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Abstract

The use of Drug Delivery Systems as nanocarriers for chemotherapeutic agents can improve the
pharmacological properties of drugs by altering drug pharmacokinetics and biodistribution. Among
the many drug delivery systems available, both micelles and liposomes have gained the most attention
in recent years due to their clinical success. There are several formulations of these nanocarrier
systems in various stages of clinical trials, as well as currently clinically approved liposomal-based
drugs. In this review, we discuss these drug carrier systems, as well as current efforts that are being
made in order to further improve their delivery efficacy through the incorporation of targeting ligands.
In addition, this review discusses aspects of drug resistance attributed to the remodeling of the
extracellular matrix that occurs during tumor development and progression, as well as to the acidic,
hypoxic, and glucose deprived tumor microenvironment. Finally, we address future prospective
approaches to overcoming drug resistance by further modifications made to these drug delivery
systems, as well as the possibility of coencapsulation/coadministration of various drugs aimed to
surmount some of these microenvironmental-influenced obstacles for efficacious drug delivery in
chemotherapy.
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Introduction

One of the many challenges in chemotherapy is the delivery of an effective dose of a given

cytotoxic agent to the tumor site, while at the same time minimizing unintended harmful side
effects. The use of Drug Delivery Systems (DDS) can improve the pharmacological properties
of traditional chemotherapeutics by altering drug pharmacokinetics and biodistribution [1,2].
DDS can include liposomes, micelles, dendrimers, as well as various polymeric-based systems
[3-5]. Among the many DDS available, both micelles and liposomes have gained popularity
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in recent years due to their relative clinical success (details below). For example, several
micellar-based drugs are currently in various stages of clinical trials for the delivery of both
doxorubicin (a topoisomerase Il inhibitor) as well as paclitaxel (a drug that interferes with the
normal function of microtubule breakdown) in order to treat gastric and pancreatic cancers
[6,7]. On the other hand, DaunoXome and Doxil are examples of clinically-approved
liposomal-based drugs that are currently used to treat either Kaposi’s Sarcoma [8], or both
ovarian and recurrent breast cancer [1,8].

The clinical success of chemotherapeutics encapsulated within lipid-based vesicle-like DDS
such as micelles or liposomes can be explained using a number of arguments. For example,
due to their small size (~100nm or less), these DDS readily extravasate from circulation through
vascular gaps or defects attributed to ongoing angiogenesis that is typical of tumor sites [9]
(Figure 1), which have been reported to be ~200 nm or greater [10]. DDS retention within these
sites is generally high due to the poor lymphatic drainage observed within tumors [11,12].
Furthermore, their lower size limit of ~ 20 nm in diameter ensures that these vehicles do not
randomly penetrate normal vessel walls. In addition, DDS also serves to minimize the
undesirable side effects which can occur using conventional (nonencapsulated) drugs. This
includes peripheral neurotoxicity commonly associated with the use of both cisplatin (which
crosslinks DNA, thereby interfering with cell division) and vincristine (inhibits assembly of
microtubules) [13,14], or cardiotoxicity that generally results with the use of anthracyclines
(DNA intercalators) such as doxorubicin and daunorubicin [15,16].

The use of DDS however, does present some obstacles to efficacious drug delivery. For
instance, low bioavailability resulting from minimal drug accumulation within the tumor site
can occur as DDS are particularly susceptible to opsonization and therefore subjected to
undesired reticuloendothelial system (RES) uptake, resulting in low drug efficacy. However,
surface coating DDS with polyethylene glycol (PEG) has been shown to dramatically improve
their circulation times in vivo by substantially reducing protein adsorption and opsonization
[11,17,18], thereby allowing for increased accumulation of the encapsulated drug within tumor
tissues. The use of “PEG-lipids” is ideal as they are water soluble, biocompatible, and confer
weak immunogenicity to these systems [19]. In fact, the clinically approved liposomal-based
drug Doxil (liposomal-based doxorubicin) is pegylated (M, 2000) [20,21], thereby allowing it
to preferentially accumulate within tumors via enhanced circulation times. This coupled with
the fact that that there is generally poor lymphatic drainage at tumor sites results in a
phenomenon commonly referred to as the enhanced permeability and retention (EPR) effect
[22-24]. In addition, longer circulation times associated with many micellar-based drugs can
also be attributed to PEG-lipids used as hydrophilic corona-forming blocks [6,25]. However,
while the presence of the PEG moiety is useful for controlling the pharmacokinetics of the
drug, it can also dramatically reduce tumor cellular uptake because it presents a steric barrier
between the DDS and the tumor cells [21,26]. Unfortunately, this form of “passive” delivery
of encapsulated drugs today is still therefore mostly based on leakage in the tumor
microenvironment, followed by the possibility of neoplastic cellular uptake of the free drug.
As a result, many research groups are currently working on a more “active” form of delivery.
Unlike passive delivery, active targeting seeks to further improve the colocalization between
the drug and cancer cells, and in some cases it also attempts to improve cellular internalization
via receptor-mediated endocytosis, through the addition of surface ligands to DDS [6,27].
These ligands specifically recognize and preferentially bind receptors present on the cells of
interest, thereby allowing for a more precise method of delivery [28]. Patients could therefore
receive much higher doses of the chemotherapeutic agent with possibly less non-specific
effects, and thus more frequent treatments.

