)Na, API: Cisplatin, DL: 39%) from ClinicalTrials.gov database.
NCT number Indication Intervention Clinical status
NCT03771820 *SCCHN NC-6400 & Pembrolizumab II (Recruiting)
NCT03109158 *Carcinoma, Squamous cell of head and neck NC-6400 & Cetuximab & 5-FU I/II (Completed)
NCT02240238 *Solid tumors NC-6400 & Gemcitabine I/11 (Active, not recruiting)
NCT02817113 *Head and neck neoplasms NC-6400 & Cetuximab & 5-FU I (Unknown)
NCT02043288 *Pancreatic neoplasms NC-640 & Gemcitabine III (Unknown)
NCT00910741 *Locally advanced and metastatic pancreatic cancer NC-6400 & Gemcitabine I/l (Completed)

" DL: Drug loading.
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Fig.10. Schematic diagram of the preparation of NC-4016. The micelle carrier of NC-4016 consists of the block copolymer of PEG (MW 12,000 Da) and P(Glu) (MW 6000 Da).

Specific clinical information of NC-6004 from ClinicalTrials.gov
database is shown in Table 8 [91].

2.9. NC-4016 (anti-tumor drug)

Although NC-6004 showed good stability and efficient drug
disposal, cisplatin administration is associated with acute toxicity
and acquired resistance. Oxaliplatin (CgH4N>04Pt, 397.29 g/mol),
as the third-generation platinum drug, is a water-soluble deriva-
tive of the failed drug tetraplatin, which is different from Cisplatin
and Carboplatin in that it presents free amino groups linked to
platinum and has lower toxicity and tumor resistance [92-95]. NC-
4016 (NanoCarrier Co., Ltd., Japan) is an Oxaliplatin-loaded
PEG12000-P(Glu)ggpo micellar formulation with a 40 nm diameter
and an Oxaliplatin loading of 32% (w/w), as shown in Fig. 10. For
constructing NC-4016, Oxaliplatin first mixed with silver nitrate
([AgNOs]/[Oxaliplatin] = 1) in distilled water to form the aqueous
complex (25°C, 24 h), and then is separated from the precipitated
silver chloride (AgCl) by centrifugation (3000 rpm, 10 min) and
filtration (0.22 pm). After that, methoxy PEG-P(Glu) is added to the
solution of Oxaliplatin aqueous complex ([Glu] = 5 mmol/liter;
[Oxaliplatin]/[Glu] = 1.0) and reacted 5 days to prepare Oxaliplatin-
incorporating micelles [93,96]. In aqueous medium, NC-4016 is
formed by the coordinate complex formation between platinum in
Oxaliplatin and carboxylic groups in P(Glu).

Since 2000, Oxaliplatin has been extensively studied in
combination with many chemotherapy drugs, such as Gemcitabine
and Oxaliplatin in combination with Bevacizumab for advanced
hepatocellular carcinoma [97], Capecitabine and Oxaliplatin
compared with Fluorouracil/folinic acid and Oxaliplatin for
metastatic colorectal cancer [98,99], Oxaliplatin combined with
5-Fluorouracil (5-FU) or Gemcitabine for advanced pancreatic
carcinoma [100-102], Oxaliplatin, Fluorouracil and Leucovorin for
unresectable liver-only metastases from colorectal cancer [103],

Oxaliplatin combined with 5-FU for esophageal cancer [104],
Cetuximab combined with Oxaliplatin for metastatic gastric
cancer [105], Bevacizumab, Oxaliplatin, and Capecitabine with
radiation therapy for rectal cancer, showing an encouraging safety
profile and response rates in different cancers.

A Phase I dose-escalation and pharmacokinetic study of NC-
4016 in patients with advanced solid tumors or lymphoma (n = 34)
has been completed in 2017, at the University of Texas MD
Anderson Cancer Center (Houston, Texas, United State). NC-4016
was intravenously infused at doses ranging from 15 mg/m? to
80 mg/m? every three weeks, but no results have been published so
far.

Specific clinical information of NC-4016 from ClinicalTrials.gov
database is shown in Table 9 [106].

