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Abstract

Nanomedicine of synergistic drug combinations has shown increasing significance in cancer
therapy due to its promise in providing superior therapeutic benefits to the current drug
combination therapy used in clinical practice. In this article, we will examine the rationale,
principles, and advantages of applying nanocarriers to improve anticancer drug combination
therapy, review the use of nanocarriers for delivery of a variety of combinations of different
classes of anticancer agents including small molecule drugs and biologics, and discuss the
challenges and future perspectives of the nanocarrier-based combination therapy. The goal of this
review is to provide better understanding of this increasingly important new paradigm of cancer
treatment and key considerations for rational design of nanomedicine of synergistic drug
combinations for cancer therapy.
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1. Introduction

Globally over 14.1 million new cases of cancer were estimated to occur in just 2012 even
excluding non-melanoma skin cancer [1]. Despite tremendous efforts to combat cancer for
several decades and recent advances in new therapeutic agents and modalities, cancer
remains the second leading cause of diseases-associated death in the United States [2] and
rises to the first leading cause of death in Canada [3]. The disappointing clinical outcomes of
cancer therapies are largely attributable to the heterogeneity and complexity of this
devastating disease. Conventionally, surgery and radiotherapy are employed for treatment of
localized disease, while hormone therapy, chemotherapy, immunotherapy, and targeted
therapy are administered for systemic treatment alone or in combination with other
modalities [4-7]. Chemotherapy is a standard treatment for primary and metastatic cancer for
a long history; however, its clinical benefits are limited, in particular when a single agent
(mono-therapy) is administered. The common issues associated with mono-therapy include
drug resistance at cellular and tumor levels, harsh tumor microenvironment that hinders drug
penetration and efficacy, tumor heterogeneity, and dose-limiting toxicity (Supplementary
Material - Table S1). Therefore, combination chemotherapy regimens containing two or
more classical anticancer drugs have been applied for decades in clinical practice to treat a
variety of cancers (Supplementary Material - Table S2) [5, 8-11]. However, the outcomes are
still unsatisfactory. With increasing understanding of tumor biology, molecular pathways,
tumor microenvironment, and tumor-host interactions, new combination therapies have been
developed. These new combination therapies include chemotherapy with immunotherapy,
chemotherapy with targeted therapy, chemotherapy with gene (7.e. DNA- and RNA-based)
therapy or epigenetic therapy, and immunotherapy with targeted therapy [12-20].

Theoretically, combination therapy with therapeutic agents that are demonstrated effective as
mono-therapy in clinic should provide better therapeutic effects without additional toxicity.
Nevertheless, clinical outcome of combination therapy is not always as good as anticipated;
rather is often associated with higher toxicities, although non-overlapping toxicity is a major
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consideration for selecting drug combination candidates [21-23]. In addition to the unwanted
escalation of toxicity, the success of combination drug therapy is hampered by inability of
component drugs to achieve desired spatiotemporal distribution when they are delivered in
free molecule form [24-26]. It is critical that the component drugs are delivered to the right
place at the right timing; yet inherent differences in physicochemical and pharmacokinetic
properties among drug components prevent this from happening unless an efficient drug
carrier is utilized.

Having realized this inherent problem and necessity for synergistic drugs to arrive at the
same cellular target for overcoming efflux transporter-mediated multidrug resistance
(MDR), attempts have been made as early as in 1999 to deliver an anticancer drug with a
chemosensitizer or a P-glycoprotein (P-gp) inhibitor, by the same carrier to P-gp
overexpressing cancerous cells [27-30]. The strategy to co-deliver drug combinations using a
carrier has been taken by an increasing number of researchers since then. The reports about
co-delivering drug combinations using the same carrier have increased exponentially since
2007 (Figure 1) based on the publication search from two databases, EMBASE® and Ovid
MEDL INE® from 1999 to 2014 (Supplementary Material — Table S3).