In this review, we discuss some of the recent work involving surface modifications made to
both micelles and liposomes in order to actively target tumor cells. While these modifications
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may improve the delivery of chemotherapeutics to tumor tissue, overall drug efficacy also
depends on both the specific tumor cell responsiveness to the given drug and the altered (host’s)
microenvironmental settings, which are typical of tumor-associated stromal reactions.
Therefore, we also discuss drug resistance attributed to tumor-associated extracellular matrix
(ECM) remodeling and the stressful conditions that exist within the tumor microenvironment.
Finally, future prospective possibilities to overcoming drug resistance utilizing a combinatorial
approach of various DDS modifications, and/or coencapsulation/coadministration of various
drugs are also discussed.

Micelles are small (5-100 nm in diameter) colloidal dispersions that are constructed from
amphiphilic molecules (possessing both hydrophilic and hydrophobic properties) such as
lipids, which contain a hydrophobic core (figure 2A) and a hydrophilic head (micellar corona)
oriented outwardly. Micelles are therefore large enough to escape renal excretion, yet small
enough to extravasate from circulation into the tumor tissue [25, 29] through the imperfect
tumor vasculature. Their hydrophobic core allows for the delivery of chemotherapeutics, which
are often sparingly/poorly soluble in water. The solubilization of hydrophobic drugs also
reduces the common risk of potential drug aggregation following intravenous administration,
which can lead to severe adverse side effects arising from complications such as the formation
of an embolism [2, 30]. As with all DDS, their ability to evade the RES of the immune system
is necessary in order to achieve a high bioavailability of the drug. To this end, the hydrophilic
micellar corona allows for increased circulation times by reducing opsonization [25, 31], and
the low critical micelle concentration (CMC), which is defined as the concentration threshold
at which micelles are formed, provide for an ideally stable construct not easily disassociated
in vivo [2, 6].

Due to the fact that there are several micellar-based formulations currently in various stages
of clinical trials, micelles have received a lot of attention as an optimal DDS. For example,
NK105, NC-6004, and SP1049C are paclitaxel, cisplatin, and doxorubicin based drugs
currently in Phase-11, Phase-1/11, and Phase-111 stages of clinical trials respectively [7,32].
While proving to be very promising, all of these drugs are based on a passive form of delivery,
and great efforts are currently being made in order to further improve overall drug efficacy by
actively delivering drugs such as these to the tumor site. For example, previous ligands used
in order to confer targeting capabilities to micelles based on highly expressed cancer cell
surface receptors include various proteins (including antibodies and specific ligand peptides),
carbohydrates, as well as vitamins [28,33-36]. More recently, active targeting via folate
receptor-mediated endocytosis using micelles containing a folate moiety has been shown to be
more than four-times as cytotoxic to ovarian carcinoma cells (A2780) than their non-targeted
micelle counterparts [37]. Additional ligands that have recently been reported to create targeted
micelles include both receptor-specific peptides as well as antibodies (immunomicelles). For
example, GRGDS-modified micelles (the peptide GRGDS is a specific ligand for the oy/f3-
integrin, which is known to be overexpressed in various metastatic cancer cells) have
demonstrated enhanced cytotoxicity against metastatic melanoma B16F10 cells compared to
non-targeted micelles [38]. In addition, promising in vivo results have recently been obtained
using encapsulated meso-tetraphenylporphorine as a photosensitizing agent in photodynamic
therapy within immunomicelles containing the tumor-specific monoclonal antibody (mAb
2C5) used as a targeting ligand against murine lewis lung carcinoma [22]. In fact, female
C57BL/6 mice treated with the non-targeted micellar formulation in this latter study resulted
in ~50% tumor inhibition compared to untreated control, whereas treatment with mAb 2C5-
immunomicelles resulted in almost complete tumor inhibition during the 35 day experiment.
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While micelles prove to be a very promising DDS, their smaller size when compared to larger
carriers such as liposomes limit their ability to carry a substantial dose of the chemotherapeutic
agent to the tumor. Furthermore, the use of micelles increases the risk of premature release of
the drug prior to reaching the intended target when compared to larger DDS, as smaller sized
carriers experience faster release rates when compared to larger vesicles [39,40].