2.10. NK911 (anti-tumor drug)

Doxorubicin (Dox, C;H,9NO;;, 543.52 g/mol), known as
Adriamycin® or Rubex®, is a powerful anthracycline antibiotic
isolated from a mutated strain of Streptomyces peucetius, which can
mostly impair DNA replication along with RNA transcription by
interaction with topoisomerase II (Topo II) [107-111]. Dox can be
reduced intracellularly into a bioactive metabolite-doxorubicinol
(Fig. 11) [112,113]. NK911 (Nippon Kayaku, Japan), is a Dox-loaded
PEGsg00-poly(aspartic acid)4o00 block copolymer conjugated with

Table 9
Clinical information of NC-4016 (size: 40 nm, block copolymer: PEG-P(Glu), API:
Oxaliplatin, DL: 32%) from ClinicalTrials.gov database.

NCT number
NCT03168035

Intervention Clinical status

NC-4016

Indication

*Advanced cancer
*Lymphoma

I (Completed)

* DL: Drug loading.
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Table 10
Clinical information of NK911 (size: 40 nm, block copolymer: PEG-P(Asp-Dox), API:
Dox, DL: -) from published literatures.

NCT number Intervention Clinical status

NK911 11

Indication

*Metastatic pancreatic cancer

" DL: Drug loading.

Dox (PEG-P(Asp-Dox)) micellar formulation with a 40 nm diame-
ter, as shown in Fig. 11. To increase the hydrophobicity of the
hydrophobic block and increase the compatibility and affinity
between the core and the physically loaded Dox, Dox was partially
conjugated (ca. 45%) to the carboxylic groups of the P(Asp) block
via a hydrolytically stable amide bond. For constructing NK911, the
block copolymer and drug were dissolved in the aqueous medium
and drug was incorporated inside the core of the formed micelles
[114]. It was the physically encapsulated Dox rather than the
conjugated Dox that exerted antitumor activity.

In the Phase I study, NK911 was administered infused at doses
ranging from 6 mg/m? to 67 mg/m? every three weeks in 23
patients with metastatic or recurrent solid tumors refractory to
conventional chemotherapy [115]. DLT was neutropenia observed
at a dose of 67 mg/m? (grade 4 neutropenia lasting more than 5
days), and this dosage level was determined to be the MTD. The
recommended Phase II dose of NK911 was 50 mg/m? every three
weeks. At 50 mg/m?, the plasma AUC of NK911 (3.2 p.gh/mL) was 2-
fold higher than that of free Dox (1.6 wgh/mL). Based on the good
tolerability, preliminary signs of efficacy, and the lack of response
associated with infusion, the decision was made to proceed with
clinical development against metastatic pancreatic cancer. How-
ever, no news has been reported since 2004.

The trials of NK911 are not listed in the ClinicalTrials.gov
database and the clinical information of NK911 from published
literatures is shown in Table 10 [115].
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2.11. Sp1049C (anti-tumor drug)

Sp1049C (Supratek Pharma, Inc., Montreal, Canada) is a micellar
formulation composed of Dox physically loaded in a blend of two
micellar forming non-ionic Pluronic block copolymers (Pluronic
F127 and Pluronic L61 at a ratio of 1:8 (w/w)) with a 30 nm
diameter and a Dox loading of 8.2% (w/w), as shown in Fig. 12.
Pluronic F127 is used to stabilize the micelles, and Pluronic L61 is
used for chemosensitization since it can inhibit the efflux
transporter P-gp [116].

In a Phase I clinical trial, Sp1049C was administered infused at
doses ranging from 5 mg/m? to 90 mg/m? every three weeks for at
least six cycles in patients with advanced solid tumors (n=26)
[117]. The pharmacokinetic profile was linear (R*>=0.71, Cpax and
AUCy._, increases proportionally with doses) and the t;;, obtained
from Sp1049C (48.8 h) was longer than that of conventional Dox
(30 h). The MTD was 70 mg/m? and is recommended for Phase II
trials. The DLT was myelosuppression at 90 mg/m? and non-
hematological toxicity included alopecia, stomatitis and transient
lethargy. Of 21 evaluable patients, no patients had a partial or
complete response and 30.8% patients had stable disease with a
median time to progression of 17.5 weeks. Sp1049C was granted
orphan drug designation by FDA for therapy of esophageal
carcinoma (in 2005) and gastric cancer (in 2008). A Phase II
clinical trial of Sp1049C (75 mg/m?) in patients with advanced
adenocarcinoma of the esophagus and gastroesophageal junction
(n=21)was conducted in 2002, and showed a notable single-agent
activity and an acceptable safety profile [118]. Of 19 evaluable
patients, 9 patients had a partial response and 8 patients had stable
disease. The objective response rate, median overall survival and
PFS were 47%, 10 months and 6.6 months, respectively. Neutrope-
nia was the predominant haematological toxicity as DLT. Although
Sp1049C had reached Phase Il trial in patients with gastrointesti-
nal cancer, no results have been reported since 2008.
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Fig. 12. Schematic diagram of the preparation of Sp1049C. The micelle carrier of Sp1049C consists of Pluronic F127 and Pluronic L61.
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Table 11
Clinical information of Sp1049C (size: 30 nm, block copolymer: Pluronic F127 &
Pluronic L61, API: Dox, DL: -) from published literatures.

