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Abstract
With countless research papers using preclinical models and showing the superiority of
nanoparticle design over current drug therapies used to treat cancers, it is surprising how deficient
the translation of these nano-sized drug carriers into the clinical setting is. This review article
seeks to compare the preclinical and clinical results for Doxil®, PK1, Abraxane®, Genexol-PM®,
Xyotax™, NC-6004, Mylotarg®, PK2, and CALAA-01. While not comprehensive, it covers nano-
sized drug carriers designed to improve the efficacy of common drugs used in chemotherapy.
While not always available or comparable, effort was made to compare the pharmacokinetics,
toxicity, and efficacy between the animal and human studies. Discussion is provided to suggest
what might be causing the gap. Finally, suggestions and encouragement are dispensed for the
potential that nano-sized drug carriers hold.
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1. Introduction
Nanotechnology is a remarkable example of human achievement. In only a few decades of
concerted effort, our knowledge of the laws of physics and chemistry has expanded to the
point that we are able to manipulate matter at nearly the atomic scale to create complex
structures with unique and potentially revolutionary functions. Nanotechnology describes
the ability to manipulate matter at the scale of 1–100 nanometers in order to create and use
structures with new, unique and useful properties [1]. This technology has far-reaching
implications for improving the human condition, including more compact and powerful
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microchips and processors, more robust agriculture, cleaner, more efficient fuels, and better
health. With this promise in mind, billions of dollars have been invested in nanotechnology
research, and in some fields the return of that investment is starting to be realized [2].
However, as with most new technologies, progress has been uneven and the nature of future
advancements uncertain.

Nanomedicine is the application of nanotechnology to improve the health of individuals
through better diagnoses and treatments. However, nanomedicine is a very broad term,
including applications in sensors, tissue engineering, imaging agents and other diagnostics,
lab-on-a-chip devices, therapeutic agents, and drug carriers. Its usefulness has been diluted
by a degree of irrational exuberance that has permeated the discussion of nanotechnology
over the last few decades [2], [3], [4], [5], [6], [7], [8], [9], [10], [11], [12]. Furthermore,
certain technologies such as liposomes, polymer therapeutics, and protein therapeutics have
existed long before “nanotechnology” was introduced. Thus, when considering drug
delivery technology, particularly for anti-cancer therapeutics, it may be useful to abandon
the term nanomedicine and instead adopt less loaded descriptors. This review will refer to
these technologies as nano-sized drug carriers or simply drug carriers which are injectable
into the blood stream, and focus on those drug carriers which were designed to provide
better efficacy and lower toxicity for cancer therapeutics. The impact of drug carriers has in
some ways been difficult to judge; they can be quite versatile, allowing researchers the
flexibility to design delivery strategies specific to environmental challenges posed by the
body. On the other hand, the more complex designs have thus far had little impact on
clinical therapies beyond merely adding the rhetoric of targeted drug delivery to somewhat
conventional therapies.

Cancer has been an area of particular interest for nano-sized drug carriers due to the
enhanced permeability and retention (EPR) effect which is thought to provide them with
significant therapeutic advantages over small molecule chemotherapy drugs [13], [14]. EPR
refers to the tendency for nanoparticles and macromolecules to accumulate in tumors more,
in comparison with the control solution formulations, due to the disorganized and ill-formed
blood vessels that contain large fenestrae through which these large molecules can pass.
Retention is increased by the dysfunctional lymph vessels which significantly hinder
drainage from the tumor interstitial space. EPR was first discovered in the 1980s by Dr.
Hiroshi Maeda and has subsequently become a key concept in the field of cancer drug
delivery [15], [16]. According to the EPR hypothesis, nano-sized drug carriers should enjoy
a natural advantage over traditional therapies as the increased drug concentration within a
tumor should provide improved efficacy, and reduced toxicity due to the shielding of the
drug from the rest of the body. This has generally been the case in the animal models used
for preclinical studies [17], [18], [19], [20], but the improved efficacy promised by the EPR
effect has often failed to materialize in clinical settings [21], [22].

The apparent gap between preclinical animal models and the clinical tumors encountered by
clinicians is of great interest if drug carriers are to make a significant impact at the core of
cancer therapy rather than just at the margins. Oncology drugs (including drug carrier
technologies) suffer a 95% failure rate after entering human trials. Most of these failures
occur in the efficacy phases and can cost hundreds of millions of dollars. A better
understanding of the shortcomings of commonly used models could thus potentially save
billions of dollars in wasted effort.

This review presents a cross section of some of the most important formulation strategies
being pursued by researchers including liposomal formulations, micelles, linear polymers
and protein carriers. Each of these formulations is unique in the way it changes the
interactions between the drug and body. Some are designed with a half-life of several days,
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leaving a portion to circulate for weeks in the blood, with the intent to slowly accumulate in
the tumor via EPR. Others simply attempt to improve the solubility of the drug cargo
without harmful effects. Still others seek to actively target tumors by attaching groups that
participate in ligand binding events with either cancer cell surface proteins or other targets
of interest. Most of these formulations drastically impact how the drug and body interact,
including starkly different pharmacokinetic parameters such as half-life, area under the
curve, distribution, and clearance. Curiously, however, the impact of these formulations on
efficacy is rarely significant outside the laboratory (Fig. 1).

Comparing human tumors to animal models can be a difficult game. In addition to the
obvious differences in size, lifespan, physiology and metabolism between humans and mice
which most commonly serve as models, the cancers themselves are significantly different
from their naturally derived counterparts. Model cancers are grown artificially, from single
cell lines, and in a matter of weeks, whereas human tumors emerge from complex tissues
under immune surveillance over years. To make matters worse, preclinical and clinical
rarely use the same benchmarks or endpoints. Preclinical studies often make use of
measurements not available to the clinician, such as tumor diameter. Phase III efficacy
studies generally use the best available therapy as a comparator, which often includes
combinational therapies. Preclinical studies, on the other hand, do not always use the best
available therapies as comparators but rather single compound formulations of the same
drug contained in the carrier.

Given these differences, it may be reasonable to ask what can realistically be expected from
human trials after successful animal trials, and are new drug formulations to treat human
patients or mice being designed? Some of these discrepancies are beyond our control, but
others can be ameliorated by concerted effort and greater global communication between the
research and clinical communities as well as relevant regulatory agencies. Following the
history of these drugs from the benchtop to the bedside provides some insight into where the
shortcomings are, whether in the models used or in the discussions about them.

2. Doxorubicin
Doxorubicin is an anthracycline topoisomerase inhibitor. It was first isolated from culture
medium of Streptomyces peucetius var. caesius by F. Arcamone from Farmitalia Research
Laboratories in 1967 [23]. The anticancer activity of doxorubicin is given by multiple
mechanisms [24], [25]. Doxorubicin intercalates between base pairs in the DNA helix, and
inhibits the binding of DNA and RNA polymerase, resulting in the prevention of DNA
replication and protein synthesis. Specifically, DNA intercalated with doxorubicin stabilizes
the topoisomerase II-DNA complex during DNA replication, and prevents the ligation of the
nucleotide strand after double-strand breakage. Since its approval, doxorubicin has been
widely used to treat various malignancies (acute lymphoblastic leukemia, acute
myelogenous leukemia, breast cancer, gastric cancer, Hodgkin’s lymphoma, neuroblastoma,
non-Hodgkin’s lymphoma, ovarian cancer, small cell lung cancer, soft tissue and bone
sarcomas, thyroid cancer, transitional cell bladder cancer, Wilms’ tumor and others) [26],
[27], [28]. However, the use of doxorubicin has been limited by toxicities such as
hematopoietic suppression, nausea, vomiting, apoplexy, alopecia and especially
cardiotoxicity, which is a fatal adverse effect. Cardiotoxicity is characterized by a broad
spectrum of symptoms ranging from asymptomatic electrocardiography (ECG)-changes, to
pericarditis and decompensated cardiomyopathy. The probability of developing
cardiotoxicity is largely dose-dependent. The usual dosage of doxorubicin is 60–75 mg/m2

every 3 weeks. Cardiomyopathy and congestive heart failure occur most frequently above a
cumulative dose of 450–550 mg/m2 doxorubicin [29]. The most common cause of
doxorubicin-related cardiotoxicity is oxidative stress. Doxorubicin produces oxygen free
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radical resulting in lipid peroxidation of cell membrane lipids [30], [31], [32], [33]. The
specificity of the oxidative stress to the cardiac cells could be due to relatively low levels of
antioxidant enzymes in heart [34].

2.1 Doxil®/Caelyx®
Doxil® [US], or Caelyx® [outside US], was the first FDA-approved nano-sized drug carrier
formulation [35]. As seen in (Fig. 2), the doxorubicin molecules are encapsulated in a
bilayer vesicle of lipids and is known as a liposome. This liposome is coated by a layer of
poly(ethylene glycol) (PEG) to limit uptake by the mononuclear phagocyte system (MPS).
Doxil® was developed as pegylated liposomal doxorubicin (PLD) to enhance efficacy and
decrease toxicity of doxorubicin by virtue of its size (80–90 nm), pegylated surface, and
stability in the blood, which allow prolonged blood circulation time considered necessary for
high accumulation of doxorubicin in tumors [36].

2.1.1 Preclinical studies—Doxorubicin shows biphasic curves of plasma concentration
after intravenous (i.v.) injection. First phase accounts for rapid distribution with a half-life of
5–10 min and second phase is an elimination with a half-life of 30 ± 8 h [37]. In contrast to
the rapid elimination of free doxorubicin from blood circulation, Doxil maintains a
significantly higher blood concentration than free doxorubicin for several days in various
animals (rabbit, rat, and dog) [38], [39], [40], [41], [42]. The area under the plasma
concentration-time curve (AUC) of doxorubicin in animals treated with Doxil is at least 60
times greater than that treated with free doxorubicin. The distribution volume of Doxil is
close to the blood volume in the body. Clearance curves of total doxorubicin and
doxorubicin entrapped in pegylated liposomes are superimposable [38], [43]. This indicates
that the leakage of doxorubicin from pegylated liposomes while circulating is negligibly
small.

A number of studies have investigated the tissue distribution of doxorubicin after i.v.
injection of Doxil. Doxil treatment shows more accumulation of doxorubicin in various
xenograft tumors (e.g., J6456 lymphoma [44], PC-3 human prostate adenocarcinoma [45],
A375 human melanoma [46], N87 human gastric carcinoma [46], and C26 murine colon
carcinoma [38]) than free doxorubicin treatment. Doxorubicin accumulation in the liver and
spleen by Doxil® is also increased [45], [46].

The most important advantage of PLD is that doxorubicin accumulation in the heart was
drastically reduced compared to free doxorubicin [47]. Comparative studies in rats, rabbits
and dogs demonstrated the decrease in cardiotoxicity [37], [48].