Liposomes

Liposomes are composed of a phospholipid bilayer which entirely surrounds an internal
aqueous core used for drug encapsulation (Figure 2B). While these DDS can vary in size quite
dramatically with diameters ranging from a few nanometers to several microns, liposomes of
~100 nm in diameter have been shown to be optimal for the delivery of chemotherapeutics to
tumors [41, 42]. As such, they tend to be larger than micelles and therefore have the ability to
deliver greater amounts of the chemotherapeutic agent to the tumor site while minimizing the
risk associated with premature leakage. In addition, liposomes also have the ability to
accommodate both hydrophilic as well as hydrophobic drugs, either in the internal aqueous
core or in the lipid bilayer respectively [43, 44] (Figure 2B). When compared to conventional
(unencapsulated) drugs, liposomal treatment has been shown to dramatically reduce some of
the traditional side effects associated with chemotherapy, such as nausea and vomiting [45].

As with micelles, the clinical success of liposomes has also made them very popular drug
carriers for various chemotherapeutics. For example, the clinically approved drugs
DaunoXome and Doxil are liposomal formulations that encapsulate the commonly used
chemotherapeutic agents daunorubicin and doxorubicin respectively. CPX-1 is a new
irinotecan (topoisomerase-1 inhibitor) HCI/floxuridine liposomal-based drug (molar ratio 1:1)
which s currently in Phase-11 clinical trials for the treatment of Colorectal cancer [7]. However,
all of these formulations are once again based on a passive form of delivery, and therefore
current work is aimed at actively targeting systems like these to tumor cells. In fact, MCC465
and MBP-426 are both targeted liposomal-based drugs currently in Phase-I clinical trials [7,
23], and there are many other systems that may prove to be very promising in the near future.
For example, the cancer cell surface receptor CD44, which recognizes the extracellular tumor
microenvironment rich hyaluronic acid, is found at elevated levels amongst various
tumorigenic cells, as is the case in melanoma [46,47]. This cell surface receptor has been
successfully targeted using liposomes coated with not only hexameric fragments of hyaluronic
acid [48], but also with a CD44-binding triple-helical peptide-amphiphile ligand (a.1(1V)1263-
1277 PA) [5]. Moreover, cisplatin-loaded liposomes containing a new cationic lipid known as
TRX-20 that is specific for overexpressed chondroitin sulfate, which is associated with many
types of tumor cells, exhibit far greater tumor growth inhibition than non-targeted liposomes
[49]. As many cancer cells have been shown to overexpress the tyrosine kinase receptor HER2,
anti-HER2 immunoliposomes have previously been constructed and have been shown to
exhibit superior anticancer activity when compared to their non-targeted counterpart [50].
Various liposomal formulations containing peptide sequences specific for certain upregulated
integrins (major receptors for cell-matrix interactions) in both primary and metastatic
melanoma have also been suggested [51]. More recently, transferrin-coated liposomes, which
specifically recognize the commonly cancer-overexpressed transferrin receptor have been
shown to exhibit far greater tumor site-specificity in tumor-bearing mice than non-targeted
liposomes [52].

Tumor Microenvironment

While the use of DDS such as micelles and liposomes have resulted in very encouraging results,
many obstacles still remain which limit their overall efficacy. Nevertheless, they have proved
to dramatically enhance the pharmacokinetics and biodistribution of encapsulated drugs.
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However, following extravasation from circulation, there remain considerable challenges to
overcome attributed to drug resistance within the harsh conditions of the tumor
microenvironment.

