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Abstract

Cancer therapies of the future will rely on synergy between drugs delivered in combination to
achieve both maximum efficacy and decreased toxicity. Nanoscale drug delivery vehicles
composed of highly tunable nanomaterials (‘nanocarriers’) represent the most promising approach
to achieve simultaneous, cell-selective delivery of synergistic ratios of combinations of drugs
within solid tumors. Nanocarriers are currently being used to co-encapsulate and deliver
synergistic ratios of multiple anticancer drugs to target cells within solid tumors. Investigators
exploit the unique environment associated with solid tumors, termed the tumor microenvironment
(TME), to make ‘smart’ nanocarriers. These sophisticated nanocarriers exploit the pathological
conditions in the TME, thereby creating highly targeted nanocarriers that release their drug
payload in a spatially and temporally controlled manner. The translational and commercial
potential of nanocarrier-based combinatorial nanomedicines in cancer therapy is now a reality as
several companies have initiated human clinical trials.

INTRODUCTION

Despite the development of targeted chemotherapeutic drugs over the past 20 years, cancer
remains among the deadliest of human diseases. Cancer is a complex genetic disease that
results from normal cells that have undergone malignant mutations, many of which promote
immune system evasion, allow for accelerated motility and invasion, and support cell growth
and division independent of growth factor signaling.} Cancerous tumors are genetically
heterogeneous, which means that not all cancer cells in a tumor contain the same set of
genetic mutations.? The genetic heterogeneity of cancer cells composing a given tumor
remains a significant obstacle in the discovery and development of the next generation of
targeted anticancer drugs. In addition, the tumor microenvironment (TME) has recently
started to become another major consideration in the creation and testing of novel cancer
treatments today.

The TME describes all components of the tumor, which include subpopulations of
genetically diverse malignant cells, healthy normal cells, endothelial cells, erythrocytes,
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leukocytes, and thrombocytes. Many cell types found in the TME ultimately promote cancer
progression. In particular, cancer-associated fibroblasts (CAFs), tumor-associated
macrophages, and endothelial cells have all been shown to promote tumor growth and
aggressiveness in multiple cancer types. Recent advances in our understanding of the TME
underscore the importance of expanding our search for drug targets beyond cancer cells to
other, non-cancer helper cell types in TME. Indeed, preliminary studies indicate that
reprogramming of the TME through nonmalignant cells can prevent and perhaps even
reverse tumor growth.3 Targeting stromal tissue in the TME represents an exciting new
cancer treatment paradigm.4-10

One of the most efficient ways to target multiple cell types composing a tumor involves
administering multiple drugs to the patient. Current cancer treatment strategies are based on
the concept that treatment with multiple drugs will lead to the greatest therapeutic benefit in
most patients. For example, FOLFOXIRI, a treatment regimen consisting of folinic acid,
fluorouracil, irinotecan, and oxaliplatin, is used to treat patients with metastatic colorectal
cancer. Treating patients with these drugs in combination results in significantly higher 5-
year survival rates compared to treatment with any of these drugs alone. A recent phase-2
clinical trial showed that administration of bevacizumab, a monoclonal antibody against
vascular endothelial growth factor (VEGF), to patients on either FOLFOXIRI or FOLFIRI
(folinic acid, fluorouracil, irinotecan) led to even greater 5-year survival rates compared with
FOLFOXIRI or FOLFIRI without bevacizumab.1! VEGF is a potent mitogen that stimulates
angiogenesis through its actions on endothelial cells, which lends support to the continued
development of combinatorial cancer treatment strategies that target multiple cellular types
in the TME. Indeed, empirical evidence in oncology has shown that administration of
multiple drugs to patients with mid- to late-stage malignancies is often the preferred
treatment strategy. Currently, medical oncologists resort to administering combinations of
unencapsulated (‘free’) drugs to their patients. However, pharmacokinetic and
physicochemical interactions preclude the administration of certain classes of drugs with
each other, which limits the ability of medical oncologists to use drug combinations that
could prove beneficial.

Liposomes, as well as other nanoscale drug carriers currently under development, lend
themselves well to the controlled intratumoral delivery of multiple drugs with the potential
to target both malignant cells and nonmalignant “helper’ cells in the TME. The focus of this
review is on nanotechnology-based combinatorial drug delivery to solid tumors through the
use of liposomes and other drug carriers composed of nanomaterials (‘nanocarriers’), with
an emphasis on the major opportunities and challenges associated with developing these
sophisticated nanomedicines.