In the past decade, the use of nanocarriers to improve drug delivery has been a flourishing
strategy for cancer treatment. Several classes of nanocarriers have been studied for
anticancer drug delivery, including liposomes, polymer nanoparticles, polymeric micelles,
dendrimers, nanocapsules, solid lipid nanoparticles, polymer-lipid hybrid nanoparticles,
inorganic nanoparticles, inorganic-organic hybrid nanoparticles, nanoemulsions, and
nanogels. These nanodelivery systems can serve as the key platforms to implement a
combined drug therapy of cancer in a more efficient, more effective and safer manner. A
variety of nanocarrier systems have been investigated to deliver drug combinations, of which
a few have reached clinical trial stages [32-37].

In this article, we will examine the rationale, principles, and advantages of applying
nanocarriers to improve anticancer drug combination therapy, review the use of nanocarriers
for delivery of a variety of combinations of different classes of anticancer drugs including
small molecule and large molecule drugs, and discuss the challenges and future perspectives
of the nanocarrier-based combination therapy. The goal of this review is to provide better
understanding of this increasingly important new paradigm of cancer treatment and key
considerations for rational design of nanomedicine of synergistic drug combinations for
cancer therapy.

2. Rationales and strategies of nanocarrier-based combination therapy of

cancer

2.1 General principles and concept of combination therapy

For decades, selection of combination chemotherapy in clinical practice has been based on
the following general principles: to use drugs with 1) clinically proven activity as single
agents, 2) no overlapping toxicities, 3) no cross-drug resistance; 4) different mechanisms of
drug action, 5) target different cell cycles, and 6) generate anticancer synergy [23, 38, 39]. In
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clinic, drug combination therapy via sequential administration is recommended in guidelines
as standard cancer chemotherapy, while simultaneous administration is not [40]. The reason
behind this is that prominent adverse effects and absence of obvious benefits in the overall
survival were found in clinical trials for simultaneously administered combination
chemotherapy, despite a higher tumor response rate [41-43]. However, positive tumor
response and low toxicity profiles were reported in recent Phase Il clinical trials on low dose
metronomic drug combinations [44, 45]. These mixed clinical results of drug combination
therapy present an opportunity to nanocarrier-based approaches, which are able to mitigate
the problems encountered by free drug combination therapies. Detailed discussion of issues
with free drug combination therapy and advantages of nanocarrier-based drug combination
therapies will be presented later.

When combined with nanotechnology, there are several ways to deliver multiple drugs. For a
two-drug combination, one drug can be delivered as free form and the other by a nanocarrier
(Free drug + Nano), or both drugs delivered by separate nanocarriers (Nano + Nano), or both
drugs are co-encapsulated in the same nanocarrier (co-encapsulation) (Figure 2). The first
two approaches (Free drug + Nano & Nano + Nano) are often delivered in sequential
manner, whereas co-encapsulation approach delivers drugs simultaneously, providing
controlled temporal and spatial delivery of multiple drugs, thus, increasing intracellular drug
concentration and coordinating drug synergy against cancer cells. Examples of various
combinations therapies will be presented in Section 3.

The first approach is the closest to the current practice of using nanoparticle formulations for
cancer treatment. The “Nano+Nano” approach may offer more flexibility in dosing and
formulation than co-encapsulation; however, nanocarriers loading different drugs of a
combination may not reach the same cells to achieve the optimal synergistic effects. The co-
encapsulation approach may be most effective among three in coordination of drug actions
at cellular levels.

Abraxane® (paclitaxel loaded albumin nanoparticles) or Doxil® (PEGylated liposomal
doxorubicin) are often used with other drugs or together with other components given as free
drug solution [46, 47]. In addition, this approach also allows multiple agents to be delivered
in sequential instead of simultaneous manner. For example, by treating breast cancer with
cis-platinum nanoparticles first, followed by P1828, an inhibitor of PI3K, the highest efficacy
of the combination therapy was achieved [48].