Tumor associated ECM

The tumor microenvironment [53-55], collectively known as stroma, is complex and is
composed of connective tissue that contains an altered ECM as well as several different cell
types. The various cells found within the tumor-stroma include endothelial cells which form
new vasculature, immune and inflammatory cells such as macrophages, bone marrow-derived
mesenchymal stem cells that differentiate into various components of the stroma, lipocytes,
smooth muscle cells and fibroblastic cells which become myofibroblastic or activated as the
tumor progresses and are responsible for secreting the mesenchymal ECM [53-56]. During
tumor development, fibroblastic stroma progression, also known as stromagenesis, results in
significant changes to the surrounding mesenchyme in response to tumor growth, which are
believed to promote tumorigenesis [56,57]. Importantly to this review, one of the results of
these stromal-modifications is the remodeling of the ECM, which can alter tumor cell
responsiveness to various chemotherapeutics [58-62]. Further contributing to overall drug
resistance is the low pH, as well as the hypoxic and glucose-deprived conditions that exist in
the tumor microenvironment [63-65].

During tumor-induced mesenchymal stroma progression [66,67], the rapidly proliferating
stromal fibroblasts (as well as other cells recruited to the tumor-associated site) undergo
morphological changes and begin to express myofibroblastic markers such as a-smooth muscle
actin (a-SMA) [68-70]. Among some of the results of this myofibroblastic differentiation, is
the increased deposition of ECM proteins such as collagen | and differential spliced forms of
fibronectin [68], resulting in a significantly dense tumor-microenvironment which shares many
characteristics of wound healing [71]. Further contributing to this phenotype is the parallel
orientated fiber organization of ECM components such as collagen | and fibronectin [69,72]
(Figure 3), resulting in a tightly packed and greatly organized ECM. This reorganization of the
ECM provides what is believed to be a less penetrable than normal or than non-tumorigenic
extracellular environment for chemotherapeutics following drug extravasation into the tumor-
microenvironment near the tumor cells [73]. In fact, due to the recent development of fibroblast-
derived three-dimensional (3-D) matrices [66,74,75], this level of organization can be
mimicked in vitro using normal (Figure 3A) vs. carcinoma- or tumor-associated (Figure 3B)
fibroblasts [69,76]. Consequentially, one can understand how smaller DDS (e.g. micelles)
could be able to penetrate deeper into this densely organized tumor-microenvironment than
larger carriers (e.g. liposomes) [2,6]. Furthermore, following DDS escape (when drugs are
released from their delivery systems), some commonly used cytotoxic agents, such as
doxorubicin, have limited tumor tissue penetrability due to a high affinity between this drug
and various components of the extracellular environment [77,78]. This can further contribute
to observed drug resistance as the uniform distribution of the drug within the tumor
microenvironment can be limited.

Integrin-mediated drug resistance can also occur as a direct result of stromal ECM remodeling
during tumorigenesis [60]. Integrins are composed of two noncovalently associated
heterodimeric transmembrane subunits, designated alpha («) and beta () [79,80]. They
facilitate bidirectional signal transduction between the ECM and cells. Therefore, changes in
the extracellular environment can influence not only cellular adhesions, but also cell behavior
via differential integrin engagement. For example, great differences in integrin content and
signaling have been observed between “3-D matrix adhesions” formed in physiological three-
dimensional environments compared to focal and fibrillar adhesions observed in cells cultured
in traditional two-dimensional culture dishes [75,81,82]. The differential integrin engagement

Biochem Pharmacol. Author manuscript; available in PMC 2011 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cukierman and Khan

Page 6

between distinctly different substrates or extracellular environments can further alter cellular
behavior, including responsiveness to chemotherapeutics. For example, ligation of f1-integrin
by various extracellular matrix ligands in metastatic breast cancer cells has been shown to result
in resistance to both paclitaxel and vincristine [83]. Fibroblast-derived 3-D matrix-induced
resistance to taxol treatment in pancreatic cancer cells (PANC-1) been shown to be in a f1-
integrin-dependent manner [58]. More recently, we have compared metastatic breast cancer
cell behavior induced by ECMs representative of early and late-stage stromagenesis, which
resulted in clear differences in p1-integrin blockage responses, suggesting possible changes in
chemosensitivity based on biochemical/structural differences of the surrounding environment
[76].