ACHIEVING SYNERGY IN THE TME THROUGH NANOTECHNOLOGY

The Tumor Microenvironment

Prevailing conditions in the TME guide nanocarrier design and development. The TME
associated with most solid tumors is both hypoxic and acidic. Solid tumors create networks
of leaky blood vessels during their growth. Nanoparticles can pass through abnormally large
gaps (up to 1.5 um) between endothelial cells that compose the leaky tumor vasculature and
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accumulate within the tumor.12 The phenomenon whereby nanoparticles accumulate in the
tumor due to the leakiness of the vasculature is referred to as the enhanced permeability and
retention (EPR) effect. One of the hallmarks of cancer is unchecked cellular proliferation,! a
process that demands significantly elevated levels of cellular energy in the form of adenoside
triphosphate (ATP). Synthesis of ATP occurs through the Krebs cycle, and relies on adequate
intracellular oxygen levels to serve as an electron sink. Despite increased intratumoral
angiogenesis, another hallmark of cancer,! malignant cells in the core of the tumor mass do
not receive enough oxygen to efficiently drive the Krebs cycle, which means that these cells
become reliant on glycolysis to produce ATP. The phenomenon whereby cancer cells rely on
glycolysis instead of the Krebs cycle to produce ATP is known as the Warburg effect. ATP
production through glycolysis results in the formation of lactic acid, thereby resulting in the
acidification of the TME. Recent nanoparticle formulations are designed to release their
drug payload within the tumor as a function of pH.13-15 These stimuli-sensitive nanocarriers
have the potential to significantly limit off-target toxicity in cancer patients. The reader is
directed to a recent review by Jhaveri et a/. that provides an excellent discussion of stimuli-
sensitive nanocarriers that can be guided and triggered through internal and external stimuli.
16 The complexity of the TME demands similarly complex nanocarriers.

Stromal Reprogramming Through Combination Nanomedicine: A New Cancer Treatment

Approach

Stromal cells play a number of critical roles in tumor maintenance and growth, and
continuing research into the importance of intercellular crosstalk in the TME has opened the
door to the potential of stromal reprogramming as a next-generation cancer treatment
strategy. One recent study showed in a mouse model of pancreatic ductal adenocarcinoma
that reduction of vitamin D receptor-mediated fibrosis significantly increased the
bioavailability and efficacy of gemcitabine: mice treated with both a vitamin D receptor
agonist and gemcitabine lived 57% longer than mice treated with gemcitabine alone.1”
Scherz-Shouval et al. recently showed that increased nuclear localization of heat shock
factor 1 (HSF1) in CAFs in the tumor periphery promoted malignant phenotypes in
neighboring tumor cells.18 This group investigated the effects that genetically engineered
Hsf1 null mouse embryonic fibroblasts (MEFs) had on cancer cells in vivoand in vitro.
MCF7 human breast cancer cells were mixed with either wild-type MEFs or HsfZ null
MEFS and coinjected subcutaneously in non-obese diabetic-severe combined
immunodeficiency mice. Tumors established with Hs7Z null MEFs grew significantly more
slowly compared with tumors established with wild-type MEFs.18 To study the effects of
stromal HSF1 on cancer cells /n vitro, D2A1 mouse mammary tumor cells stably expressing
dsRed were seeded on top of a layer of HsfZ null MEFs. Compared with D2A1 cells seeded
on top of wild-type MEFs, D2A1 cells co-cultured with HsfZ null MEFs accumulated
significantly less.18 These investigators further reported that HsfZ null MEFs expressed
lower levels of 7gf-B1, Tgf-B 2, Tgf-B 3, and Sdfl compared to those of control cells.
Adding Transforming growth factor beta (TGFg) and SDF1 to D2A1, cells co-cultured with
HsfI null MEFs reversed the inhibition of D2A1 accumulation. These studies show the
importance of assessing non-cancer cells in the TME as targets for future combinatorial
nanomedicines.
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TGFg family proteins are soluble factors in the TME that act on cancer cells and fibroblasts
alike. Cancer cells and healthy normal fibroblasts secrete TGF. In healthy normal cells,
TGFp causes cell cycle arrest in G1, which stops cellular proliferation. However, many
cancer cells become unresponsive to the anti-proliferative effects of TGFg. Cancer cells
exhibit uncontrolled proliferation, and continue to secrete TGFS. Activation of TGFS
receptors on neighboring fibroblasts in the TME triggers these cells to proliferate, as well as
generate fibroplasia.l® In addition, TGF exerts inhibitory effects on immune cells, which
results in an overall blunted immune response and permissive conditions for tumor growth.
Some investigators are currently developing combinatorial nanocarriers to exploit TGFS-
mediated tumor growth in the TME. Park et a/. have recently demonstrated the value of
nanoscale combinatorial treatment approaches in interrupting TGFS-mediated feed forward
mechanisms between tumor cells and immune cells in the TME. This group engineered
biodegradable nanoscale liposomal polymeric gels to simultaneously release SB505124, a
small molecule inhibitor of the TGF/1 receptor, as well as IL-2 within the TME.20

Briefly, subcutaneous tumors were established in B6 albino mice with the B16-F10 murine
melanoma cell line. Mice injected with the combinatorial nanocarrier showed significantly
reduced tumor growth, increased survival, and enhanced immune system activation in the
tumor, as evidenced by increased tumor-specific CD8+ T cell infiltration.29 By contrast, the
effects of these polymeric liposomal gels loaded with either SB505124 or IL-2 on tumor
growth, survival, and enhanced immune system activation were not as dramatic. A schematic
representation of this type of combinatorial nanoparticle can be seen in Figure 1(a).