Several efficacy studies using various tumor xenograft mice (e.g., C-26 murine colon
carcinoma [49], PC-3 human prostate carcinoma [45], AsPC-1 human pancreatic carcinoma
[50], HEY Human Ovarian Carcinoma [51], 3LL Human Lewis lung, carcinoma, [52],
BT474 breast carcinoma [52] and MCF-7 breast adenocarcinoma [52]) revealed significant
efficacy gains of Doxil over free doxorubicin [53], [54]. Studies using Lewis lung
xenografts and breast cancer xenografts showed that the efficacy of Doxil at 2 mg/kg was
approximately equivalent to that of doxorubicin at 4–9 mg/kg [52], indicating a 2 to 4.5-fold
increase in potency of Doxil compared with free doxorubicin.

2.1.2 Clinical Studies—The first clinical trial of Doxil in patients with broad types of
cancer (breast cancer, non-small cell lung cancer, ovarian cancer, mesothelioma, soft tissue
sarcoma, and pancreatic cancer) was conducted from 1991 to 1994 in Jerusalem, and
showed first proof of passive targeting based on the EPR effect in humans after intravenous
administration [55]. Since then, a huge number of clinical studies have been conducted in
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various cancers: mainly AIDS-related Kaposi’s sarcoma (ARKS), ovarian cancer, breast
cancer, multiple myeloma and soft tissue sarcoma.

Pharmacokinetic results are summarized in a review article by Gabizon et al.[39]. Doxil has
significantly longer half-life than that of free doxorubicin. Surprisingly, the half-life found
in clinical studies of ~45 h is even longer than that found in rodents and dogs of ~20 h and
~30 h, respectively.

Tissue distribution has also been studied from the first clinical trials. All results reveal Doxil
had a higher accumulation in the tumor compared to the adjacent, normal tissues as well as
the tumor treated with free doxorubicin [55], [56], [57], [58]. There is a tissue distribution
study based on the use of 111In-DTPA labeled, drug free, pegylated liposomes of identical
lipid composition to Doxil [36]. Tumors were visualized in fifteen of seventeen patients with
breast, head and neck, bronchus, glioma and cervix cancer by gamma camera. Various
normalized levels of accumulation (33% of injected dose/kg (ID/kg) in head and neck
cancer, 18.3% ID/kg in lung cancer and 5.3% ID/kg in breast cancer) were detected.
However, less than 5% ID was in a tumor as a whole due to small sizes of the solid tumors
while a significant accumulation in other organs (liver, spleen and bone marrow) was
detected.

Doxil shows a vastly different adverse-effect profile from that of free doxorubicin. These
profiles are well summarized in review articles [59], [60]. While many toxicities induced by
doxorubicin, as represented by cardiotoxicity, were dramatically decreased [61], [62],
overall mucocutaneous toxicity was increased. Palmer-planter erythrodysesthesia (PPE) is
particularly recognized as dose limiting toxicity.

The efficacy of Doxil has been extensively summarized in many articles and book chapters
[63], [64]. Doxil showed better efficacy than conventional single or combinatory therapies
in several cancers: bleomycin and vincristine [65], [66], paclitaxel [67] and highly active
antiretroviral therapy [68] in ARKS, as well as topotecan in recurrent ovarian cancer [69],
[70]. On the other hand, Doxil showed equivalent efficacy with reduced toxicity to free
doxorubicin in metastatic breast cancer [22] and multiple myeloma [71], despite prolonged
blood circulating time and improved accumulation in tumors (see Table 1).

In summary, Doxil improved toxicity profile owing to its different pharmacokinetics and
biodistribution from those of free doxorubicin; however, Doxil introduced other toxicities
like PPE. Unlike preclinical results, Doxil has yet to show improvement in efficacy when
compared with free doxorubicin. For the patient, Doxil absolutely has an advantage
compared with conventional therapy due to reduced toxicity. Still, there seems to be an
unknown gap in efficacy between preclinical and clinical studies.

2.2 PK1 / FCE 28068
PK1 (FCE 28068) (Fig. 3) was the first drug-polymer conjugate to enter clinical trials.
Doxorubicin is conjugated with a synthetic N-(2-hydroxypropyl)methacrylamide (HPMA)
copolymer via Gly-Phe-Leu-Gly peptidyl linker designed to degrade by thiol-dependent
lysosomal protease [72], [73] and forms a unimolecular micelle in aqueous solution with a
diameter of around 8 nm [74], [75]. HPMA is non-biodegradable and essentially nontoxic in
the rat, even at doses of 30 g/kg [72]. Its hydrophobicity limits MPS sequestration and its
relatively high molecular weight (~20–30 kDa) allows it to avoid renal elimination [74].
These features allow prolonged blood circulation time resulting in high accumulation in
tumors. Furthermore, the high molecular weight prevents diffusion across the membrane,
restricting cellular uptake to endocytic pathways and facilitates the cleavage of the linker
and the release of doxorubicin in endosomes. Additionally, PK1 has been developed to
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overcome the resistance due to P-glycoprotein overexpression based on contributions of the
endocytic (pinocytic) cellular uptake and the control release in the endosome. The in vitro
results using A2780 resistant human ovarian carcinoma cell line showed no induction of
MDR1 gene by PK1 and indicates that PK1 can avoid excretion by P-glycoprotein [76],
[77], [78].

2.2.1 Preclinical Studies—Since doxorubicin is conjugated with HPMA, free
doxorubicin is not detected in plasma and tissues after administration of PK1. The
pharmacokinetics study of PK1 using mice showed the half-life of PK1 was approximately
15 times longer than that of the free drug in mice [79].

Consistent with prolonged blood circulation time, several studies reveal relatively high
accumulation of PK1 in xenograft tumors in mice [80], [81], [82], [83], [84], [85]. PK1
showed 17–77 times higher accumulation in B16FIO melanomas in mice compared with
free doxorubicin [80]. The correlation between molecular weight of HPMA and tumor
accumulation was studied as well [82], [83]. Higher molecular weight allows longer blood
circulating time and higher accumulation in the tumor, liver and spleen. The molecular
weight of PK1 is correlated with high tumor accumulation and low accumulation in other
tissues. In a study using A2780 human ovarian carcinoma in mice, PK1 showed 45–250
times higher accumulation in the tumor than that in the other tissues (liver, kidney, lung,
spleen, and heart) [81]. Remarkably, the accumulation of PK1 in normal tissues was 6–50
times lower than that of free doxorubicin over 30 days.

Due to decreased distribution of PK1 in normal tissues, PK1 significantly improves the
doxorubicin toxicity profile [85], [86]. Regarding cardiotoxicity, rat models given free
doxorubicin or the mixture of free doxorubicin and HPMA showed decreased cardiac output
and heart rate, while rats given PK1 showed no significant change even in histological
examination [85].

The efficacy studies of PK1 have been conducted using various ascites tumor models:
(L1210 murine lymphocytic leukemia, B16F10 murine melanoma, Walker sarcoma, P388
murine leukemia, M5076 murine reticulum cell sarcoma, LS174T human colon
adenocarcinoma, and A2780 multidrug resistant human ovarian carcinoma [19], [72], [81],
[84]). In all models, PK1 demonstrated greater efficacy compared to free doxorubicin.
Moreover, PK1 was effective in both the sensitive and drug resistant A2780 xenograft
models, decreasing the tumor size to 3.5 and 5.6% of the initial size, whereas free
doxorubicin was effective in only the sensitive model and decreased tumor size by about
33.3% [81], [84]. In addition to avoiding excretion by P-glycoprotein, the result was
partially accounted for by decreasing the permeability of blood vessels and creating a more
homogeneous drug distribution. Generally, doxorubicin increases the permeability of blood
vessels by up-regulation of the VEGF gene and enhances the accumulation in the same
location. This results in heterogeneous distribution of doxorubicin in a tumor. In contrast,
PK1 decreases the permeability of blood vessels by down-regulation of VEGF gene and
prevents excess accumulation in dead cells. This resulted in a more homogeneous
distribution of nanoparticles in murine tumors [81], [84].

2.2.2 Clinical studies—Phase I and II clinical studies were conducted in thirty-six and
sixty-two patients with non-small cell lung cancer (NSCLC), colorectal cancer, and breast
cancer in the United Kingdom [87], [88].

Pharmacokinetic results showed a profile similar to that of preclinical studies. Blood
circulating time was prolonged in PK1; the distribution half-life was 1.8–3.0 h while free
doxorubicin was only several minutes.
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Tissue distribution was also examined using the I-labeled analogue for gamma camera
imaging. Minimal accumulation of PK1 in the liver, kidney, and tumor was observed after
24 h. Only six patients showed accumulation in the tumor in phase I studies [87] and there
was no evidence of tumor accumulation in phase II studies [88].

PK1 showed no polymer-related toxicity and a significant decrease in dose-limiting toxicity
caused by doxorubicin. Cardiotoxicity was not observed even when a cumulative dose of
PK1 reached 1680 mg/m (doxorubicin equivalent), despite a cumulative dose of doxorubicin
which most frequently causes cardiotoxicity is 450–550 mg/m2 [87].

Regarding efficacy, PK1 demonstrated only two partial and two minor responses in thirty-
six patients with NSCLC, colorectal cancer and breast cancer in phase I studies [87].
However, it is notable that PK1 showed activity in the cancer considered resistant/refractory
to conventional chemotherapy and can be interpreted as a proof of concept that polymer-
drug conjugations may be advantageous in resistant cancers. In contrast, PK1 demonstrated
6 partial responses in forty patients with NSCLC or breast cancer in Phase II studies, but all
patients that responded were anthracycline-naive or chemotherapy-naive patients [88].
Moreover, PK1 showed no activity in patients with colorectal cancer.

The pharmacokinetic results of PK1 of preclinical and clinical studies correlated. However,
there seems to be a gap between preclinical and clinical studies on tissue distribution and
efficacy.

3. Paclitaxel
Taxanes were discovered in the early 1960’s as part of an NCI initiative to screen synthetic
and natural compounds for anti-cancer activity. It was initially collected from the bark of the
rare and highly noxious Pacific yew tree [89]. The clinical utility of the drug was limited
until the 1990’s due to both environmental concerns and the difficulty in formulating the
highly insoluble compounds [90]. However, by the late 80’s clinical trials for paclitaxel and
a slightly more soluble taxane, docetaxel, were being conducted in earnest, and new
methods for synthesizing the drug from the more common varieties of the yew plant brought
the drug into common use [91]. Once brought to market, taxanes had a significant impact on
clinical therapies and were used as a first or second line therapy for numerous cancer types
including lung, breast and ovarian cancers.

These drugs work by binding the beta-tubulin subunit and stabilizing the microtubules
within the cell cytoplasm [92]. This prevents the microtubules from disassembling, even in
the presence of signals normally causing catastrophe. The stabilized microtubules are unable
to separate from the centromeres during mitosis which arrests the cell cycle and triggers
apoptosis. Microtubules are capable of polymerizing stable microtubules even in the absence
of guanosine triphosphate (GTP) [92].