NCT number Intervention Clinical status

Sp1049C 11

Indication

- *Gastrointestinal cancer

" DL: Drug loading.

The trials of Sp1049C are not listed in the ClinicalTrials.gov
database, and the clinical information of Sp1049C from published
literatures is shown in Table 11 [119].

2.12. NC-6300 (anti-tumor drug)

Epirubicin (C,;H,9NO14, 543.52 g/mol), is the 4’-Epirubicinmer
of the anthracycline antibiotic Dox, and the cardiotoxicity of
Epirubicin is ~66% of that of Dox [119-122]. NC-6300 (NanoCarrier
Co., Ltd, Japan), known as K-912, comprises Epirubicin covalently
bound to the PEGiz0p0-polyaspartate (PEGi2000-b-P(Asp)) block
copolymer via an acid-labile hydrazone bond with a 40—80 nm
diameter, as shown in Fig. 13 [123]. The P(Asp) is partially modified
with benzyl groups to stabilize the micellar structure, and the
number of Asp residues is 40 in which approximately 20 benzyl
groups and eight molecules of Epirubicin are conjugated [124]. NC-
6300 is pH-responsive, around 80% of Epirubicin was released at
pH 3.0 within 1h, whereas only about 20% of Epirubicin was
released at pH 7.0 or pH 7.4 within 48 h.

In Japan, a Phase I clinical study of NC-6300 in 19 patients with
advanced or recurrent solid tumors was conducted, showing NC-
6300 was well tolerated and less toxicity than conventional
Epirubicin formulation [123]. NC-6300 was administered at doses
ranging from 15mg/m? to 225 mg/m? every three weeks. The
pharmacokinetic profile was linear (Cpax and AUCy_., increases
proportionally with doses) and the V4 was approximately equal to
the blood volume indicating minimal distribution. There was no
significant cardiac related adverse event in patients at 15—-225
mg/m?, even at 900 mg/m?. One patient with breast cancer had
partial response at 100 mg/m? and 10 patients had stable disease.
The MTD and the recommended dose for Phase II studies were
determined to be 170 mg/m?2. The Phase Il clinical study of NC-6300
is required to further define its antitumor activity and tolerability
in patients with soft tissue sarcoma.

Specific clinical information of NC-6300 from ClinicalTrials.gov
database is shown in Table 12 [125].

2.13. NK012 (anti-tumor drug)
SN-38 (C23H»0N»05, 392.4 g/mol) is a biological active metabo-
lite of irinotecan hydrochloride (CPT-11), which impedes DNA

replication and transcription by interfering with the topoisomer-
ase I (Topo I), approved by the FDA for the treatment of recurrent
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metastatic colorectal cancer [126,127]. Although CPT-11 is con-
verted to SN-38 in liver and tumor, the metabolic rate is lower (<
10%), and the conversion of CPT-11 to SN-38 depends on the
genetic variation of the carboxylesterase activity between individ-
uals. Therefore, further effective use of SN-38 may have tremen-
dous advantages in cancer treatment [128]. SN-38 can be
metabolized by UGT1A1 enzymes, and polymorphism of the
UGT1A1 gene is associated with the incidence of severe neutrope-
nia [129,130]. Notably, at physiological pH, the lactone SN-38 with
anticancer activity is partially converted into the inactive
carboxylate [131]. NKO12 (Nippon Kayaku, Co.), is a SN-38-loaded
PEG12000-b-P(Glu)7000 micellar formulation with a 20 nm diameter
and a SN-38 loading of 20% (w/w), as shown in Fig. 14 [130,132].
The covalent of SN-38 was introduced into the P(Glu) segment by
the condensation reaction between the carboxylic acid on P(Glu)
and the phenol on SN-38 at 26 °C NK012 was constructed with self-
assembling PEG;2000-PGlu(SN-38) in an aqueous milieu.