Future combinatorial therapies will increasingly utilize nanoscale drug delivery platforms to
release combinations of drugs that act on cancer cells as well as on non-cancer ‘helper’ cells
in the TME to inhibit or even reverse tumor growth. As an example of a combinatorial
nanotechnology strategy that targets the TME, Liao ef a/. reported that treatment with their
novel, triterpenoid-loaded targeted nanoparticle significantly inhibited STAT3 activation in
the tumor, while simultaneously priming the TME for enhanced immune surveillance by
activated CD8+ T cells.23 Additionally, Yokoi et a/. recently reported that they were able to
achieve significant targeting of tumor-associated endothelial cells in mice using porous silica
nanoparticles conjugated to antibodies against Ly6C, the mouse homolog of CD59.24

Nanocarriers as a Solution to Complications Arising from Co-delivery of Free Drugs

Most research published to date on nanoparticle-mediated cancer treatments involves the use
of a single encapsulated drug. However, nanocarriers are uniquely suited to deliver multiple
drugs simultaneously to target cells in specific tissues. Dose timing is a critical factor in the
administration of multiple drugs, as simultaneous drug delivery can result in synergy,
antagonism, or neither synergy nor antagonism. For example, Abraham et al. reported
significant antagonism between doxorubicin and vincristine in mice dosed with combination
liposomes co-loaded with both drugs.2> A recent study by Morton et a/. underscores the
importance of sequential drug release to maximize tumor cell killing and growth inhibition
in mice.28 Riviere et a/. showed that combination fluoroorotic acid and irinotecan liposomes
were more efficacious at preventing tumor growth in the C26 mouse model than fluoroorotic
acid-containing liposomes administered with irinotecan-containing liposomes in the same

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2018 December 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Linton et al.

Page 5

ratio.2” The most promising way to deliver combinations of widely different classes of drugs
to target cells in a patient with high spatial and temporal control is through the use of
nanocarriers.

As a result of the tunability of newer generations of nanomaterials, many research groups
are designing nanoscale drug carrier platforms whereby multiple drugs can be loaded into or
onto the same nanocarrier and delivered simultaneously or sequentially to the target site.
Spatial and temporal control of combination drug delivery represents a promising strategy to
attack tumors in a way that prevents or significantly slows the development of multidrug
resistant phenotypes. Prasad et al/. reported that simultaneous delivery of doxorubicin and
mitomycin C co-encapsulated in polymer-lipid hybrid nanoparticles increased efficacy and
reduced cardiotoxicity in athymic nude mice bearing multi-drug resistant human mammary
tumor xenografts.28 Subsequent studies in immunocompetent mice inoculated
intramuscularly with either wild-type or doxorubicin-resistant mouse mammary sarcoma
EMT6 cells and treated with these hybrid nanoparticles co-loaded with doxorubicin and
mitomycin C indicated that both drugs exhibited synergy in overcoming multi-drug
resistance in this model.2°

Drug Synergy

Combinations of drugs that synergize with each other have the potential to show the greatest
therapeutic efficacy, while minimizing toxicity. Synergy refers to the phenomenon whereby
the effect of two drugs when administered together is greater than the effect of either drug
alone. Accurately quantifying synergy can be problematic. The reader is directed to Chou’s
review on the subject, which provides guidelines for assessing drug synergy as well as an in-
depth discussion of drug synergy.3% While identifying combinations of drugs that synergize
with each other in vitrois possible, a significant challenge involves determining which drugs
are most likely to synergize with each other /n vivo, and the doses at which those drugs
synergize with each other /in vivo. Because drug synergy is a function of the dose ratio of
one drug to another, maintaining the doses at which the drugs exhibit synergy following
administration represents another major challenge. One group at the National Center for
Advancing Translational Sciences in the United States recently devised an unbiased, high-
throughput /n vitro assay to measure the synergy between 459 agents and ibrutinib, a small
molecule inhibitor of Bruton’s tyrosine kinase.3! The assay utilized 1536-well cell culture
plates, as well as acoustic dispensers for the high-throughput dispensation of drug solutions
at the nanoliter scale. Within each 1536-well plate, the investigators were able to measure
the cytotoxic effects of hundreds of different drugs in combination with ibrutinib. This
particular high-throughput approach is advantageous because it allows for the rapid
discovery of drug concentrations that show synergy /n vitro. Unbiased high-throughput
approaches such as this can help investigators find promising drug combinations and
synergistic dose ratios early in the development of potential combination nanotherapies.