Formulating paclitaxel and its counterpart for systemic administration proved to be a very
difficult challenge. The drug contains a high number of fused rings and is very hydrophobic.
To solubilize the drug, researchers turned to Cremophor® EL, an emulsifying compound
closely related to Castor oil [93]. This formulation is marketed as Taxol®. Taxol sufficiently
solubilized paclitaxel for systemic delivery and finally allowed paclitaxel to come to market
and provide a new standard of care for many cancer patients. This solubilizing agent,
however, could be highly toxic causing many patients to have acute hypersensitivity
reactions and limiting the allowable dosage for the patient [94]. Acute toxicities associated
with the Cremophor EL formulation are managed by premedication in current practice. The
limiting toxicity for paclitaxel therapies is generally neutropenia, which is managed by
giving the patient granulocyte stimulating factor before treatment in an effort to prevent
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crashing neutrophil levels [95]. Docetaxel is a slightly more soluble member of the taxane
family and has been somewhat useful in reducing this toxicity [96], [97].

The current standard formulation of paclitaxel using Cremophor EL provides a low-hanging
fruit for drug carrier technologies. Reformulating the drug in a less toxic carrier allows more
of the drug to be used with less risk to the patient and improve outcomes without relying on
EPR, targeted delivery or other characteristics of cancer drug delivery.

3.1 Abraxane®
Among the most successful second generation paclitaxel formulations is Abraxane®.
Abraxane (Fig. 4) is indicated for metastatic breast cancer, non-small cell lung cancer, and
has recently shown promise as a tool against pancreatic cancer [98], [99], [100]. It generated
$385.9 million in 2011, which is expected to rise to $2 billion if Abraxane becomes standard
care for pancreatic cancer [101]. Tens of thousands of patients have been treated with this
formulation.

3.1.1 Preclinical efficacy—Preclinical evidence has suggested that albumin accumulates
preferentially in tumors in comparison with surrounding tissue [102]. Multiple potential
mechanisms have been invoked to explain the phenomena, including EPR and tumor protein
targeting. However, the extent of albumin accumulation in clinical practice is still unknown
and may or may not contribute to enhanced drug efficacy.

Fig. 5 shows the comparison of Abraxane and Taxol treatments in animal models [103]. For
xenograft ovarian and breast tumors, the difference between the two is indeed remarkable,
showing p-values of 0.004 and 0.0001, respectively, with impressive numbers of mice
surviving tumor free for the duration of the study. The pharmacokinetic advantages were
also significant though not dramatic compared with the pharmacokinetic changes in other
drugs. The Abraxane formulation shows an approximately 50% reduction in AUC and a
dramatic drop in maximum concentration (Cmax). Interestingly, the volume of distribution
and clearance rate significantly increased, indicating that Abraxane behaves more like a
small molecule drug than Taxol [104].

3.1.2 Clinical Efficacy—Abraxane utilizes the serum protein albumin to solubilize and
carry the drug in circulation, the formulation is Cremophor free and clinical trials indeed
indicated a reduction in acute toxicity in patients (Table 2) [98], [105]. The reduction in
toxicity allows Abraxane to be more aggressively dosed than Taxol. The recommended
paclitaxel dosing for Taxol is 175 mg/m2, compared to 260 mg/m2 for Abraxane, though this
leads to a total exposure AUC only 17% higher than Taxol [106]. Directly comparing these
numbers can be difficult, however, because the ratio of free to bound paclitaxel will be
different for each formulation. Lower toxicity also allows Abraxane to be administered in a
fraction of the time that Taxol is (30 min vs. 3 h) and without premedication to mitigate
acute side effects [105].

Abraxane does seem to have clear efficacy gains compared to Taxol. On average, the
median time to disease progression was approximately five weeks longer for Abraxane
treatment than Taxol (p=0.006), while quality of life (QOL) measurements were basically
steady. Overall survival did not differ significantly between Taxol and Abraxane (Fig. 1) as
a front line therapy, though as a second line therapy Abraxane appeared to extend life by
nearly ten weeks (p=0.024) [106]. Toxicity also did not differ significantly (Table 2).

While extending life five to ten weeks may seem paltry in terms of the overall tragedy of
cancer, seeing any improvement over standard care does provide hope. It cannot be
construed, however, as anything more than an incremental gain or as a revolutionary
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technology. Especially in light of the tremendous promise Abraxane showed in preclinical
studies.

Clinical and preclinical studies both indicate that albumin-conjugated paclitaxel enjoys an
efficacy advantage over the Taxol formulation (see Figs. 5 and 6). This improvement is
credited both to the higher dosage allowed by the elimination of the highly toxic Cremophor
EL solubilizing agent and to tumor specific targeting via EPR and receptor-ligand targeting
[107]. SPARC (secreted protein acidic and rich in cysteine) is a protein that appears to be
up-regulated in many tumors. It is capable of interacting with albumin and potentially
capable of increasing the retention of albumin bound drugs in the tumor [102]. Combined
with EPR from a tumor’s pathological vasculature, SPARC binding may help explain some
of the improved efficacy of Abraxane, especially in preclinical studies. However, the
relatively minor efficacy improvement in human patients may not require any more
explanation than the increased paclitaxel dosage and availability compared to Taxol. Still,
Abraxane showed greater efficacy gains than any other drug carrier for which phase III were
available. Interestingly, paclitaxel would likely be bound to albumin when administered as a
free drug. The Cremophor EL emulsion that is used in Taxol, however, may act as a micelle
nanocarrier that can significantly alter the drug concentration compared to a non-formulated
state [108], [109]. Thus the improved efficacy of the Abraxane formulation over the Taxol
in humans may be a result of Abraxane more closely approximating the free drug state than
Taxol.

3.2 NK105
NK 105 (Fig. 7) is a micellar formulation of paclitaxel currently making its way through
clinical trials in the United States. The micelles are formed using a diblock copolymer of
PEG (hydrophilic) and polyaspartate (hydrophobic) modified to convert half the carboxylic
groups to phenyl-1-butanol to create a more stable, hydrophobic core. Paclitaxel loads into
the core by hydrophobic interactions. The process is well controlled and creates micelles
with an average diameter of 85 nm [110].

3.2.1 Preclinical efficacy—The PEG coating of the NK105 micelle radically alters the
pharmacokinetics of the drug cargo. Preclinical studies indicated the paclitaxel AUC was 25
times higher for NK105 than for paclitaxel, with 4–6 times longer half-life and 3 times
higher maximum concentration. Perhaps most impressive were the differences in
intratumoral concentrations which were more than 100 times greater than paclitaxel after 72
h [110].

Preclinical trials showed remarkable promise for the NK105 paclitaxel formulation. In a one
month study performed by Hamaguchi et al., escalating equivalent paclitaxel doses were
administered using the NK105 and Taxol formulations. At every dose point tested, NK105
performed significantly better than free paclitaxel and at doses above 100 mg/kg, all mouse
models receiving NK105 were completely cured (Fig. 8). Toxicity indicators did not appear
significantly different between the two treatments, though neurotoxicity as measured by
demyelination of nerve fibers was significantly less (p<0.001) [110].

3.2.2 Clinical Efficacy—Clinical trials indicated a ninefold increase in the AUC though a
lower paclitaxel dose was used (150 mg/kg vs. 210 mg/kg) [111]. In spite of the large
increase in overall drug exposure as measured by the AUC, neutropenia, the primary toxicity
of paclitaxel, was slightly changed from the Taxol formulation. Other hematological
toxicities also changed little from Taxol. Hypersensitivity reactions were markedly reduced
as well.
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At the time of writing, NK105 was being recruited for phase III trials, leaving only limited
clinical efficacy data from the phase II trial. In the phase II study for NK105, as a second-
line therapy for gastric cancer, the overall response rate (ORR) was 25% with the 95%
confidence intervals between 14.4% and 38.4%. Other indicators were progression-free
survival (PFS) and overall survival (OS) which came in at 3.0 months and 14.4 months,
respectively. Though the phase II study did not use a comparator, we may consider trials of
other drugs and drug combinations to give a rough idea of how these values compare to
existing treatments. Other trials using paclitaxel alone have yielded ORRs of 17–23% [112].
The recommended frontline treatment for gastric cancer is a combinational therapy using
epirubicin, cisplatin and continuous infusion of 5-FU (ECF) [112]. Studies of previously
untreated advanced gastric cancers have yielded ORRs as high as 71%, but generally above
40% [113], [114], [115]. If frontline treatment fails there are still numerous other
combinational therapies from which to choose to treat the recurrent cancer [112], [116].

While upcoming phase III trials may show greater efficacy gains of NK105 over paclitaxel
or currently available combinatory therapies against recurrent cancer, early evidence
indicates that the ORR of the drug is unrelated to the orders-of-magnitude improvement in
intratumoral drug accumulation seen in preclinical studies.

3.3 Genexol-PM®
Genexol-PM® is a polymeric micelle composed of a diblock copolymer of monomethoxy
PEG-block-poly(D,L-lactide) (mPEG-PDLLA) (Fig. 9). The micelles are formed by the
solid dispersion technique and form stable structures ranging from 20–50 nm in diameter
[117]. The formulation is in numerous clinical trials including a phase IV trial for metastatic
breast cancer.

3.3.1 Preclinical Efficacy—Preclinical pharmacokinetic studies showed a unique drug
distribution pattern. In a preclinical study, the paclitaxel dosage for the Cremophor EL
formulation was 20 mg/kg and the micelle formulation was dosed at 50 mg/kg. In spite of
the lower dosage of the Taxol and the pegylation of the micelle, the AUC of the Genexol-
PM formulation was nearly 30% lower than Taxol. In spite of the lower AUC, the drug
accumulation was higher in all sampled tissues including a nearly 100% increase in tumor
accumulation. At equivalent doses the AUC could be an order of magnitude lower yet still
more than double tissue concentrations [117]. The unique pharmacokinetics of the Genexol
PM formulation may simply be a result of the relatively unstable nature of the mPEG-b-
PDLLA copolymer micelle, which appears to substantially release the drug into the
bloodstream very soon after administration. This allows the drug to be cleared much more
rapidly, but the higher overall dose allowed for greater tissue accumulation. When
equivalent paclitaxel doses were administered, the tissue exposure remained the same in
spite of the fact that the AUC of the Genexol-PM formulation was an order of magnitude
lower.