Low Stromal pH

Drug resistance can also occur due to the relatively low pH observed within the typical tumor
microenvironment (Figure 1) [63]. Most chemotherapeutics are membrane permeable in their
neutral form, and relatively membrane impermeable in their low pH induced charged form.
This lowering of the pH occurs in part because tumor cells often use glycolysis rather than
oxidative metabolism, and high interstitial pressure causing poor perfusion results in reduced
clearance of the resulting acidic products [63,84]. Indeed, the pH in the tumor
microenvironment has been reported to be anywhere from ~6.5 to about 7.2 [37,84]. The lower
pH in the tumor microenvironment with respect to both tumor intracellular pH and normal
tissue causes drug protonation of weakly basic drugs such as vincristine and doxorubicin
[85-87], resulting in decreased cellular uptake, which therefore contributes to drug resistance.
Although many solutions have been proposed to overcome this form of resistance to include
alkalinization of the tumor pH to enhance the activity of these mildly basic chemotherapeutics
[85], the encapsulation of these drugs within DDS serves to effectively overcome this obstacle.
The DDS shields cytotoxic agents from the microenvironmental settings, and therefore allows
tumor cells to internalize the drug. However, following cellular internalization, the pH gradient
between the neutral/alkaline cytoplasm and acidic intracellular organelles (e.g. endosomes and
lysosomes) can also lead to drug resistance [88]. Due to the fact that these DDS are often
sequestered in acidic endosomes following cellular internalization [77,89], endosomal pH
triggered release mechanisms have been developed and incorporated within these systems. For
example, pH sensitive doxorubicin loaded micelles composed of poly(histidine (His)-co-
phenylalanine (Phe))-b-poly(ethylene glycol) (PEG) and poly(L-lactic acid) (PLLA)-b-PEG
have been shown to be almost four-times as cytotoxic towards ovarian carcinoma cells (A2780)
at pH 6.0 when compared to neutral pH conditions [37]. In fact, more recently, the Bae group
has shown that a modified version of this micelle formulation (second generation optimized
for pH 6.0 rather than 6.8) effectively suppressed the growth of existing Multidrug-resistant
ovarian tumors in mice [90]. Hydrophobic acetal groups have also been incorporated within
micellar formulations to generate acid-sensitive micelles [91,92]. Similarly, liposomes
containing various pH sensitive molecules have been constructed and proven to be quite
effective. For example, vinyl ethers, acetals, and ketals have all been used for the pH triggered
release of liposomal contents [93-95]. More recently, acid-sensitive liposomes containing
ortho ester phosphocholine have proven to be particularly sensitive to changes in pH [96].
Rather than incorporating pH triggered release mechanisms within drug carriers, the additional
use of lysosomotropic agents such as chloroquine designed to buffer pre-lysosomal vesicles
can be used to facilitate DDS escape [88,97].

Stromal matrix metalloproteinases

The use of pH triggered release mechanisms may prove to be a very effective modification in
targeted-based DDS intended for receptor-mediated endocytosis. However, the introduction
of such molecules within pegylated DDS-based drugs intended for passive delivery (e.g.
Doxil), would not be beneficial as these pegylated systems seldomly gain access to the
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intracellular space [21,26]. Nevertheless, the elevated levels of proteases such as matrix
metalloproteinases (MMPSs) within the tumor microenvironment provide an opportunity for
the shedding of the PEG moiety following extravasation of these systems into the
microenvironment and thus facilitate the subsequent cellular internalization of these DDS-
based drugs [26]. In fact, tumor site-specific activity is anticipated as premature MMP-
mediated PEG removal in circulation is greatly reduced due to inhibition of the these proteases
by serum proteins such as a2-macroglobulin [98]. This concept has previously been applied
to the development of pro-drugs, which have been successfully developed using both
doxorubicin [99] as well as methotrexate [100]. Both of these systems have a relatively bulky
moiety conjugated to the cytotoxic agent via a MMP-susceptible peptide sequence rendering
them inactive. They are designed to remain in this form while in circulation and exposure to
MMPs in the tumor microenvironment following extravasation liberates an active from of the
drug. More recently, a similar concept has been applied to improving the overall drug efficacy
of DDS-based chemotherapeutics. Liposomes containing a MMP-2-cleavable PEG-peptide
lipid have recently been developed and have shown to exhibit significant tumor cellular uptake
following exposure to MMP-2 [101]. In addition, Hatakeyama and colleagues have obtained
similar results using a comparable system [26]. Liposomes have also been designed to include
a MMP-specific (MMP-9) triggered release mechanism intended to facilitate drug release in
the interstitial space [102,103].