Traditional high-throughput cell-based anti-cancer drug screens rely on monolayers of

cultured cancer cells to determine the effects of experimental chemical compounds on cells.
However, not every drug combination that demonstrates synergy /n vitro will show synergy
in vivo, because therapeutic synergy between two drugs could result from the effects of the
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drugs on more than one cell type in the TME. At present, one of the most promising
approaches to assess the effects of more than one drug on more than one cell type /in vitroin
a systematic, high-throughput fashion involves the use of multicellular three-dimensional
spheroids. One group reported development of a method to grow tumor cells and endothelial
cells together in three-dimensional spheroids suspended in a hanging drop.32 This group
transferred tumor-endothelial spheroids composed of Taxol-resistant mouse 4T1 metastatic
mammary epithelial cells and SV40-transformed mouse 2H11 endothelial cells to 96-well
plates, treated them with Taxol, and assayed for cell death. The endothelial cells were shown
to sensitize tumor cells to Taxol treatment; tumor cells grown alone in spheroids showed
resistance to Taxol treatment, whereas tumor cells grown in the presence of endothelial cells
underwent Taxol-dependent cell death.32 These /n vitro cell-culture systems that mimic the
TME have the potential to reveal drug synergies that would remain hidden in assays utilizing
only one cell type.

Classes of Nanocarriers Used in Combinatorial Drug Delivery

This review focuses on liposomes as nanocarriers for combinatorial drug delivery due to the
extensive work done so far to encapsulate combinations of drugs within liposomes, relative
to other classes of nanocarriers. Although this review focuses on combinatorial nanocarriers
used for treating cancer, multiple investigators333# are currently developing combination
nanocarriers loaded with agents for preventing cancer. Of all the nanocarriers mentioned in
this review, liposomes are currently the only nanocarrier used in nanocarrier-based drug
formulations approved by the Food and Drug Administration (FDA) for marketing in the
United States. There are currently 12 liposome-based drugs on the market in the United
States, as outlined by Chang.3° Liposomes are nanoparticles made up of lipids arranged in a
spherical bilayer. These hollow, lipid-based vesicles have an aqueous core, and are usually
smaller than 100 nm in diameter. Liposomes are commonly formed through extrusion, a
standard liposome production method that involves forcing lipids through a porous
membrane several times in quick succession. A wide variety of drugs have been
encapsulated in liposomes, and the lipid composition of liposomes can be altered to increase
the encapsulation efficiency of different drugs. Liposomes can also be tuned to release their
cargo in response to various stimuli, including acidic pH36-4% or hyperthermia.3646-52
Encapsulation of toxic drugs into liposomes can significantly reduce off-target toxicity, as
well as increase the half-life of drugs in the body.3 For example, doxorubicin is a highly
efficacious antineoplastic drug used to treat solid tumors, but it is associated with severe,
dose-limiting cardiac toxicity.>45° Liposomal doxorubicin causes less toxicity with
equivalent efficacy relative to the free drug.>%:57 Several different research groups have
successfully loaded more than one drug into liposomes (Table 1).

Determination of suitable nanomaterials for combinations of synergistic drugs remains a
critical challenge in the development of novel combination nanocarriers. Because target cells
can internalize nanocarriers through mechanisms including endocytosis, encapsulation of
multiple drugs within a single nanocarrier can minimize pharmacokinetic complications that
arise with the simultaneous administration of multiple drugs. Therefore, novel combination
nanocarriers should be developed with appropriate potential nanomaterials taken into careful
consideration. Multiple factors influence the encapsulation efficiency of drugs in unexpected
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ways. For example, Mohan et a/. indicated that addition of polyethylene glycol to their
liposome formulation significantly reduced the encapsulation of resveratrol in these
liposomes.85 Encapsulation efficiency, frequently expressed as a percentage, is a measure of
how much of a drug becomes encapsulated by, or attached to, a nanocarrier. Co-
encapsulation of drugs that differ from each other significantly with respect to their
physicochemical properties can be especially difficult. Using a variety of diverse
nanomaterials to their advantage, investigators are designing nanocarrier platforms for the
efficient loading of combinations of diverse drugs into the same nanocarrier. These versatile
drug nanocarriers can be loaded with controlled ratios of combinations of drugs. Recent
successes provide promising ways to co-encapsulate and deliver controlled ratios of drugs to
targets in the TME. However, caution is still warranted, as surface decoration of drug on the
outside of the nanocarrier versus true encapsulation within nanocarriers does not protect the
drug from unwarranted metabolism or immunogenicity.

A one-size-fits-all nanocarrier does not exist, and finding the appropriate nanocarrier still
often comes down to the properties of the drugs to be encapsulated. There are a wide variety
of nanocarriers under development today. These nanocarriers include liposomes, carbon
nanotubes, gold nanoparticles, dendrimers, silica nanoparticles, iron oxide nanoparticles,
nanoemulsions, poly(lactic-co-glycolic acid), albumin nanoparticles, DNA block
copolymers, and also hybrid nanocarriers composed of two or more classes of the
nanocarriers mentioned above. The National Cancer Institute’s Nanotechnology
Characterization Laboratory has carried out extensive testing on nanocarriers from each
class of nanocarrier mentioned here, and has outlined common pitfalls in nanocarrier
development.®6 The reader is also directed to another review® that highlights safety
concerns in nanocarrier development.