Preclinical studies proved Genexol-PM to be remarkably capable at producing complete
tumor remission in mouse models. One study done on athymic mice bearing MX-1 human
breast tumor xenograft showed Genexol-PM administered at the maximum tolerated dose
(MTD) of 60 mg/kg was able to produce complete remission in all tumors while Taxol at 20
mg/kg was only able to delay tumor growth for approximately 14 days, after which growth
resumed as quickly as without treatment. The authors indicated that the increased efficacy is
likely due to the significantly lower toxicity, allowing a dose three times higher than could
be achieved with Taxol. A similar protocol with a SKOV-3 human ovarian cell line
xenograft tumor also showed a marked improvement over Taxol. While Taxol was only able
to slow tumor growth, Genexol-PM significantly reduced the tumor mass and caused

Stirland et al. Page 10

J Control Release. Author manuscript; available in PMC 2014 December 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



complete remission in some mice, giving an overall delay in tumor progression of nearly six
weeks (Fig. 10) [117].

3.3.2 Clinical trials—As in the preclinical trials, early clinical studies showed that the
AUC of Genexol-PM was consistently lower than Taxol. Reduced toxicity allowed a much
higher dose of paclitaxel to be administered than was possible for Taxol (300 mg/m2). In
clinical studies the AUC and plasma half-life of Genexol PM remained well below that of
Taxol [118]. This can be explained by the instability of the PEG-PDLLA micelles, which
can break up soon after administration, allowing the paclitaxel to be carried in the blood as a
small molecule drug.

Samyang has conducted or is currently conducting numerous clinical trials for Genexol-PM
covering multiple indications and often in combination with small molecule drugs. The
toxicity profile of the drug from phase II studies is generally in line with the paclitaxel
formulations previously discussed, though at a much higher dose (Table 2). A phase IIb
study of Genexol-PM in combination with cisplatin to treat non-small-cell lung cancer was
able to show only non-inferiority providing progression free survival and overall survival
curves that were nearly identical to the paclitaxel + cisplatin controls (Fig. 11). Toxicity was
also substantially similar for both treatments, though neutropenia was greater in the
Genexol-PM + paclitaxel formulation. Progression free survival for the Genexol PM +
cisplatin formulation was 5.4 months compared to 5.5 months for free paclitaxel + cisplatin
and overall survival was one month longer for the former [119].

Genexol-PM seems to provide another case of a seemingly revolutionary drug becoming
rather ordinary during clinical trials. The formulation allows a much higher paclitaxel dose
to be administered without increasing the toxicity, but the higher dose apparently fails to
provide greater efficacy. Samyang is still pursuing FDA approval for the drug, which may
be granted on the same basis as Doxil, based on an altered toxicity profile making it more
suitable for a subset of patients.

3.4 Xyotax™
Xyotax™ (Fig. 12), paclitaxel poliglumex (PPX) was among most promising of the second
generation paclitaxel formulations. The formulation grafts paclitaxel in a comb-like pattern
to a linear polymer of L-glutamic acid using a degradable linker. The link between the
paclitaxel and the polymer backbone effectively disables the active site of the taxane drug
rendering it inert until it is released from the conjugate. Because the link is relatively stable,
drug release tends to happen slowly. The total size of the conjugated system is
approximately 48 kDa, of which more than a third is the paclitaxel drug.

3.4.1 Preclinical efficacy—As with other drug carriers, the poliglumex formulation can
drastically alter the pharmacokinetic profile of the drug. Due to the stable binding of
paclitaxel to the polymer backbone, the patient exposure to the bioactive drug can be quite
low even when the total paclitaxel dose becomes very high. Preclinical pharmacokinetic
studies using equivalent paclitaxel doses in mice showed that even with a twelvefold
increase in total AUC for poliglumex in comparison with Taxol (due to slower clearance),
the plasma exposure to active taxane was more than sixteenfold less. Intratumoral exposure
to active drug, on the other hand, was nearly double that of the Taxol formulation. On the
surface, this result shows great potential for improving efficacy while drastically reducing
systemic drug exposure and toxicity, but the slow release of the drug into surrounding tissue
could drive high drug concentrations in tissues other than the tumor by a similar mechanism.

Early preclinical studies showed great promise for the PPX formulation to improve anti-
tumor efficacy of paclitaxel for some cell lines. In one study by Li et al., PPX at a dose of 40
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mg/kg effected complete regression in OCA-1 ovarian and 13762F breast cancer tumors in
mice, whereas free paclitaxel was only able to suppress growth for approximately ten days
after which growth resumed [120]. The formulation did not appear to be so successful in all
cell lines. HCa-1 hepatocarcinoma tumors were only marginally slowed by PPX at a dose of
80 mg/kg, though a statistically significant gain was seen over free paclitaxel administered
at 800 mg/kg. Efficacy gains against FSa-II fibrosarcoma tumors were similarly modest
[121].

3.4.2 Clinical efficacy—Phase I clinical studies determined the MTD for PPX to be 233
mg/m2 given in three week doses. At that level, the AUC of bound taxane was 1583 mg.h/L
with a half-life of approximately 120 h. Exposure to free paclitaxel was significantly less,
only 27.8 mg.h/L, a nearly sixtyfold decrease between total dose and available paclitaxel.
This result proved similar to the preclinical results which also showed a large increase in
total AUC, even while exposure to the active drug declined.

The success of PPX in eradicating some types of tumors in preclinical studies helped fuel a
large number of clinical trials, many of which progressed to phase III [21], [122], [123],
[124], [125]. Xyotax generally shows less toxicity than other paclitaxel formulations;
neutropenia and alopecia, in particular, showed marked improvement with the poliglumex
formulation. Neuropathy on the other hand, was increased in comparison with the docetaxel
standard used in the study [21].

At least six phase III clinical trials were launched with Xyotax, based on enthusiasm from
preclinical and early clinical results. A few trials were based on administering PPX alone,
and several others tested PPX in combination with other drugs. A large portion of these
studies were completed in 2008 leaving a wealth of efficacy data. Almost all of this data
indicates that PPX is no more efficacious than the comparative treatment. A phase III study
comparing either PPX or paclitaxel in combination with carboplatin against NSCLC. This
study failed to show any benefit of PPX over paclitaxel; overall median survival for the PPX
group was 7.9 months and 8 months for the paclitaxel group, similarly the time to
progression was 3.9 months and 4.6 months, respectively. Neither of these differences was
statistically significant. Toxicities differed somewhat between the two treatments, with
patients receiving PPX experiencing less cardiac toxicity, alopecia and muscle toxicity, but
more nausea and vomiting [124].

Another trial for treating NSCLC using PPX alone and comparing with single agent
docetaxel yielded similar results, the docetaxel treatment is ostensibly better than the PPX.
Overall median survival for both was 6.9 months, though median time to progression was
2.6 months for docetaxel and 2.0 months for PPX. Again, toxicities differed only slightly
with neutropenia being more common in patients receiving docetaxel and neuropathy being
more common in patients receiving PPX [21]. A third trial published in 2008 comparing
single agent PPX with single agent control (gemcitabine or vinorelbine) for treating NSCLC
yet again tells the same story. The study showed similar overall median survival times
between the experimental and control groups (7.3 months vs. 6.6 months), similar time to
progression (2.9 months vs. 3.6 months), and slightly different toxicities (improved
hematological and gastrointestinal effects but worsened neuropathy) [122].

Xyotax is a fairly simple drug carrier that packages paclitaxel in a slow releasing
formulation. The goal is to allow the nanoparticle form of the drug to accumulate in a tumor
via EPR then slowly release the drug in the tumor while sparing the rest of the body drug
exposure. The approach was largely successful in preclinical trials, causing complete
remission of some tumors in mice, though success was limited in other cell lines. As with
other drug formulations, clinical trials did not bear out the promise of preclinical studies. All
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three clinical trials reported show no significant difference in efficacy, in spite of the
radically different pharmacokinetic profile of the formulation.

4. Cisplatin
Cisplatin, cis-diamminedichloroplatinum (II), cis-[PtCl2(NH3)2] (CDDP) is the first anti-
cancer drug containing inorganic platinum and one of the most widely used anti-cancer
drugs. In the 1960s, Barnett Rosenberg unexpectedly discovered the inhibition of cell
division by platinum salts from “inert” platinum electrodes [126], [127], [128] and its potent
anti-cancer activity was revealed in sarcoma 180 and leukemia L1210 in mice [129], [130].

The anti-cancer activity of cisplatin is given by crosslinking DNA [131]. Cisplatin forms
highly reactive and charged platinum complexes which bind to nucleophilic groups, such as
guanine and cytosine in DNA and form intrastrand and interstrand DNA cross-links, as well
as DNA-protein crosslinks. These cross-links result in apoptosis and cell growth inhibition.
Since approved for use in testicular and ovarian cancers by the FDA in 1978, cisplatin is
widely used to treat various malignancies (bladder cancer, cervical cancer, malignant
mesothelioma, non-small cell lung cancer, ovarian cancer, squamous cell carcinoma of the
head and neck, and testicular cancer) [132]. However, the major toxicity of cisplatin therapy
is irreversible nephrotoxicity, which has been recognized in rats as early as 1971 [133].
Cisplatin accumulates in proximal tubular epithelial cells by both active and passive uptake.
The active uptake is mediated by organic cation transporter (OCT2) and is especially
recognized as a critical pathway for accumulation in proximal tubules [134]. Nephrotoxicity
was a serious obstacle during clinical trials and remains a major dose-limiting toxicity. To
reduce nephrotoxicity, patients are hydrated excessively pre- and post-treatment and
associated inconveniences can decreases their quality of life (QOL) [135]. Cisplatin therapy
also causes neurotoxicity, gastrointestinal toxicity (nausea and vomiting), hematological
toxicity and ototoxicity [136]. Ototoxicity is usually bilateral, irreversible, and cumulative.
Audiological studies have indicated that up to 90% of the patients treated with cisplatin
experience significant hearing loss, especially at high frequencies [137], [138]. Various
types of cisplatin analogues (carboplatin, oxaliplatin, satraplatin, and picoplatin) have been
developed to reduce these toxicities [139], [140], [141]. Furthermore, its anti-tumor activity
is limited by various types of resistance such as increased efflux, inactivation by sulfhydryl
molecules (e.g., glutathione), and increased DNA repair [142].

4.1 NC-6004
As early as 1996, cisplatin-incorporated polymeric micelles using PEG-poly amino acid
block copolymer has been developed to decrease cisplatin’s toxicity [143], [144], [145],
[146]. NC-6004 (Fig. 13) was first introduced in 2003 [147] and is currently undergoing
phase II clinical trials. NC-6004 consists of the block copolymer, PEG which constitutes the
outer shell and poly(glutamic acid) which constitutes the inner core. The cisplatin drug
forms a complex with the carboxyl group of poly(glutamic acid) in this formulation.
NC-6004 is clearly distinguished from typical micelles consisting of an amphiphilic
polymer. The micelle formation is driven by the ligand substitution of platinum (II) from
chloride to carboxyl groups of glutamine. The molar ratio of cisplatin to the carboxyl groups
in the copolymers was 0.71. The size is around 30 nm with a narrow distribution. NC-6004
is remarkably stable in distilled water and it dissociates into unimers accompanied by
cisplatin release in chloride-rich solutions. The high stability is assumed to be allowed by
the rigid structure stabilized by interpolymer cross-linking by Pt(II) atom.