A Phase I clinical trials in 38 patients with solid tumors (UGT1A1
*28 allele genotype of wt/wt and wt/*28), NKO12 was intravenously
infused at doses ranging from 9 mg/m? to 37 mg/m? every three or
four weeks [133]. A higher plasma AUC of NKO12 and a longer t;,,
value of polymer-unbound SN-38 at a dose of 28 mg/m? (287
rgh/mL & 282 h) were observed compared to that of CPT-11 at a
dose of 250mg/m? (27.86 wgh/mL & 13.9h). Of 37 evaluable
patients, 6 patients had partial responses, 18 patients had stable
diseases and 12 patients had disease progression. The recom-
mended Phase Il does of NK012 was 28 mg/m? every four weeks. In
Japan, a Phase I clinical trials of NKO12 determined the recom-
mended dose for Phase II trial was 28 mg/m? and the DLT was
neutropenia, in which patients were not homozygous or heterozy-
gous for UGT1A1 *28 or UGT1A1 *6 [134]. Subsequently, a Phase II
trial of NKO12 in unresectable, recurrent or metastatic colorectal
cancer patients previously receiving Oxaliplatin-based chemother-
apy was conducted [135]. Group A (53 patients with UGT1A1
genotype -/-, “6/-, or *28/- for evaluating the primary efficacy) and
group B (5 patients with UGT1A1 genotype *6/*28 or *6/*6 for
evaluating the reference) were administrated intravenously at the
initial doses of 28 and 18 mg/m? every three weeks. The disease
control rate, the median PFS and overall survival were 56%, 3.30
months and 15.03 months, respectively. The overall response rate
was 3.8%, which was similar to the irinotecan (4.2%) reported in the
Phase Il EPIC trial. Based on the incidence and severity of DLT (grade
> 3 neutropenia), the initial dose of NK012 (28 mg/m?) may be
excessive for patients. The optimal dose of NKO12 needs further
study to improve the efficacy and safety. In the USA, two Phase II
clinical trials of NKO12 were underway in patients with relapse
small cell lung cancer and triple negative breast cancer.

NKO12 was employed in combination with different conven-
tional drugs to further improve the efficacy of the monotherapy
regimen, such as combined with 5-FU for colorectal cancer and
combined with cisplatin for small cell lung cancer [136,137].
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Fig. 13. Schematic diagram of the preparation of NC-6300. The micelle carrier of NC-6300 consists of the block copolymer of PEG (MW 12,000 Da) and P(Asp) partially
modified with benzyl groups. The number of Asp residue is 40 (the sum of n, o, p and q=40).
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Table 12
Clinical information of NC-6300 (size: 40-80 nm, block copolymer: modified PEG-P
(Asp), API: Epirubicin, DL: -) from ClinicalTrials.gov database.

NCT number
NCT03168061

Intervention Clinical status

NC-6300

Indication

*Solid tumor

*Soft tissue sarcoma
*Metastatic sarcoma
*Sarcoma

I/II (Recruiting)

" DL: Drug loading.

Specific clinical information of NKO12 from ClinicalTrials.gov
database is shown in Table 13 [138].

3. Discussion

Data from clinical studies suggested the potential and prospect
of self-assembling PM as an alternative and efficacious drug
delivery vehicle. PM can change the pharmacokinetics of
encapsulated/conjugated drugs (a decrease in the V4 and CL,
and an increase in the AUC and t;)3), resulting in a decreased
toxicity compared to the conventional formulations (non-PM)
allowing the use of higher drug doses in a clinic. In our review, four
micellar formulations incorporating PTX (Genexol-PM, NK105,
Paccal Vet and Paxceed) without Cremophor EL, two micellar
formulations incorporating docetaxel (BIND-014, Nanoxel-PM and
Docecal), two micellar formulations incorporating Dox (NK911 and
Sp1049C), and one micellar formulation incorporating cisplatin,
oxaliplatin, epirubicin or SN-38 (NC-6004, NC-4016, NC-6300 or
NKO12) are currently under clinical evaluation for different
indications, mostly showing the positive clinical results. Addition-
ally, the major clinical trials of PMs incorporating PTX and its
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derivative-docetaxel have basically completed Phase II clinical
trials (Table 14), showing a good trend of development. However,
NK105 and BIND-014 were declared a failure due to a lack of
efficacy, which could be explained by the heterogeneity among
patients in clinical trials, appropriate regulatory guidelines and
instability under biological environment. This efficacy may be
further improved if the dose and administration schedule are
modified. The proprietary of information results in many unpub-
lished clinical results, including the Phase III clinical trials of
Paxceed, Sp1049C and NC-6004 combined with gemcitabine, and
the clinical trials of Nanoxel PM.