Next Generation Lipid-based Nanocarriers

Many drugs have physicochemical properties that limit their efficient encapsulation inside
nanoscale drug carriers. Therefore, one strategy involves creating nanocarriers out of drugs
using bioactive materials. One such drug is cisplatin, a highly efficacious antineoplastic
agent that is poorly soluble in oil and water. A group of researchers worked around the poor
solubility of cisplatin to create lipid-coated cisplatin nanoparticles that were found to have a
relatively high drug-loading capacity (approximately 80% by weight).68 Whereas cisplatin is
a small molecule that binds to DNA, C6 ceramide (C6) is a non-endogenous, short-chain
bioactive sphingolipid that selectively induces apoptosis in cancer cells. Long-chain
endogenous ceramides play an important structural role in biological membranes. Because
of the structural similarities C6 shares with long-chain ceramides, C6 is easily incorporated
into the lipid bilayer of liposomes during extrusion. C6 becomes a structural part of the
liposomes, and confers pro-apoptotic activity on the liposomes themselves. One group
incorporated C6 and paclitaxel into nonliposomal polymer-based hybrid nanoparticles.5°
These C6/paclitaxel hybrid nanoparticles were engineered to temporally deliver both drugs
in a sequential manner within the tumor. Delivered intravenously to athymic nude mice
bearing orthotopic human breast adeno-carcinoma MCF7 or MCF7+1R (a multi-drug resistant
cell line) tumors, these nanoparticles increased levels of paclixel in the blood and tumors.
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Creation of nanocarriers out of bioactive nano-materials minimizes complications that arise
when multiple drugs are loaded into the same nanocarrier. C6-liposomes can be used as a
platform to quickly assess whether a drug synergizes with C6. Once successfully loaded into
C6-liposomes, the synergy of the drug with C6 can rapidly be measured /n vitro. To date, the
following drugs have been encapsulated in C6 liposomes: sorafenib,54 gemcitabine,’? the
glucosylceramide synthase inhibitor D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-
propanol (PDMP),” curcumin,”! and doxorubicin.”? Based upon documented synergy
between the C6-nanoliposome and vinblastine,’3 a combinatorial vinblastine-ceramide
nanoliposome has been engineered and has shown /n vivo efficacy in models of solid and
non-solid cancers (unpublished data, MK). It has been speculated that the effects of vinca
alkaloids upon microtubules shunts ceramide-induced autophagy into ceramide-induced
autophagic cell death.”3 As another example of combinatorial drug delivery through
nanotechnology, sorafenib-loaded C6 liposomes synergistically reduced viability of
melanoma and breast cancer cells in vitro.54 Synergy between sorafenib and C6 was also
observed /in vivo: sorafenib-loaded C6 liposomes synergistically inhibited tumor growth in
xenograft studies on athymic nude mice bearing subcutaneous melanoma and breast cancer
tumors.54 The C6-ceramide nanolipo-some platform was previously physicochemically and
pharmacologically characterized by the Nanotechnology Characterization Laboratory of the
National Cancer Institute and shown to be non-toxic, while delivering bioactive ceramide to
target cells through intrabilayer transport mechanisms.’# The C6-ceramide nanoliposome
platform has been licensed by Penn State Research Foundation to Keystone Nano, Inc., who
have recently scaled up production, completed preclinical testing, and are scheduled to enter
the clinic with the C6-ceramide nanoliposome in the fall of 2015.

Two materials commonly used in drug encapsulation and delivery platforms are
polyethylene glycol (PEG) and poly(lactic-co-glycolic acid) (PLGA). The FDA has
approved both PEG and PLGA for marketing in the United States, and both are generally
recognized as safe. The covalent attachment of PEG chains to small molecules or proteins is
known as ‘PEGylation’, a technique developed in the 1970s.”® The FDA approved the first
PEGylated drug in 1990, and has approved several more since then. PEG increases the half-
life of a drug in the blood by preventing the drug from being quickly recognized and
destroyed by the immune system. Many nanoscale drug encapsulation and delivery systems
utilize PEG to increase the half-life of the nanocarriers in the blood. A recent study
described methoxy PEG-PLGA hybrid nanocarriers that were used to co-encapsulate
doxorubicin and paclitaxel using a modified double emulsion method (water/oil/water).”8
This study is important because it describes how doxorubicin, a hydrophilic drug, was co-
encapsulated with paclitaxel, a hydrophobic drug. These dual-loaded PEG-PLGA
nanoparticles were shown to deliver both drugs simultaneously to target cells /n vitro. In
addition, doxorubicin and paclitaxel, when co-encapsulated in PEG—-PLGA nanopatrticles,
showed synergy in cell-based cytotoxicity assays carried out on A549, HepG2, and B16
human cancer cells.”® Although these researchers were able to co-encapsulate two drugs in
their nanocarrier, there is little evidence to suggest that they were able to precisely control
drug loading. This discrepancy brings up critical questions regarding control of drug
loading, and how proper dosing of drugs can be achieved, should they become encapsulated
with different efficiencies. Refinement of ratiometric control of drug loading in
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nanoparticles should provide a means by which correct therapeutic dosing can be achieved
and maintained /n vivo.