4.1.1 Preclinical studies—NC-6004 shows significantly prolonged blood circulating
time compared with cisplatin in rats [148], [149]. Using frameless atomic absorption
spectrophotometer (FAAS) to detect elemental platinum, it was found that free cisplatin was
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detected in plasma only up to 4 h after i.v. injection while cisplatin delivered by NC-6004
was detected up to 48 h after i.v. injection. The AUC and Cmax of elemental platinum in the
rat treated with NC-6004 are 65 times and 8 times greater, respectively, compared with
cisplatin treatment. Furthermore, total body clearance and volume at steady state of
NC-6004 are significantly lower than that of cisplatin. These findings are accounted for by
the “stealth effect” seen in pegylated nanoparticles.

As mentioned in the introduction of cisplatin, it accumulates in the kidney within 1 h after
i.v. injection in the rat. In contrast, NC-6004 shows relatively high accumulation in the liver
and the spleen instead of the kidney, and highest accumulation is seen at 48 h after i.v.
injection [148], [149]. The maximum concentration of platinum in the kidney is 3.8 fold
lower for NC-6004 than for cisplatin. Tumor accumulation was examined using a xenograft
model of MKN-45 human gastric carcinoma in mice. Although Cmax is observed 10 min
after i.v. injection of cisplatin, NC-6004 shows 3.6 fold higher Cmax than cisplatin at 48 h
after i.v. injection. These results are consistent with the prolonged blood circulating time in
pharmacokinetics results.

Nephrotoxicity (dose limiting toxicity) and neurotoxicity were mainly studied using rats
[148], [149], [150]. Seven days after injection of cisplatin or NC-6004, the concentration of
blood urea nitrogen (BUN) and creatinine, assessors of kidney function, was increased only
in rats treated with cisplatin. Moreover, 4 of 12 rats treated with cisplatin died while no
deaths were observed in the rats treated with NC-6004. Histological studies using TUNEL
assay also revealed the significant decrease of nephrotoxicity of NC-6004 compared with
cisplatin [150].

Neurotoxicity was examined by electrophysiological methods. There was no delay of
sensory nerve conduction velocities observed in the rats treated with NC-6004 although a
significant delay was observed in the rats treated with cisplatin. Additionally, NC-6004
shows significantly lower accumulation of platinum in the sciatic nerve compared with
cisplatin in histological examination. These results clearly revealed NC-6004’s improved
toxicity compared to cisplatin.

Recently another serious toxicity, ototoxicity, was studied in guinea pigs [151]. Auditory
brainstem responses to sound stimulation of various frequencies were examined before and
after treatment with NC-6004 or cisplatin. Although cisplatin induced a threshold shift of
auditory brainstem response, particularly at high frequency, NC-6004 showed no apparent
threshold shifts.

NC-6004 significantly inhibits the xenograft tumor growth of MKN-45 human gastric
carcinoma in mice [148] and OSC-19 oral squamous cell carcinoma in mice [150], but there
was no significant difference from the cisplatin at the same dosage. Additionally, significant
weight loss was observed in the mice treated with cisplatin. On the other hand, the mice
treated with NC-6004 did not show as much weight loss as the mice treated with cisplatin
which is accounted for by the difference of toxicity profile between the two formulations
(Fig. 14).

4.1.2 Clinical Studies—A phase I study was conducted with seventeen patients that had
various advanced solid tumors (lung, colon, hepatic cell, mesothelioma, esophagus,
pancreas, melanoma, and renal cell) in the UK starting in the year 2000 [152]. NC-6004 was
administered intravenously every 3 weeks. The dose escalation started at 10 mg/m2 and
reached 120 mg/m2.
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The pharmacokinetics was examined at 120 mg/m2. The Cmax and AUC of total platinum in
plasma were 11-fold higher than those of cisplatin, and 88% of those were due to intact
micelle form. Therefore, Cmax and AUC of active species of platinum in plasma is 35-fold
smaller and 8.5-fold larger compared with the values of cisplatin from other clinical trials
[153]. Consistent with these results, NC-6004 generally shows less severe and less frequent
toxicities compared with cisplatin. No significant myelosuppression, ototoxicity, emesis, or
neurotoxicity was observed. Although nephrotoxicity was mitigated, it was still observed in
patients who received 120 mg/m2 even with a pre- and post-treatment hydration regimen.
Cisplatin therapy generally requires 8 h of hydration both before and after the cisplatin
treatment to reduce nephrotoxicity. Therefore, low nephrotoxicity of NC-6004 is clearly
advantageous over cisplatin due to increased QOL. On the other hand, unanticipated
hypersensitivity was frequently observed and was related to all dose interruptions. The
mechanism of hypersensitivity has not been determined yet. As for efficacy, seven out of
seventeen patients showed stable disease status and the median progression free survival
time was 49 days. However, neither complete nor partial responses were seen.

Remarkably, these clinical results generally correspond to preclinical results despite
unpredicted toxicities such as hypersensitivity. It could be accounted for by the sustained
release of platinum from NC-6004 which is promoted by chloride replacement unlike the
designs of other drug carriers. It might prevent a significant increase of plasma
concentration of active platinum that in turn decreases the toxicity. Still, released free active
platinum in plasma could be functioning in the same manner as cisplatin.

5. Targeting moieties
One of the ways that drug carriers may improve cancer therapy is by targeted therapy. While
many drug carriers claim targeting based on improved distribution profiles, this section will
focus on drug carriers that have specific groups added to provide receptor-specific targeting
functionality. Obviously, these targeted therapies cannot sense their target from a distance
nor do they have any control over their own trajectory. Drug carriers that are designed to be
targeted must rely on circulation in the blood stream and must rely on access to the cancer
cells. Given access to the target, interactions between the drug and the cancer cell can be
increased with targeting moieties. Targeting moieties present on the drug carrier can be
antibodies that bind to a specific antigen or they can be various biological molecules that
have been shown to interact with receptors on certain cell types. Essentially, enabling
receptor-ligand binding between the drug and the target increases the likelihood of the drug
being in the presence of the desired target. The most common and most successful (in terms
of FDA approval) method of receptor-ligand binding involves the use of antibodies. Some of
these antibodies act as a drug when binding their ligand (antigen), others are linked to a drug
such as with antibody-drug conjugates. Antibodies are excellent tools for providing
mechanisms of binding. They can be selected to have high specificity and affinity for their
target ligand. However, care must be taken to select the correct ligand target. It is difficult to
find binding targets that are unique to cancer cells. Often, therapies have to rely on
overexpression of certain proteins by cancer cells. Care must also be taken in the selection
of an appropriate linker to conjugate the drug to the drug carrier/targeting moiety. Beyond
antibodies, there are numerous preclinical studies showing how adding targeting moieties to
drug carriers such as polymers, liposomes, micelles, etc. will improve efficacy - many have
even made it to clinical trials. However, they have yet to make a presence in the field of
clinically approved drug carriers for targeted cancer treatment.

5.1 Mylotarg®
Mylotarg (Fig. 15) is the product name for gemtuzumab ozogamicin which is a humanized
monoclonal antibody (hP67.6) against the CD33 antigen that is linked to a derivative of
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calicheamicin, an antibiotic that is toxic due to its ability to damage DNA [154], [155].
Approximately 50% of the antibodies have about four to six drug molecules per antibody
(the remainder of the antibodies are unconjugated). CD33 was chosen as a target because
approximately 90% of AML patients have CD33+ leukemia cells and because it is
internalized upon binding [156], [157]. Following encouraging phase II trials, it gained
accelerated approval to address an unmet medical need for relapsed AML [154], [155].

5.1.1 Preclinical—In vitro and in vivo studies tested various linkers joining the P67.6
antibody (not yet humanized for preclinical studies) with the calicheamicin drug derivative.
The in vivo studies used HL-60 human promyelocytic leukemia cells implanted
subcutaneously into athymic mice and found a formulation that showed a complete
inhibition of tumor growth but was only compared to a buffer control. Unfortunately, that
formulation was abandoned due to an unexpected problem with sensitivity to periodate
oxidation after humanizing the P67.6 antibody [158]. A new formulation with a bifunctional
linker was chosen and named gemtuzumab ozogamicin. In vivo studies found the
formulation to be effective with complete inhibition of HL-60 xenografts in mice when
tested at various doses (Fig. 16) [159].

A summary of preclinical trials boasts selective in vitro activity against a CD33+ cell line
when treatment was compared in cells not expressing the CD33 antigen. When
administering 6 weekly doses up to 7.2 mg/m2 in mice and 22 mg/m2 in monkeys,
myelotoxicity and toxicity in the liver, kidney, and testes were present, though not lethal.
Preclinical studies also showed that Mylotarg distributed preferentially to the liver and the
major excretion pathway was biliary [154].

5.1.2 Clinical—Phase I trials used a dosing interval of 2 weeks, as the half-life of the drug
is over 3 days. It was found that three biweekly doses caused myelosuppression, thus, most
received only two doses. The major toxicity found in phase I trials was myelosuppression
(neutropenia and thrombocytopenia) because CD33 is expressed on myeloid progenitor cells
[154]. The dose limiting toxicity was stated to be neutropenia. Other complications were
fever, nausea, chills, leukopenia, vomiting, rash, and pain. Furthermore, some patients
developed antibodies against Mylotarg after 2–3 doses. While testing the safety of various
doses in the phase I trial, two out of forty-one patients (one dosed at 1 mg/m2 and the other
at 4 mg/m2) achieved a complete response (CR) defined by transfusion independence and
clearance of leukemic blasts as well as a recovery of hemoglobin, neutrophils, and platelets.
Seven patients (dosed at 5, 6, and 9 mg/m2) had clearance of leukemic blasts but not a
recovery of their platelet count and were designated as a partial response (PR). The approval
summary for phase I trials states that the hepatobiliary excretion pathway was not included
in the pharmacokinetic studies and no mention was made of liver toxicity, despite evidence
in preclinical studies. As only 50% of the antibodies are actually linked to the calicheamicin,
the methods used to characterize the pharmacokinetics of Mylotarg may be questionable.
The data simply do not provide much information when the half-life of a 9 mg/m2 dose of
antibody varied greatly from 67 ± 37 h to 88 ± 58 h for the first and second doses,
respectively. The AUCs for the antibody were also quite varied-ranging from 132 ± 136 to
243 ± 198 mg.h/L for the first and second doses. For comparison, the total calicheamicin
half-life was found to be 39 ± 25 h for the first dose and 63 ± 63 h for the second dose.
Finally, the AUC of total calicheamicin was 2.1 ± 1.8 mg.h/L for the first dose and 4.7 ± 4.1
mg.h/L for the second dose. Following the Phase I trial, the recommended phase II dose was
9 mg/m2 i.v. over 2 h for two doses [154].