Due to the hydrophobic character of many anticancer drugs, the
development of PM-based therapies focusing on the treatment of
cancer has attracted widespread attention (as video). Several
formulations have been investigated in clinical studies, and
Genexol-PM has been approved by the FDA. PM can be
preferentially accumulated in tumors utilizing the leaky nature
of the tumor vasculature and impaired lymphatic drainage,
however, this mechanism has recently been questioned [139-
142]. Warren C. W. Chan team demonstrated that the dominant
mechanism by which nanoparticles entry into tumors is active
transcytosis process rather than EPR [139]. BIND-014 is a unique
multifunctional nanoparticles complex with targeting ligand
investigated in clinical trials. Modulation of cell specificity by
introduction of targeting ligands has the potential for overcoming
biological barriers. Also, depending on the pharmacodynamic
profile of the incorporated drug, triggered release by exogenous
light/sound, or endogenous microenvironmental cues (pH or
enzymatic activity), could be envisioned to further improve the
therapeutic efficacy [143]. Such a multifunctional system is bound
to increase the complexity in the development process.
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Fig. 14. Schematic diagram of the preparation of NKO12. The micelle carrier of NKO12 consists of the block copolymer of PEG (MW 12,000 Da) and P(Glu) (MW 7000 Da).

Table 13

Clinical information of NK012 (size: 20 nm, block copolymer: PEG-P(Glu), API: SN-38, DL: 20%) from ClinicalTrials.gov database.

NCT number Indication Intervention Clinical status

NCT00951613 *Small cell lung cancer NKO12 II (Completed)

NCT00951054 *Triple negative breast cancer NKO12 II (Completed)

NCT00542958 *Cancer NKO12 I (Completed)

NCT01238952 *Advanced solid tumors NKO12 & Carboplatin I (Completed)
*Metastatic triple negative breast cancer

NCT01238939 *Advanced solid tumors NKO12 & 5-FU [ (Completed)

*Metastatic colorectal cancer

" DL: Drug loading.
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Table 14

The major clinical trials of PTX and its derivatives-docetaxel.
Product Indication Phase Year Ref.
Genexol-PM Breast cancer, ovarian cancer, non-small-cell lung cancer Approved 2013 [37-39]
Paxceed Rheumatoid Arthritis 1l 2004 [52]
NK105 Breast cancer Uil 2017 [61]
Paccal Vet Mast cell cancer 111 2009 [65]
BIND-014 Prostate cancer Il 2016 [75]
Nanoxel-PM Head and neck squamous cell carcinoma, esophagus squamous cell carcinoma Il 2020 [80]
Docecal Breast cancer Ul 2015 [81]

Cancer is a complex disease involving multiple pathways and
has led to great interest in combination treatments [144].
Inhibiting singleness of therapeutic target may be insufficient to
achieve tumor recession, and the synergistic effect of multiple
pathways may provide the chance of eliminating the cancer.
Furthermore, combination therapies usually achieve therapeutic
synergy or a medicinal effect that is greater than the sum of each
drug treatment alone (1+1 > 2). Improved survival and better
response rates in clinical practice has further demonstrated the
benefit of combination therapies. However, the effective adminis-
tration of multiple drugs with the optimal dose ratio is
complicated by dissimilar pharmacokinetics and distribution
due to different metabolic rates within body. The novel ‘two in
one’ approach that carries multiple therapeutics agents in one
nanoparticle is under clinical investigation, such as a liposomal
nanoparticle containing CPX-1 and paclitaxel/tanespimycin
[145,146]. A long-term use of chemotherapy is often hampered
by the development of drug resistance, which is often attributed to
gene mutations, gene amplification or epigenetic changes that
affect the uptake, metabolism or export of drugs from single cells.
Another important cause for anticancer drug resistance is the
limited ability of drugs to penetrate tumor tissue and to reach all
tumor cells at potentially lethal concentrations. Additionally, the
heterogeneity of the tumor microenvironment leads to significant
gradients in the rate of cell proliferation and the regions of hypoxia
and acidity, all of which can affect the sensitivity of tumor cells to
drug therapy [147148]. Adequate and rational combination
therapy, especially the combination of chemotherapy and immu-
notherapy, can delay or prevent the emergence of drug-resistance
mutants and increase the rates of clinical cures. In recent years,
chemoimmunotherapy, combining chemotherapeutics and immu-
notherapeutic, has emerged as a promising approach for cancer
treatment, with the advantages of cooperating two kinds of
treatment mechanism and enhancing therapeutic effect [149].
Some chemotherapy drugs, such as anthracycline, not only can
induce cancer cell death, but also can stimulate antitumor
immunity by immunogenic cell death (ICD) [150]. Although Dox
can stimulate antitumor immunity by inducing ICD, the immuno-
genicity of tumor cells killed was weak [151,152]. Further
investigation of the immunogenic potential of other drugs, either
alone or in combination, is warranted. In addition, new nano-
materials with immunomodulator function or enhancing the
function of immunomodulator are also being continuously
explored in research.