Ratiometric control will be a necessary feature of next generation combination nanocarrier
platforms in the future. A current strategy to achieve ratiometric control of drug loading
involves encapsulating each drug into separate nanoparticles, and then loading the singly
loaded nanoparticles into larger nanoparticles.?! Using this particle-within-a-particle
encapsulation strategy, dioleoyl phosphatidic acid-coated drug cores were created out of
gemcitabine monophosphate and cisplatin. Gemcitabine monophosphate and cisplatin drug
cores were subsequently loaded into PLGA nanoparticles to generate dual-loaded PLGA
nanoparticles. A schematic representation of this type of combination nanoparticle can be
seen in Figure 1(b). Both gemcitabine monophosphate and cisplatin are exceedingly difficult
to encapsulate in PLGA nanoparticles due to their hydrophilicity. For this reason, one of the
major highlights of this research was the successful co-encapsulation of gemcitabine
monophosphate and cisplatin within PLGA nanoparticles. Most important, however, was the
discovery that this method could be used to successfully co-encapsulate known molar ratios
of gemcitabine monophosphate with cisplatin inside PLGA nanoparticles. These
nanoparticles synergistically inhibited growth of subcutaneous stroma-rich bladder cancer
tumors in athymic nude mice.2! What is most exciting about this particle-within-a-particle
platform is that it can be used for the co-encapsulation of known ratios of drugs that have
disparate physicochemical properties.

Targeted Nanocarriers

Selective targeting of drug-loaded nanoparticles to cells within the tumor remains a
challenge in the development of next-generation nanocarriers. While the EPR effect is a
form of passive targeting that causes nanoparticles to accumulate in the tumor in a non-
specific manner, active targeting is a strategy that could further potentially minimize toxicity
and off-target effects, as well as ensure delivery of therapeutic drug doses to target cells.
Several strategies exist to target nanoparticles to specific tissues or areas in the body. One of
the most promising targeting methods involves the covalent attachment of protein- or
nucleic-acid-based targeting motifs to the nanoparticle surface. Two of the most common
classes of macromolecule used to decorate the outside of nanoparticles are antibodies and
aptamers. Through interactions between their surface exposed targeting motifs and
corresponding targets on the surface of target cells, decorated nanoparticles are designed to
accumulate in target tissues in a highly selective manner. These targeting molecules are
coupled to nanoliposomes through a variety of methods depending on their size, charge, and
intended destination. The most common is by thiolation of the primary amine (~NH,) on an
antibody to create sulfhydryl groups (—SH) that can then react with maleimide groups
incorporated into the liposomal PEG composition. Active targeting approaches can change
the biodistribution of nanoparticles in animals, as shown by Qian et a/.’’ This group
designed PEGylated surface-enhanced Raman scattering colloidal gold nanoparticles that
they targeted to tumor cells through surfaces-exposed single-chain variable fragment (ScFv)
antibodies. The ScFv antibodies that decorated the outside of these nanoparticles were
selective for human epidermal growth factor receptor. When injected intraveneously in
athymic nude mice bearing human head-and-neck squamous cell carcinoma (Tu686)
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xenograft tumors, the targeted particles showed greater accumulation in the tumor compared
to the untargeted particles 5 h following injection.”” Another group reported that their
actively targeted immunoliposomes conjugated to anti-HER2 ScFv antibodies appeared to
have a greater effect on nanoparticle internalization, not biodistribution.”® Additional
research will be required to refine and enhance selective delivery of drugs to target cells
within the tumor, which will be a major accomplishment in the development of the
nanotechnology-mediated, smarter drug delivery platforms of the future.