The phase II trials consisted of 142 patients between three study groups labeled 201, 202,
and 203. They used the recommended dose of 9 mg/m2 and all 142 patients received at least
one dose while 109 received two doses and 5 received 3 doses. The phase II studies saw
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16% with a CR and 13% with a PR. The CR and PR were summed to 30% and termed as the
overall response (OR) rate. Among these responders, the CR group had a relapse-free
survival (RFS) of 7.2 months and the PR group had a RFS of 4.4 months, thus averaging 6.8
months for the OR group. Treatment was generally well tolerated except for cases of
infusion related symptoms, fever, chills, hypotension, hypoxia, difficulty breathing, and
bleeding. However, treatment caused tumor lysis syndrome in four cases with one resulting
in death. Furthermore, in the phase II clinical trials the hepatotoxicity was evident with
hepatic function abnormalities, bilirubin elevations, and transaminase elevations. Most cases
were treatable, but one patient died of hepatic failure. However, by combining the CR and
PR to form an impressive OR rate, there was enough evidence for efficacy and to gain a fast
track approval [154].

5.1.3 Postmarketing data—The postmarketing data revealed some severe adverse events
such as hypersensitivity reactions, pulmonary toxicity, and hepatotoxicity-especially veno-
occlusive disease (VOD). A post-market phase III trial from 2004 to 2009 at the Southwest
Oncology Group showed a poor response rate and adverse effects of Mylotarg plus various
chemotherapies compared to traditional chemotherapies alone [160]. Not long after, on June
21, 2010, there was a FDA news release announcing that Pfizer voluntarily withdrew
Mylotarg from the U.S. market [161]. A recent study completed in Germany showed a
similar lack of improved efficacy. The CR rate for gemtuzumab ozogamicin therapy was
31% while standard care had a CR rate of 32%. While there may be some slight advantage
in the relapse free survival, due to the improvements in preventing relapse, there is very little
difference between the overall survival percentages. Unfortunately, this study also showed
serious toxicities associated with the gemtuzumab ozogamicin therapy. There were eight
induction deaths in the gemtuzumab ozogamicin group and three in the standard care and
two of the induction deaths from the GO group had severe VOD as an underlying
complication [162]. Another large randomized open-label trial in the UK produced results of
lack of superiority in efficacy for those patients receiving gemtuzumab ozogamicin therapy.
The survival percentage and relapse free survival percentages are shown in Fig. 17. It was
only by separating patients with favorable cytogenics or prognostic index that benefits could
be seen [163]. The gap present could be a matter of choice for the target. Inconsistent
expression is much more prevalent in clinical cancers with a varied human population. Prior
results from ex vivo studies on inhibition of colony formation were less than impressive
compared to the in vivo studies on tumor growth suppression in mice (Table 3) [159].
Furthermore, liver toxicity was an issue and it is likely that Mylotarg was passively targeting
the liver by targeting CD33+ cells of myeloid lineage (leukemia and others) in the liver
sinusoids [164].

5.2 PK2
PK2 is an HPMA polymer drug conjugate very similar to PK1 except that it has a
galactosamine moiety added to target the liver (Fig. 18). The galactosamine moiety is a
biomimetic ligand for the asialoglycoprotein receptor found on differentiated hepatocytes;
thus, this receptor is not uniquely expressed by hepatomas. Furthermore, depending on the
state of differentiation of the cancer cells, expression can even exist at lower levels than
healthy liver tissue [165]. Still, the hope was to induce more accumulation of the drug into
the liver to treat hepatomas which is aided by the fact that liver physiology is conducive to
accumulation of nanoparticles that rely on the EPR effect.

Preclinical studies in mice have shown drastically faster blood clearance and higher liver
uptake in formulations containing higher galactosamine content (4 mol% compared to 1 mol
%). These studies showed formulations with greater than 80% of the 125I-labeled dose
accumulated in the liver [166]. Another preclinical study grew human colon carcinomas in
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the livers of nude mice. As the colon carcinoma does not have asialoglycoprotein receptors,
radio labeled HPMA copolymer-doxorubicin-galactosamine conjugates were absent in
tumor areas in the liver as shown by Fig. 19 [167].

In the preliminary clinical study where a formulation of 1.0 mol% of galactosamine for PK2
was chosen, only 30% of the dose accumulated in the liver when scanned at 24 hours
following administration [168]. In the phase I clinical study they chose 1.5 mol%
galactosamine for the PK2 formulation. However, this same study compared PK2 with PK1
(almost identical, save it has no galactosamine moiety) and planar gamma-camera imaging
showed PK2 preferentially accumulating in the liver while PK1 was not [165].
Unfortunately, while it was accumulating in the liver, SPECT imaging showed it
accumulating to a lesser degree in the cancerous regions of the liver likely lacking
asialoglycoprotein receptors—where the treatment needs to go—and possibly explains why
no efficacy gains were reported in clinical studies.

The AUC (from 0–192 h) at 120 mg/m2 reached as high as 296 mg.h/L when administered
by a 24 h infusion [165], [168]. The MTD was found to be 160 mg/m2 due to doxorubicin
associated toxicity of myelosuppression, mucositis, and fatigue. The recommended dose for
phase II trials was 120 mg/m2. For comparison, the MTD of PK1 was higher at 320 mg/m2

[87], [165].

Some dated review articles state that PK1 is in phase I/II clinical trials; however, it is
notably absent in lists of more recent review articles and government databases of clinical
trials [13], [169], [170], [171]. It may be safe to assume it has “quietly disappeared” after
not performing as well in clinical studies.

5.3 CALAA-01
Another example of a targeted drug carrier uses siRNA as the delivered drug. The product
name is CALAA-01 (Fig. 20) and the nanoparticle is the delivery vehicle Rondel™. It is
composed of a linear polycationic polymer containing cyclodextrin and imidazole groups
[172]. The imidazole groups are added to enhance unpacking and delivery of siRNA [173].
The cyclodextrin groups form a complex with hydrophobic adamantane (Ad) groups where
each are conjugated to PEG alone or with a human transferrin (Tf) protein for targeting. The
PEG is to help stabilize and minimize unwanted interactions (such as aggregation, protein
binding, or macrophage uptake). They conjecture that these nanoparticles are able to take
advantage of the tumor physiology to aid in intended tissue targeting [172]. Additionally, the
Tf groups bind to Tf receptors that are found in a wide variety of malignant tissues [174],
[175]. Using siRNA to inhibit the expression of RRM2 results in an antiproliferative effect
that could potentially treat a wide range of tumors [176].

5.3.1 Preclinical—In non-human primate studies, they tested the safety of the
nanoparticles at doses of 3, 9, and 27 mg siRNA/kg. There was concern about the possibility
of the PEG component causing hypersensitivity reactions, activating complement, or
accelerating clearance from the blood. The results showed that there was some antibody
formation only at the highest dosage, but that it was formed against the Tf protein on the
drug carrier. Regardless of the dose, the majority of nanoparticles and siRNA had been
cleared from plasma within 2 hours. While ELISA studies showed an increase in cytokine
levels for IL-6, IL-12 and IFN-gamma, they saw no salient physiological signs of toxicity.
However, the highest dose saw an increase in blood urea nitrogen and creatinine significant
enough to indicate kidney toxicity. Researchers doubted the toxicity was due to siRNA;
unfortunately, they did not test a formulation without siRNA as a control. Still, they
suggested there was a large therapeutic index by reasoning that the equivalent effective dose
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found in mice was near 0.5–1.0 mg/kg and well below the 27 mg/kg that had some indicated
toxicities [177].

In vivo studies in mice using 64Cu-DOTA-siRNA delivered by Tf-targeted and non-targeted
nanoparticles showed similar tissue distribution, blood clearance, and tumor accumulation.
The authors state that their methodology does not differentiate between the different states
of 64Cu-DOTA-siRNA [178].

The majority of the preclinical efficacy data focuses on protein expression levels and cell
growth inhibition. A/J mice using siR2B+5 had the best results in blocking protein
expression in vivo. Also, Fig. 21 shows tumor volume progressed slower when treated with
the targeted and pegylated nanoparticle formulation containing siR2B+5 (which was
eventually chosen for the CALAA-01 formulations) as well as an improvement in
cumulative survival [179], [180]. Unfortunately, an improvement of 20 days for cumulative
survival in mice may not be predictive of how CALAA-01 will prolong life for humans. On
the other hand, mathematical models were employed to elucidate the mechanisms affecting
the threshold and duration of the knockdown in order to improve treatment design [180].

5.3.2 Clinical—CALAA-01 is only in phase I of clinical trials. Thus, clinical data is
limited for comparison against preclinical data. As the best performer in preclinical trials,
siR2B+5 was selected for the siRNA component of CALAA-01 to be used for clinical trials
and is termed C05C. Research is ongoing, but a review article states that there is fast
clearance and an acute elevation of cytokines as seen in preclinical trials [172].

Fifteen patients were enrolled where the average age was 62. Dosing was tested at escalating
doses of 3, 9, 18, 24, and 30 mg/m2 for 30 min iv on days 1, 3, 8, and 10 of 21 day cycles.
There were no dosage limiting toxicity issues and the most common adverse events were
fatigue, fever/chills, allergic reactions, constipation, and nausea/vomiting. One patient had
anemia and two patients had thrombocytopenia. One patient had sinus bradycardia [181].
While the purpose of the phase I trial was safety, they reported on some aspects of efficacy.
One patient at the highest dose saw their metastatic melanoma change course and become
stable for 4 months. Furthermore, a total of four patients with melanoma had biopsies that
showed nanoparticles internalized in cells. At the highest dose, RRM2 knockdown had
occurred at the mRNA and protein level [179], [181].

Still, it remains to be seen what kind of response will be seen in the clinical setting. In the
clinical trial report, the researchers saw no tumor responses in any of the patients. While the
improvements of CALAA-01 in tumor growth deceleration and cumulative survival rates in
preclinical studies are promising, early reports from phase I trials indicate that it may not
have as much efficacy in clinical tumors. The targeted binding site of CALAA-01,
transferrin receptors, is also found on some normal tissues and could be a potential pitfall in
its clinical progression [174]. However, delivery of a less toxic siRNA that is
antiproliferative-rather than a toxic small molecule drug-could abrogate some of the dangers
from lack of specificity in their chosen target.

5.4 Discussion—Targeted formulations
There are general factors that make some of the products from this section unfit for market
approval. Some of these targeted drug carriers suffered from similar problems as non-
targeted drug carriers: unacceptable toxicity and insufficient efficacy in the clinical setting
(e.g., Mylotarg). Sometimes, targeted drug carriers appear to have issues due to their
implementation of targeting and they may have performed better without targeting (e.g.,
PK2). At times, the issues become apparent only after conducting clinical trials. Essentially,
the selection of appropriate receptor-ligand binding is a key to its success in practice. There
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were two examples of how poorly chosen targeting groups likely caused problems in clinical
trials and the third targets receptors known to be found on some normal tissues.
Unfortunately, one of the difficulties with cancer in the clinical setting is its inherent
heterogeneity and similarity to ‘self’, thus making it difficult to choose a ligand that will be
universally expressed by cancer cells yet not expressed by healthy tissue. This is not as
much of an issue in preclinical studies that use more homogeneous cancer cell lines and
could explain the disparity in results when translating to the clinical setting.