Hypoxic and glucose-deprived microenvironment

During tumor development, rapidly growing tumors quickly exhaust available resources and,
because of high necrosis, limited vasculature, and increased interstitial pressure, the tumor
microenvironment is characteristically hypoxic and glucose deprived (Figure 1). These harsh
conditions can further contribute to chemotherapeutic resistance. For example, topoisomerase
Il inhibitors such as doxorubicin and etoposide can be particularly ineffective against hypoxic/
glucose-starved tumor cells [64,65]. This in part, is attributed to the fact that these stressful
microenvironmental conditions also result in protein folding disruption within the endoplasmic
reticulum, including that of topoisomerase 11 [104,105]. As the cytotoxic effect of both
doxorubicin and etoposide is directly related to the number of active topoisomerase 11
molecules, it is believed that drug resistance ensues due to a reduction in the numbers of these
enzymes. In addition, hypoxic conditions can cause dramatic changes in gene expression
mediated by hypoxia-inducible factor 1 (HIF-1), resulting in reduced apoptotic potential of
tumor cells, and therefore decreased sensitivity to chemotherapeutics [65,106].

To overcome the stress induced resistance attributed to the hypoxic and glucose deprived
conditions found in the tumor microenvironment, several solutions have been proposed to
include drugs that selectively target hypoxic cells such as tirapazamine, which is selectively
activated by reductases that reside in these harsh environments by releasing oxygen radicals
believed to induce damage to cancerous DNA [107]. Previous work has shown that resistance
attributed to hypoxia and glucose deprivation can be overcome using the proteasome inhibitor
lactacystin, which has shown to significantly enhance the antitumor activity of etoposide in a
solid tumor model [64]. The possibility of using this type of combinatorial approach along with
DDS-based drugs is discussed below.

Conclusions and Future Perspectives

The use of DDS such as micelles and liposomes can facilitate the delivery of chemotherapeutic
agents to tumor sites, while at the same time minimizing unintended harmful side effects
associated with the use of these drugs. In addition, DDS allow for the administration of an
increased cumulative dose of the drug. For example, in mice the maximum tolerated dose of
liposomal-encapsulated doxorubicin (55 mg/kg) is significantly higher than that of free
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doxorubicin (6 mg/kg) [24,108]. Although there are many DDS-based drugs currently in
various stages of clinical trials or already clinically approved, future work aims to improve
drug efficacy by the incorporation of targeted ligands within these formulations. However,
while this may improve how these drug formulations reach their desired destinations within
the tumor site, drug resistance attributed to tumor-associated stromal ECM and ECM
remodeling, as well as to the stressful tumor microenvironmental conditions remain challenges
in effective chemotherapeutic treatments.

The increased deposition of Collagen | during tumorigenesis, and the relative fiber organization
of modified ECMs, can result in a less penetrable tumor microenvironment for
chemotherapeutics following extravasation. The coencapsulation/coadministration of DDS-
based drugs and tumor-associated stromal-depleting drugs may in fact serve to overcome this
form of resistance. Recently, Olive and coworkers have shown a dramatic improvement in the
delivery and drug efficacy of gemcitabine (a commonly used antimetabolite drug) in mice for
the treatment of pancreatic cancer when coadministered with a drug known as 1P1-926 [109].
IP1-926 has been shown to be involved in the depletion of tumor-associated stromal-tissue via
inhibition of the Hedgehog cellular signaling pathway [109,110]. Future work involving the
coencapsulation/coadministration of tumor-associated stromal-depleting drugs such as IP1-926
and liposomal-based drugs would not only allow for increased penetration and therefore
uniform drug biodistribution within the tumor microenvironment, but also for a more effective
dose of the drug to be delivered to the tumor cells without causing undesired non-specific
secondary effects. However, it should also be mentioned that it remains unclear how tumor-
associated stromal-depleting drugs would influence the metastatic potential and/or additional
tumorigenic behaviors (normally affected by the tumor microenvironment), of cancer cells.