Molecular-based Nanotherapies

In this review, co-delivery of pharmaceutical therapeutic agents to cells in the TME refers to
the simultaneous delivery of more than one drug within the tumor to target one or more cell
types. In the field of nanocarrier-mediated drug delivery, most attempts at encapsulation and
delivery of drug combinations involve small molecule inhibitors. However, recent advances
in nanocarrier design have allowed for the more efficient encapsulation and delivery of
cutting edge molecular-based therapeutic agents such as nucleic acids. RNA interference
(RNAI) of mutant genes in cancer represents a promising treatment strategy. Researchers
have encapsulated small interfering RNAs (siRNAs) into the following nanocarriers: PLGA-
PEG/G0-C14 hybrid nanoparticles,?2 iRGD peptide-conjugated d-a-tocopheryl PEG 1000
succinate micelles,”® chitosan-based nanoparticles,8® and PEGylated liposomes.8 One
reason siRNA-based anticancer strategies are so attractive is their specificity; mutant genes
necessary for cancer cell survival can be knocked down, thereby killing malignant cells
while sparing healthy normal cells. However, due to their size and net negative charge,
unencapsulated siRNAs cannot be administered to patients. Size and charge are two major
physicochemical concerns associated with sSiRNA pharmacokinetics that make encapsulation
and delivery of siRNA therapeutics a formidable challenge. Co-encapsulation of sSiRNA
molecules with cisplatin or other DNA crosslinkers presents its own set of challenges, as
these drugs could potentially crosslink siRNA molecules. One group successfully
encapsulated siRNA against survivin with cisplatin in hyaluronic acid-based nanocarriers.82
These nanocarriers also contained indocyanine green (ICG), a dye that enabled these
investigators to assess the nanocarriers’ biodistribution in athymic nude mice bearing
subcutaneous tumors. Following a sequestration strategy, Xu et al. used PLGA-PEG/G0-C14
to make nanoparticles that contained siRNA molecules in their core, thereby effectively
shielding the siRNAs from a pro-drug form of cisplatin, which was embedded in the
polymeric nanoparticle shell.22 These authors reported that these small molecule/siRNA
hybrid nanoparticles reduced REV and REV3L gene expression /n vitro, as well as
synergistically suppressed tumor growth in a xenograft mouse model utilizing human Lymph
Node Carcinoma of the Prostate (LNCaP) cells.22 A schematic representation of this type of
combination nanoparticle can be seen in Figure 1(c).

COMMERCIALIZATION OF COMBINATORIAL NANOMEDICINES

Much work has yet to be done on identifying synergistic drug combinations and dose ratios,
developing high-throughput platforms to match drug combinations with compatible
nanocarriers, enhancing targeting of drug-loaded nanocarriers, and identifying and validating
different populations of ‘helper’ cells in the TME that can be targeted to enhance tumor
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killing. Despite the many challenges that exist in the field of nanocarrier-mediated
combination drug delivery, several companies were founded to translate combination
nanomedicines from the laboratory bench to the clinic. BIND Therapeutics, a company
headquartered in Massachusetts, USA, synthesizes and validates made-to-order polymeric
nanoparticles (Accurins™) for the encapsulation and cell-specific delivery of a wide variety
of drugs.

BIND utilizes a high-throughput approach to generate libraries of candidate Accurins™,
which are then screened based on their effects on cells 7 vitro, and tested to ensure good
pharmacokinetics, tolerability, biodistribution, and targeting. Accurins™ accumulate in the
tumor and preferentially interact with target cells through their proprietary, surface-exposed
targeting motifs, which in turn triggers release of the drug payload. Together, this “triple
targeting” approach (tissue- cell- and molecule-specific targeting) improves site-specific
drug delivery, thereby reducing the dose needed to achieve therapeutic efficacy and reducing
toxicity. The polymers used to make Accurins™ are broken down to lactic acid in the body,
thereby preventing additional toxicity associated with the particles themselves.

Celator Pharmaceuticals, a clinical-stage company based in New Jersey, USA, has developed
proprietary methods to co-encapsulate known ratios of drugs into lipid-based nanocarriers.
This company carried out an open-label, single-arm, dose-escalating phase | study with their
CPX-1 combination liposomes, which contain controlled ratios of irinotecan HCI and
floxuridine for the treatment of advanced solid tumors.53 Prior to this phase I study, Celator
published proof-of-concept data supporting their rationale for loading synergistic ratios of
drugs into a single nanocarrier.83.84

Celator’s phase | study utilized CPX-1 liposomes containing 1:1 molar ratios of irinotecan
HCI to floxuridine to treat patients with advanced solid tumors. Irinotecan is a small
molecule inhibitor of the DNA-unwinding enzyme topoisomerase | that is widely used in the
treatment of colon cancer, usually in combination with other drugs. Floxuridine is a small
molecule antimetabolite that is also widely used to treat colon cancer. Of the 33 patients
enrolled in this study, 15 had advanced colorectal tumors. Every patient enrolled in this
study had previously been treated with either oxaliplatin or irinotecan. Patients were infused
with CPX-1 over 90 min every 14 days in 28-day cycles, and 30 patients were evaluated for
response. Celator reported the maximum tolerated dose of CPX-1 to be 210 units/m,2 where
1 unit is equal to 1 mg of irinotecan HCI and 0.36 mg floxuridine. Analysis of irinotecan and
floxuridine levels in patient plasma showed that a 1:1 molar ratio of irinotecan to floxuridine
was maintained for at least 8 h following administration of 210 units/m? CPX-1. After 48 h,
the ratio of irinotecan to floxuridine in the plasma from these patients had increased
approximately ninefold. Toxicity data gathered during this study indicate that CPX-1
treatment can be less toxic compared to treatment with either irinotecan or floxuridine alone.