The benefits of co-encapsulation of synergistic drug combinations in the same carrier have
been demonstrated by various groups /n vitroand in vivo[30, 34-39, 49-55]. An early proof-
of-concept preclinical study by Liu et al. showed that even intratumoral co-administration of
an anticancer drug doxorubicin (DOX) and a chemosensitizer of P-gp (/.e. verapamil) loaded
in separate particle formulations could only generate modest effect on tumor growth delay
while noticeable toxicity was observed in MDR breast tumor bearing murine model [28].
Similarly, a study of co-encapsulation of DOX and a P-gp inhibitor [30] or two anticancer
drugs [55] in the same nanocarrier showed that co-encapsulation is therapeutically superior
to the “Nano+Nano” approach and the free drug combination [30, 55, 56]. In both wild-type
and resistant MDA-MB-435/LCC6 human breast cancer cells, DOX-mitomycin C (MMC)
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co-loaded hybrid polymer-lipid nanoparticles (DMPLN) was found significantly more
effective against resistant cancer cells than the co-administration of single agent-loaded PLN
(7.e. DOXPLN + MMCPLN), suggesting that co-encapsulation amplified the drug
interaction synergistically [56].

Nonetheless, co-encapsulation of multiple drugs of various properties (e.g. water-solubility,
polarity, and stability) in the same nanocarrier is very challenging. Normally the doses of the
multiple drugs in the same carrier are fixed. Any substantial adjustments of their ratio often
require careful re-formulation of the nanosystem to prevent undesirable changes of its
physicochemical properties and stability. All in all, there are pros and cons for each
approach and which one should be chosen probably depends on the specific situations (e.g.
choice of drugs in the combination, mechanism of drug synergy, cancer type, cancer
location).

2.2. Rational selection of drug combination candidates and treatment schedule

In addition to the fundamental principles described above, other factors have to be
considered in the choice of drug combination candidates, including drug-drug interaction-
induced alteration of metabolism, disposition, and elimination, optimal drug-to-drug ratio
and administration scheduling. Although the ultimate goal of drug combination therapy is to
achieve maximal therapeutic efficacy and minimal toxicity, the anticancer effect of a
combination therapy may not always be synergistic, yet it can be additive, or even
antagonistic, depending on the design and the manner in which a therapy is implemented. It
has been found that drug-to-drug ratio and drug administration schedule are critical factors
determining whether the drug interaction will generate synergistic effect or not [38, 49-51,
54, 56, 57]. In case the drug actions are required to occur on the same cell, the optimal drug
ratio and scheduling can be determined /in vitro prior to designing a suitable delivery system.

The effect of drug interaction is normally evaluated by using the widely applied median
effect analysis [39, 52, 54, 58], such that a combination index (CI) is calculated to determine
whether the effects were additive (Cl=1), synergistic (CI<1), or antagonistic (CI>1) [58].
Additive interaction means that the combined effect of all drugs is equal to the sum of the
effect of the drugs taken separately, while synergistic interaction and antagonistic interaction
mean the combined effect is greater or smaller than the sum of the individual effect,
respectively. In general, a “good” combination will lead to additive or synergistic therapeutic
effect, and this is usually designed by combining agents with non-overlapping mechanisms
of action and toxicity profiles [58]. When agents are properly combined, they may delay or
overcome MDR and prevent patients treated with standard therapy from the relapse [39,
58-60].

Ensuring an optimal drug-to-drug ratio to be delivered into the tumor is critical for achieving
increased efficacy. Mayer and co-workers reported that co-delivery of irinotecan and
floxuridine at 5:1 synergistic molar ratios within the liposome increased anticancer activity
in colorectal tumor xenograft whereas attenuated anticancer activity was observed when
antagonistic drug combination ratio was delivered into the tumor [50]. Hasenstain ef a/also
demonstrated that co-delivery of the synergistic drug combination of paclitaxel, rapamycin
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and 17-AAG at a 2:1:3 molar ratio, using micelles as a carrier, is important for enhanced
therapeutic effectiveness in vivo [34].