The limited market success in drug carriers with targeting groups has occurred mostly with
antibody therapies. A simple search on the FDA drug database, Drugs@FDA, for the suffix
“mab” will return numerous FDA approved antibodies (a considerable fraction is for cancer
treatment). Some are antibody-drug conjugates such as Adcetris® and Kadcyla®, while
others act as a drug simply by binding to the ligand, such as Herceptin® and Erbitux®.
Antibodies are on the lower range of drug carrier sizes at approximately 5–20 nm in
diameter (depending on the axis). They are made by cells resulting in uniform and
biocompatible products. However, variation does exist due to metabolism/degradation,
immune responses, organism of origin, drugs, and linkers. Still, there are more and more
antibody therapies being approved by the FDA when compared to other targeted drug
carriers such as polymers, colloids, or microemulsions. Preclinical studies are replete with
polymers, micelles, liposomes, etc., that contain multifunctional aspects, beyond just
targeting moieties, that provide preferential treatment to the target tissue; however, it seems
relatively few of these enter clinical trials and they have yet to successfully navigate through
clinical trials to market approval. Apparently, the simplest designs have the best hope for
causing positive effects in the complex clinical cancer setting.

6. Conclusion
This survey is meant to be a broad, though not comprehensive, review of intravenously
injectable cancer drug carriers that have undergone some clinical testing. The formulation
strategies used vary widely from compound to compound. Drugs can be covalently bonded
to proteins or polymers, loaded into micellar or liposomal structures by hydrophobic
interactions, bound to the nanoparticle surface by ionic bonds, or sterically trapped within a
structure. The drug carriers have a drastic effect on the dosing of the drug either by
frequency or MTD. Comparable doses ranged from slightly lower to many-fold higher drug
equivalents than their free-drug counterparts. Pharmacokinetic properties were also
substantially altered with circulation half-life in some cases extended from hours to days or
even weeks; drug exposure as measured by the AUC often increased as well. In some of
these cases, these increases in half-life and AUC compared to the free drug occurred in both
preclinical and clinical trials. Unfortunately, these improvements in dosing or
pharmacokinetics and this focus on comparing against a free drug do not coincide with the
gap between preclinical and clinical results. Comparing the half-life, AUC, Cmax, and other
pharmacokinetic values between preclinical and clinical data is often not possible for the
drug carriers as they are either not comparable or missing from the literature.

The efficacy in preclinical studies can be incredible; an HPMA-drug conjugate [81],
Abraxane [103], NK105 [110], Genexol-PM [117], Xyotax [120], and gemtuzumab
ozogamicin [159] were able to completely cure all mice of specific tumors (i.e., show tumor
regression and complete growth inhibition for the remainder of the study). In spite of the
tremendous advantages in efficacy the drug carriers seem to enjoy in preclinical studies, the
difference seems to collapse to nearly zero in human tumors. The question of why the
nanoparticle should perform in clinical trials, essentially the same as the free drug, may be
an important one for understanding how to best proceed with new drug carrier therapies.
Furthermore, one must understand the differences that are present in the preclinical and
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clinical studies. Some of the differences are obvious and the known shortcomings in using
animal models for human cancer therapy testing are accepted because the murine model is
the most widely used model in preclinical studies and has been invaluable in providing
information and saving human lives. Still we must acknowledge the differences with regard
to immunocompetency, metabolism, biological rhythms, hormone cycles, and heterogeneity-
among others-and how these can affect the rate and nature of tumor growth.

The clinical environment also differs in attitudes, goals, training, protocols, and sample
population characteristics. Due to an increased level of complexity, successful clinical trials
are highly dependent on the proper design of the experiments. There is heterogeneity not
only from patient to patient, but clinical tumors are more heterogeneous in terms of
environmental and cellular composition. Depending on the nature of the cancer and the
patient, the results can be drastically different. It is not suggested that chaos theory rules
supreme in clinical trials, but it does help to explain the difficulty in reproducing results. The
butterfly effect suggests the importance of consistency in initial conditions. For example, a
ball may come to rest in entirely different locations at the bottom of a hill based on where it
is placed at the crest. Imagine now, the topography of that hill can change as cancer is
different from patient from patient and the resulting path of treatment can be different. In
reality, heterogeneity in clinical cancers (including genetic, epigenetic, and environmental
differences) is considered to play a major role in failed treatments.

There are some promising strategies to navigate and bridge the gap between research and
clinical practice. These include advancements in personalized medicine and theranostics
which would both address the issue of adapting to the unique circumstances of an individual
patient. There are also increased efforts in modifying the tumor environment, which could
perhaps serve as a way to make the disease population more uniform and treatable. As a
means of stimulating discussion and creativity in bridging the gap, a short list of suggestions
is being submitted that might help. Initially, consistent protocols for specific experiments
could be developed that would serve as a prerequisite for clinical trials. Similar experiments
would then be required, and must be reported on, in clinical trials. This would, hopefully,
improve reproducibility and allow for comparisons to be made between preclinical and
clinical trials. This could be an opportunity to provide more transparent reporting of
pharmacokinetic and efficacy results, even if the results are negative. As reporting negative
results is perceivably not as rewarding, they are a lot more difficult to find in publications
and sometimes get summarized in conference meetings. However, the Declaration of
Helsinki states that authors have an ethical duty to publish all results from clinical trials-
whether positive, negative, or inconclusive [182]. While there are provisions in section 801
of the Food and Drug Administration Amendments Act that require a summary of results,
there seem to be loopholes in the system that allow for some negative results from clinical
trials to avoid being published. If made publicly available, the negative data could be
extremely useful to understand the faults of the drug, model, or protocols and to learn from
such mistakes. A journal, forum, or collection could be created where all results will be
made publicly available as a requirement in taking part in clinical trials. Finally, a simple
suggestion for a continued effort of scientific criticism and skepticism is recommended. In
more than one of the drugs presented in this paper, negative results were found in clinical
studies that were also present (and should have been addressed) in the preclinical studies. It
would be wise to trust the bad news and be skeptical of the good. Still, one must
acknowledge that great progress has indeed occurred in the fight against cancer and that
many drug carriers have been approved with good reasons and have saved or improved the
quality of countless lives.
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Fig. 1.
Summary of phase III performance of selected drug carrier therapies compared to standard
treatment. PFS: progression free survival; OS: overall survival; ORR: overall response rate.
Data gathered from phase III trials [21], [22], [69], [106], [119], [122], [183], [184], [185].
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Fig. 2.
Pegylated liposomal doxorubicin (Doxil® / Caelyx®), Particle size is 80–90 nm. Developed
by Johnson and Johnson and approved in 1995 for treating AIDS-related Kaposi's sarcoma.
So far, the indications have been extended to ovarian cancer and multiple myeloma.
Illustration modified from FDA label.
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Fig. 3.
PK1/FCE 28068. a=96.1%, b= 3.9%, Particle size is around 8 nm. Developed by Pharmacia
which merged with Pfizer [88].
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Fig. 4.
Albumin-bound paclitaxel (Abraxane). Purple represents hydrophobic regions. Particle size
7 nm or 67 kDa (size of albumin protein). FDA approval 2005 for treating advanced
metastatic breast cancer. Recommended dose is 260 mg/m every 3 weeks while tolerated
[186].
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Fig. 5.
Tumor volume and Kaplan-Meier analysis of tumors in two xenograft mouse tumor models
treated with Abraxane (closed circles), Taxol (open circles), and untreated controls (closed
diamonds). A & B MX-1 (breast tumor xenograft); C & D SK-OV (ovarian tumor
xenograft). [106]
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Fig. 6.
(A) Patient survival over time. (B) Patient survival over time in patients who received
second-line or greater therapy. P values from log-rank test. Survival indicates time from first
dose of study drug to date of death. [106]
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Fig. 7.
NK105, micellar paclitaxel. Size range 20–430 nm, average size 85 nm. Not FDA approved
but previously tested for use as second-line therapy for recurrent metastatic gastric cancer.
Recommended dose is 150 mg/m2.
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Fig. 8.
Relative changes in HT-29 tumor growth rates in nude mice. (A) Effects of PTX (open
symbols) and NK105 (closed symbols). PTX and NK105 were injected i.v. once weekly for
3 weeks at PTX-equivalent doses of 25 mg/kg (squares), 50 mg/kg (triangles), and 100 mg/
kg (circles), respectively. Saline was injected to control animals (shaded circles) [110].
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Fig. 9.
Genexol-PM. Size range 20–50 nm. In phase III trials as second-line therapy for recurrent
metastatic breast cancer. Recommended dose 300 mg/m2 paclitaxel equivalent.