A critical side effect in patients taking either irinotecan or floxuridine is severe, dose-
limiting gastrointestinal toxicity, which manifests itself as diarrhea.85:86 The majority of
patients treated with irinotecan or floxuridine experience gastrointestinal toxicity to some
degree, which often precludes the use of higher doses of these drugs. In fact, nearly 25% of
the patients enrolled in the CPX-1 phase I clinical trial developed gastrointestinal toxicity,
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and one patient died during the course of the study due to CPX-1-induced toxicity.
Following this study, Celator reported that 15% of the patients receiving 210 units/m? of
CPX-1 developed grade 3 diarrhea during the course of the study. Celator cited other
studies8”-90 in which the incidence of diarrhea in patients treated with irinotecan or
fluorouracil was anywhere from 14 to 44.4%. This comparison indicates that CPX-1
treatment causes similar levels of toxicity compared to treatments with each of these drugs
alone. Of the 15 colorectal cancer patients who took part in this study, 2 achieved partial
remission, 9 achieved stable disease, 2 had progressive disease, and 2 were not evaluable at
the end of the study. Celator’s phase | study should help guide the development and testing
of safer, more efficacious nanomedicines in the future.

Theranostics

Creation of drug nanocarriers with materials that allow them to be traced /7 vivo represents a
promising way to assess nanoparticle biodistribution under physiologically relevant
conditions. The intersection of nanomaterial design and intravital imaging has led to the
advent of ‘theranostics’, which describes any drug delivery system that has dual therapeutic
and diagnostic properties. Zevalin, a radioimmunotherapy approved by the FDA in 2002 for
the treatment of low-grade or transformed B-cell non-Hodgkin’s lymphoma, is considered to
be one of the first theranostic therapies ever created.5” This theranostic treatment involves
the use of a monoclonal antibody against CD20 that is covalently conjugated to an agent that
chelates yttrium-90, a radioactive isotope. The specificity of the antibody is exploited to
deliver toxic doses of radiation to CD20-positive target cells. Another form of the drug uses
indium-111 instead of yttrium-90 for imaging purposes to ensure high selectivity prior to
administration of the antibody complex containing yttrium-90. The development of
radionanomedicine-based theranostic cancer nanomedicines that can be traced in the body
will allow investigators to achieve greater tissue- and cell-specific targeting.9! lyer er al.
have also reviewed image-guided theranostic nanosystems for targeted delivery of drugs in
cancer.92

CONCLUSION

The administration of combinations of drugs that synergize with each other represents a
promising cancer treatment approach. The goal of administering drug combinations that
exhibit synergy is to reduce the effective dose of each drug in the combination, thereby
achieving a therapeutic effect while minimizing dose-limiting toxicity. The simultaneous
delivery of synergistic drug combinations to target cells in the TME represents a promising
cancer-treatment paradigm. However, pharmacokinetic challenges prevent the site-specific,
controlled delivery of combinations of drugs to target cells. Nanotechnology is well suited to
meet these challenges, and many groups of investigators have reported development of novel
nanomaterials to achieve the simultaneous, controlled release of synergistic combinations of
drugs to target cells. To summarize, the most significant challenges in the development of
combinatorial nanomedicines include: (1) identification of drugs that will synergize with
each other /in vitro, (2) development of accurate methods to predict whether combinations of
drugs that show synergy in vitro will show synergy in vivo, (3) further optimization of
nanocarriers for enhanced ratiometric control of drug loading, and (4) improved targeting of
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drug-loaded nanocarriers to reduce toxicity through improved biodistribution and/or
enhanced uptake by target cells. The common thread linking each of these challenges is
patient safety, which must inform each step in the development of a combinatorial
nanomedicine as it makes its way from the laboratory bench to the clinic.
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FIGURE 1].
Nanocarriers for combination drug delivery. The anatomical drawing in the top half of the

figure shows three targeting considerations used in nanocarrier design: tissue-, cell-, and
macromolecule-level targeting. The bottom half of the figure depicts three novel
nanocarriers designed to deliver multiple therapeutic agents to the tumor utilizing one or
more of these targeting approaches. Nanocarrier (a) shows a biodegradable nanoscale
liposomal polymeric gel engineered to release SB505124, a small molecule inhibitor of the
TGFp1 receptor, as well as 1L-2 within the tumor.20 Nanocarrier (b) depicts a particle-
within-a-particle encapsulation strategy, whereby dioleoyl phosphatidic acid-coated drug
cores were created out of gemcitabine monophosphate (GMP) and cisplatin. GMP and
cisplatin drug cores were subsequently loaded into PLGA nanoparticles to generate dual-
loaded nanocarriers.2! Of the three nanocarriers depicted here, this nanocarrier is the only
one that uses an active (cell-level) targeting approach: Anisamide was attached to the outside
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of these nanoparticles to target sigma receptor-overexpressing cancer cells. Nanocarrier ()
shows PLGA-PEG/G0-C14 nanoparticles with siRNA molecules contained in their core. A
pro-drug form of cisplatin was embedded in the polymeric nanoparticle shell.22
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