The timing of administering drug combination is also important for synergistic effect to
occur [57]. Cheung et al. found that for DOX and MMC at a fixed 1.7:1 molar ratio, the
synergic anticancer effect against EMT6 breast cancer cells was the strongest when DOX
and MMC were co-currently applied or when DOX was given before MMC treatment, but
not when MMC was applied as pre-treatment [57]. Further study on mechanism of drug
interaction showed that formaldehyde produced from MMC bio-reductive metabolism can
facilitate intracellular DOX accumulation via binding to detoxifying enzyme glutathione
(GSH). Together with bio-activated MMC cross-linking of DNA, DNA repair enzymes may
be activated to a great extent to allow ample opportunity of topoisomerase 1l-a colliding
with DOX in nucleus, leading to more DNA double strand breaks and higher cell kill [39].

Tumor priming is another example of rational design of drug combination scheduling.
Pretreating tumors with an apoptotic drug (/.¢e. paclitaxel) has been shown to make tumor
more permeable to protein drugs or nanoparticles (Figure 3) [61, 62]. The tumor is
pretreated with a conventional cytotoxic drug (e.g. paclitaxel) below its standard dose
(Figure 3(1)). Drug-loaded nanoparticles or protein drugs are then administered within a
time of optimized apoptosis window (e.g. 24 h =72 h). Therefore, the penetration of the
nanoparticles or proteins in the solid tumor can be greatly enhanced v7a expansion of
interstitial space (Figure 3(2)), resulting in potential synergistic anticancer effects by the
sequential combination of two drugs.

Drug combination therapy may also be employed to target different cancer cell sub-
populations. For instance, one can use standard cytotoxic chemotherapy drugs to kill the
bulk of cancer cells in a tumor and a targeted therapy drug to specifically tackle the
tumorigenic sub-population (sometimes known as cancer stem cells or tumor initiating
cells), so that repopulation of the less tumorigenic cell sub-populations can be suppressed
[26, 63].

In addition to chemotherapy using drug combinations of conventional anticancer drugs
(Supplementary Material - Table S2), combinations of chemotherapy with P-gp inhibitors,
immunotherapy, targeted therapy, gene (7.e. DNA- and RNA-based) therapy, or with
epigenetic therapy, and immunotherapy with targeted therapy are useful combination
therapies. These combinations are designed based on various mechanisms.

2.3. Common issues with free drug combinations

A key concern about combination drug therapy is “in what manner the multiple components
of the therapy should be administered to achieve the optimal outcomes”. As summarized in
Table 1, several obstacles could compromise the effects of combination therapy in free drug
solutions, leading to undesirable antagonistic outcomes. It should be noted that these issues
are commonly encountered in clinical cancer treatment. For instance, many of the
chemotherapy drugs and the newer targeted drugs have poor water solubility and cannot be
efficiently delivered to the tumor site [64]. Similar scenarios happen when one of the
component drugs has permeation or stability issues, e.g. inclusion of small interference RNA
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(s/RNA) in the combination therapy [65]. In many cases, component drugs have different
tumor disposition and pharmacokinetic profiles. Thus not all component drugs of a
combination can reach the tumor tissues and cells at the desirable ratio and duration,
resulting in sub-optimal efficacy and increased non-specific toxicity of the therapy.

2.4. Advantages and strategies of nanocarrier-based combination therapy of cancer

Nanocarrier systems exhibit many advantages, such as drug encapsulation and solubilization
of poorly soluble drugs, drug protection, cellular uptake of nanoparticles via endocytosis,
passive tumor accumulation viaenhanced permeability and retention (EPR) effect, targeted
delivery, and controlled/ sustained release kinetics. By taking these advantages, it is possible
to efficiently deliver multiple anticancer agents and manipulate where and when the agents
distribute in the body [66, 67]. In addition, nanocarriers have many other advantages, such as
co-loading of both soluble and poorly soluble drugs, co-delivery of small molecule drugs
and macromolecule agents, and stimulus-responsive drug release. These advantages of
nanocarrier systems are all valuable for addressing the aforementioned issues of
combination therapy of cancer associated with free drug formulations. By properly
integrating nanotechnology into combination therapy, several positive outcomes can be
achieved. Given the particular challenges for co-encapsulation of several drugs, e.g. for
ratio-metric dosing, in the following text we will discuss mainly the advantages and
strategies using nanocarrier systems for this application.