Stirland et al. Page 41

J Control Release. Author manuscript; available in PMC 2014 December 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 10.
Antitumor efficacy of Genexol®-PM and Taxol® on Tac:Cr:(NCr)-nu athymic mice bearing
MX-1 human breast tumor xenograft. Tumors were allowed to establish and mice were
treated on 3 consecutive days with saline (•), Taxol® vehicle (■), Genexol®-PM vehicle (▴),
Taxol® 20 mg/kg (▾) or Genexol®-PM 60 mg/kg (♦). Each point represents a mean ± S.D.
[117]
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Fig. 11.
PFS and OS among the study patients. (A) Kaplan-Meier Curves for PFS in the Intent-to-
Treat (ITT) Population (2P = .70). (B) OS in the ITT Population (2P = .83). Blue represents
Genexol-PM + cisplatin and red represents paclitaxel + cisplatin. Figure from [119].
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Fig. 12.
Paclitaxel poliglumex (PPX; Xyotax). Size range 40–50 kDa. Not FDA approved. Under
investigation to treat NSCLC. Recommended dose 210 mg/m paclitaxel equivalent.
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Fig. 13.
Cisplatin incorporated polymeric micelle (NC-6004). Particle size is around 50 nm.
Developed by Nanocarrier. [187]
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Fig. 14.
Relative changes in MKN-45 tumor growth rates in nude mice. (A) Cisplatin and NC-6004
were injected i.v. every 3 days, three administrations in total, at CDDP-equivalent doses of
0.5 mg/kg(●, ○), 2.5 mg/kg (▲, Δ), and 5 mg/kg (■, □), respectively. Glucose (5%) was
injected in the control mice (×). (B) Changes in relative body weight. Data were derived
from the same mice as those used in the present study. Values are expressed as the mean ±
S.E. [148].
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Fig. 15.
Mylotarg/gemtuzumab ozogamicin. Size range: 5–20 nm or 151–153 kDa. Binding Site:
CD33. FDA approved in 2000 and withdrawn in 2010. Indicated for CD33 positive acute
myeloid leukemia. Recommended dose is 9 mg/m i.v. over 4 h and repeated in 14 days.
Company: Pfizer.
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Fig. 16.
Complete cure rates in mice for various dose strengths of Mylotarg [159].
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Fig. 17.
An open-label trial involving 1,113 patients that were randomly assigned whether or not to
include gemtuzumab ozogamicin as part of their induction therapy. Broadly, there were only
slight differences in overall survival (A), relapse-free survival (B), cumulative incidence of
relapse (C), and cumulative incidence of death (D) [163].
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Fig. 18.
PK2/FCE 28069. Size: about 27,100 Da. Binding Site: Asialoglycoprotein receptor. Review
articles state phase I/II FDA trials, though not currently found on clinicaltrials.gov. Indicated
for hepatocellular carcinoma. The recommended dose is a 4 mg/kg loading dose with 2 mg/
kg weekly doses or an 8 mg/kg loading dose with a 6 mg/kg dose every 3 weeks. Developed
by Pharmacia which merged with Pfizer.
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Fig. 19.
SPECT and CT imaging of a patient treated with PK2 showing decreased accumulation of
targeted nanoparticles in the tumor region. The SPECT shows accumulation of PK2 in the
liver except in the central region. The tumor is visible in the CT image as the dark mass in
the central region. [167]
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Fig. 20.
CALAA-01. Size: about 70 nm. Binding site: Transferrin receptor. Currently in phase I of
FDA clinical trials. Seeking indication for solid tumors. The recommended dose is 18–30
mg siRNA/m2. Developed by Calando Pharmaceuticals, Inc.
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Fig. 21.
The targeted and pegylated formulation containing the RRM2 sequence denoted as siR2B+5
performed the best in tumor growth inhibition. (A) tumor growth rates and (B) Kaplan-
Meier survival curves. [180]

Stirland et al. Page 53

J Control Release. Author manuscript; available in PMC 2014 December 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Stirland et al. Page 54

Ta
bl

e 
1

Su
m

m
ar

y 
of

 c
lin

ic
al

 e
ff

ic
ac

y.

C
an

ce
r 

ty
pe

A
R

K
S

A
R

K
S

A
R

K
S

A
R

K
S

R
ec

ur
re

nt
O

va
ri

an
 C

an
ce

r
M

et
as

ta
ti

c
B

re
as

t 
C

an
ce

r
M

ul
ti

pl
e

M
ye

lo
m

a

C
ha

ra
ct

er
is

ti
cs

P
L

D
1

B
V

P
L

D
1

A
B

V
P

L
D

1
P

T
X

P
L

D
1

H
A

A
R

T
P

L
D

2
T

P
N

P
L

D
2

D
O

X
D

V
d

V
A

d

N
o.

 o
f 

pa
tie

nt
s

12
1

12
0

13
3

12
5

37
36

13
15

23
9

23
5

25
4

25
5

97
95

C
R

 (
%

)
6.

0
1.

0
1.

0
0.

0
5.

0
8.

0
31

.0
13

.0
3.

8
4.

7
-

-
3.

1
0.

0

PR
 (

%
)

53
.0

22
.0

45
.0

25
.0

41
.0

47
.0

46
.0

7.
0

15
.9

12
.3

-
-

41
.3

41
.1

O
R

 (
C

R
 +

 P
R

, %
)

59
.0

23
.0

46
.0

25
.0

46
.0

55
.0

-
-

19
.7

17
.0

33
.0

38
.0

44
.4

41
.1

St
ab

le
 (

%
)

38
.0

68
.0

53
.0

67
.0

32
.0

25
.0

-
-

32
.2

40
.4

25
.0

25
.0

39
.2

48
.4

Pr
og

re
ss

iv
e 

(%
)

0.
0

4.
0

2.
0

8.
0

3.
0

3.
0

-
-

48
.1

42
.6

18
.0

11
.0

2.
1

0.
0

N
ot

 a
ss

es
sa

bl
e 

(%
)

3.
0

5.
0

0.
0

0.
0

24
.0

17
.0

-
-

-
-

18
.0

21
.0

14
.4

10
.5

PF
S 

(m
on

th
s)

-
-

-
-

12
.2

17
.5

-
-

3.
8

4.
0

6.
9

7.
8

78
%

*
76

%
*

O
S 

(m
on

th
s)

5.
3

5.
3

-
-

-
53

.6
-

-
14

.0
13

.2
21

.0
22

.0
88

%
*

85
%

*

R
ef

.
[6

4]
[6

3]
[6

5]
[6

6]
[6

7]
[2

0]
[6

9]

C
R

: C
om

pl
et

e 
re

sp
on

se
; P

R
: P

ar
tia

l r
es

po
ns

e;
 O

R
: O

ve
ra

ll 
re

sp
on

se
; P

FS
: P

ro
gr

es
si

on
 f

re
e 

su
rv

iv
al

; O
S:

 O
ve

ra
ll 

su
rv

iv
al

; A
R

K
S:

 A
ID

S-
re

la
te

d 
K

ap
os

i’
s 

sa
rc

om
a;

 P
L

D
1:

 P
eg

yl
at

ed
 li

po
so

m
al

 d
ox

or
ub

ic
in

(2
0 

m
g/

m
2 )

; P
L

D
2:

 P
eg

yl
at

ed
 li

po
so

m
al

 d
ox

or
ub

ic
in

 (
50

 m
g/

m
2 )

; B
V

: b
le

om
yc

in
 (

15
 I

U
/m

2 )
 a

nd
 v

in
cr

is
tin

e 
(2

 m
g)

; A
B

V
: d

ox
or

ub
ic

in
 (

20
 m

g/
m

2 )
, b

le
om

yc
in

 (
10

 m
g/

m
2 )

 a
nd

 v
in

cr
is

tin
e 

(1
 m

g)
; P

T
X

:

Pa
cl

ita
xe

l (
10

0 
m

g/
m

2 )
; H

A
A

R
T

: h
ig

hl
y 

ac
tiv

e 
an

tir
et

ro
vi

ra
l t

he
ra

py
; T

PN
: T

op
ot

ec
an

 (
1.

5 
m

g/
m

2 )
 ; 

D
O

X
: D

ox
or

ub
ic

in
 (

60
 m

g/
m

2 )
; D

V
d:

 p
eg

yl
at

ed
 li

po
so

m
al

 d
ox

or
ub

ic
in

 (
40

 m
g/

m
2 )

, v
in

cr
is

tin
e 

(1
.4

m
g/

m
2 ;

 m
ax

im
um

, 2
.0

 m
g)

 a
nd

 r
ed

uc
ed

-d
os

e 
de

xa
m

et
ha

so
ne

 (
40

 m
g)

; V
A

d:
 v

in
cr

is
tin

e 
(0

.4
 m

g)
 d

ox
or

ub
ic

in
 (

9 
m

g/
m

2 )
 a

nd
 r

ed
uc

ed
-d

os
e 

de
xa

m
et

ha
so

ne
 (

40
 m

g)
; ‘

-’
 n

ot
 a

va
ila

bl
e;

 ‘
*’

 1
 y

ea
r 

PF
S 

or
 O

S
ra

te
 [

22
],

 [
65

],
 [

66
],

 [
67

],
 [

68
],

 [
69

],
 [

71
]

J Control Release. Author manuscript; available in PMC 2014 December 28.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Stirland et al. Page 55

Ta
bl

e 
2

Su
m

m
ar

y 
of

 to
xi

ci
tie

s 
fo

r 
va

ri
ou

s 
pa

cl
ita

xe
l-

ba
se

d 
ca

nc
er

 tr
ea

tm
en

ts
.

D
ru

g
T

ax
ol

[1
04

]
A

br
ax

an
e

[9
7]

N
K

10
5

[1
05

]
X

yo
ta

x
[1

06
]

G
en

ex
ol

-P
M

[1
07

]

P
ac

lit
ax

el
 D

os
e

17
5 

m
g/

m
2

26
0 

m
g/

m
2

15
0 

m
g/

m
2

21
0 

m
g/

m
2

30
0 

m
g/

m
2

A
ll

Se
ve

re
A

ll
Se

ve
re

A
ll

Se
ve

re
A

ll
Se

ve
re

A
ll

Se
ve

re

N
eu

tr
op

en
ia

82
22

80
9

91
65

21
14

71
46

A
ne

m
ia

-
-

33
1

54
12

17
5

19
3

P
la

tl
et

3
1

2
1

28
0

7
2

2
0

N
au

se
a

22
1

30
3

28
0

33
4

70
3

V
om

it
in

g
10

1
18

4
-

-
19

2
52

3

D
ia

rr
he

a
15

1
26

1
23

0
16

1
25

2

F
at

ig
ue

39
3

47
8

58
4

27
6

7
3

A
rt

hr
al

gi
a

49
4

44
8

46
2

12
<

1
29

7

M
ya

lg
ia

49
4

44
8

60
0

-
-

54
6

N
eu

ro
pa

th
y

56
2

71
10

65
2

50
19

71
13

A
lo

pe
ci

a
94

N
/A

90
N

/A
88

N
/A

9
N

/A
81

N
/A

A
ST

32
N

/A
36

N
/A

32
N

/A
-

-
-

-

H
yp

er
se

ns
it

iv
it

y
12

2
4

0
-

-
-

-
7

4

J Control Release. Author manuscript; available in PMC 2014 December 28.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Stirland et al. Page 56

Ta
bl

e 
3

C
ol

on
y 

fo
rm

at
io

n 
of

 p
at

ie
nt

-d
er

iv
ed

 le
uk

em
ic

 m
ar

ro
w

 c
el

ls
 in

 th
e 

pr
es

en
ce

 o
f 

ge
m

tu
zu

m
ab

 o
zo

ga
m

ic
in

 [
15

9]
.

co
nc

en
tr

at
io

n
(n

g/
m

L
)a

to
ta

l n
o

sa
m

pl
es

0–
25

%
in

hi
b

25
–6

0%
in

hi
b

60
–9

0%
in

hi
b

>9
0%

in
hi

b

ad
ul

t 
sa

m
pl

es
2

27
17

6
3

1

10
27

12
3

6
6

pe
di

at
ri

c 
sa

m
pl

es
2

15
2

5
3

5

10
5

0
1

1
3

a C
on

ce
nt

ra
tio

n 
of

 N
-a

ce
ty

l-
ga

m
m

a 
ca

lic
he

am
ic

in
 d

im
et

hy
l h

yd
ra

zi
de

. A
nt

ib
od

y 
co

nc
en

tr
at

io
n 

is
 4

0-
fo

ld
 g

re
at

er
.

J Control Release. Author manuscript; available in PMC 2014 December 28.