MNovel applications under development (7-20 years)

ws wg

»@W Safety

The first generation of PMs (such as PEG-PLA) aimed at
solubilizing hydrophobic agents, however, PMs are administered
intravenously and accompanied by micelle dilution in the
bloodstream (the concentration will drop below CMC), resulting
in (partial) micelle dissolution. Different strategies, including
chemical crosslinking of PMs core and drug, covalent coupling of
the drug to the polymer chains (such as NC-6004, NC-6300 and
NKO012), and hydrophobic interactions between the drug and the
hydrophobic block of the copolymer, have been developed to
achieve improved retention and stability of drug-loaded PMs [87].
In addition, the binding of the block copolymers to blood
components (such as albumin and apolipoproteins) can also
initiate micelle dissociation and premature drug loss [153].
Therefore, the growing number of cell-derived nanocarriers
provides a glimpse of the drug delivery potential behind biological
functionalization.

In general, there has little consideration on the relationship
between the disease, patient pathophysiology and physicochemi-
cal properties of nanomedicine, so that knowledge regarding the in
vivo fate and biophysical and chemical interaction of nano-
medicines remains limited [5]. In silico models with better
explanatory and predictive power has been used to investigate
the influence of a range of parameters in biologically realistic
scenarios (realistic models of the tumors), which not only can
screen out the optimum nanoparticles based on patient-specific
data but also minimize costly trial-and-error design methods
[154]. Notably, this presents a new opportunity to allow us to
investigate the influence of a range of designs and understand the
complex immune clearance mechanisms in biologically relevant
scenarios.

PM offers enormous advantages but is equally challenging. The
current evaluation of safety, toxicity and compatibility of nano-
medicines is based on FDA existing regulations for conventional
drugs. Nanomedicines begin clinical trials to investigate their
safety and efficacy in humans after gaining the investigational new
drug (IND) application. After approval for clinical trials, the FDA
revokes the IND and approves the new drug application (NDA). The
general process of nanomedicines development is shown in Fig. 15
[155-157]. However, questions have been raised about the FDA’s
current approach for regulating nanomedicines, and critics oppose
adapting and applying existing regulations [158,159]. Therefore,
there is an urgent need for a formal regulatory guideline
specifically applicable to nanomedicines, which must be specific
and sufficiently rigorous to ensure the safety and efficacy of

Commercial

Clinical development (1-7 years) product

- - B

Safety

Efficacy Efficacy © E!%_i}gw
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Fig. 15. Schematic diagram of the general process of nanomedicines development.
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Fig. 16. Challenges to the clinical translation of nanomedicines.

nanoproducts [158,159]. In addition to the inadequate regulatory
guidelines, the clinical translation of nanomedicines still faces
multiple challenges, such as reproducible and cost-effective
manufacturing and scale-up; availability of characterization
methods; safety concern; instability in biological environments;
and insufficient understanding of patient disease heterogeneity
[160-163]. Challenges to the clinical translation of nanomedicines
are summarized in Fig. 16, which have to be addressed with
ongoing advances in science and technology.

Overall, nanotechnology has become closely related with
cancer care today and has been applied in an evolutionary manner
to improve the properties of cancer therapeutic. To achieve an
efficient clinical translation, collaboration among academia,
industry and regulatory bodies is required to ensure safe and
effective nanomedicines.

4. Outlook

PM-based drug delivery systems have a broad application
prospect in clinical research. Despite all the formidable challenges,
the prospect of this emerging field is still limitless. In the future,
advances in this field will revolutionize the clinical landscape,
improve our therapeutic and diagnostic facilities, and ultimately
achieve the long-term success of tumor therapy.
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