Integrin-mediated chemoresistance is an additional significant challenge in the administration
of effective chemotherapeutic treatments, which is also directly affected by the ECM. The
development of in vitro assays that effectively mimic in vivo-like conditions, such as tumor-
associated fibroblast-derived 3-D matrices, could prove to be an invaluable tool to predicting
overall drug efficacy. Although both Matrigel and polymerized collagen have been shown to
influence tumor cell responsiveness to various chemotherapeutic agents [111] these systems
may not accurately represent the true nature of a mesenchymal stroma. For example, Matrigel
essentially mimics the basement membrane [112], which is often degraded as tumors progress,
while polymerized collagen consists of a pure preparation of collagen 1 [113]. Therefore, these
systems lack the numerous fibrous proteins and additional biological active molecules
associated with the mesenchymal environment. Furthermore, the use of fibroblast-derived 3-
D matrices could also account for resistance attributed to DDS penetrability of the tumor-
associated environment [58]. In addition, following DDS escape, these in vitro assays could
prove to be valuable in determining the overall distribution of commonly used DDS-based
drugs within the ECM, as many are known to have a high affinity for various components of
the extracellular environment (e.g. doxorubicin).

Many modifications to DDS-based drugs have been attempted with varying degrees of success.
It may very well be that a combinatorial approach using several of these modifications results
in the development of improved DDS-based drugs when compared to those currently used in
the clinic. For example, liposomes that contain both a MMP-2-cleavable PEG-peptide and a
pH sensitive release mechanism would potentially allow for not only enhance cellular uptake
following the shedding of the PEG moiety, but would also allow for endosomal escape
following internalization. The additional modification of a targeting ligand to such a system
may prove to further enhance its overall efficacy. Furthermore, the coencapsulation of some
of the drugs mentioned in this review within these modified DDS, and/or the coadministration
of these modified systems along with conventional (unencapsulated) drugs such as stromal-
depleting drugs may also result in very efficacious chemotherapeutic treatments. Additionally,

Biochem Pharmacol. Author manuscript; available in PMC 2011 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cukierman and Khan

Page 9

successful combinatorial approaches aimed at overcoming drug resistance attributed to the
extracellular environment in various cancer cells may be quickly identified with improved in
vitro assays that effectively mimic the tumor microenvironment such as tumor-associated
fibroblast derived matrices, thereby allowing for dramatically improved chemotherapeutic
cocktails in order to more effectively treat cancer.
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Figure 1.

Diagrammatic representation depicting tumor and mesenchyme progressive stages during
tumor development. With respect to the blood vessel and proximal tumor cells, distal cells
reside in acidic and hypoxic conditions. The invasive tumor cells will travel through a stromal
reaction that contains (among others) myofibroblastic stromal cells localized within the

signature parallel-organized tumor-associated extracellular matrix, just prior to their
intravasation towards hematogenous metastasis.

Biochem Pharmacol. Author manuscript; available in PMC 2011 September 1.



1duosnuep Joyiny vd-HIN

yduasnuey Joyiny vYd-HIN

yduasnuey Joyiny vd-HIN

Cukierman and Khan Page 16

— hydrophilic
headgroups

( 4

7 8
N
Y — hydrophobic
= core & drugs
»
v
hydrophilic
core & drugs

~100nm

20-100nrm —

Figure 2.

Schematic depicting the structure of micelles (left) and their ability to incorporate hydrophobic
drugs within their internal hydrophobic core, or liposomes (right) which can accommodate
both hydrophilic as well as hydrophobic drugs either in the internal aqueous (hydrophilic core)
compartment or within the liposomal bilayer (hydrophobic core).
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Figure 3.

The penetration of extravasated chemotherapeutic agents from circulation into the tumor
microenvironment can be influenced by the tumor-associated stromal compartment. A normal-
like less organized and loosely packed early tumor microenvironment (top) can provide for
greater drug penetration, while a more organized and tighter packed late tumor
microenvironment (bottom) may result in decreased drug penetration. Left panels are
representative illustrations of damaged blood vessels (red) and putative extravasated drugs
(e.g., DDS, blue spheres) penetrating through the assorted ECMs. Middle and right panels
depict reconstructed confocal images of indirect immunofluorescence showing in vivo-like
ECM fibronectin (middle) and collagen I (right) fibers derived from assorted fibroblasts.
Confocal images are reproductions from Amatangelo, Bassi et al. 2005 [69] presented with
permission from the American Journal of Pathology.
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