As aforementioned, a fixed ratio of two drugs delivered to cancer cells is required for certain
drug combinations to generate synergistic anticancer effect; yet this is extremely difficult to
achieve if a free solution of drug combination is administered. Owing to different
pharmacokinetics, tissue disposition, and cell uptake of component drugs, the initial drug-to-
drug ratio is no longer maintained in the circulation and in the tumor tissue after a short time
(Figure 4A, left panel). Furthermore, drug-drug interactions as a result of shared metabolism
and excretion pathways could result in higher tissue toxicity and altered drug ratio, as well
as low drug accumulation of both drugs inside tumor. In contrast, when these drugs are co-
encapsulated within one nanocarrier and released at a similar rate, their synergistic ratio (e.g.
2:1 for Drug A to Drug B) can be maintained at high concentration in the blood and in the
tumor for a long period of time (Figure 4A, right panel)[38, 50, 51, 55]. The biodistribution,
tumor accumulation, and local drug availability can be synchronized by the nanocarrier that
accumulates in the tumor tissue v7athe EPR effect or receptor-mediated extravasation,
followed by cell uptake via passive or receptor-mediated endocytosis (Figure 4B). The
nanocarriers can then release the drugs inside cancer cells to generate synergistic effects in
this case more DNA double strand breaks as demonstrated by Shuhendler ef a/. using DOX
and MMC-co-loaded PLN (Figure 4B) [39, 56]. Thereby, therapeutic efficacy is
significantly enhanced and off-target toxicity dramatically reduced [32, 33, 38, 53-55].

Co-encapsulating drugs within nanoparticles is also useful for delivering two or more drugs
that act on different targets but require coordinated delivery at sub-cellular levels. One
common strategy to enhance drug accumulation in multidrug resistant cancer cells is to use
P-gp inhibitor. Wong et al., showed that co-loading DOX (P-gp substrate) and Elacridar
(GG918) (P-gp inhibitor) within PLN is superior to co-administration of DOX and GG918
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in separate PLN against MDR human breast cancer, indicating that co-localization of GG918
with DOX by the nanoparticles is important to enhance DOX cellular uptake, retention, and
thereby higher cytotoxicity [30]. Triolimus (micelle co-loaded with triple drugs: paclitaxel,
rapamycin and 17-AAG) is another example of co-encapsulation within one nanocarrier to
achieve synergism against several cancer cell lines via targeting multiple cellular targets
[34-36]. Paclitaxel is a mitotic inhibitor and its cytotoxicity can further be enhanced by
rapamycin via inhibition of p70s6k phosphorylation, the mechanistic target of rapamycin
(mTOR). Meanwhile 17-AAG can block the compensatory Akt pathway that can be
activated upon treatment of rapamycin. Thus, such a triple drug combination requires
coordinated delivery within the same nanoparticle to achieve such synergism via
simultaneously block both p70s6k and Erk1/2 phosphorylation [34].

It should be noted that the term “small molecule anticancer drugs” actually encompasses
molecules of highly diverse physicochemical properties, ranging from lipophilic, poorly
water-soluble drugs (e.g. taxanes) to inorganic, water-soluble drugs (e.g. platinum drugs).
For co-encapsulation of compounds with a large difference in lipophilicity into the same
nano-system, two strategies are often used. The first strategy is to modify a drug into a pro-
drug that has more suitable lipophilicity. The modification sometimes may also create new
functional group for direct conjugation to the nano-system. For example, Xiao et a/
attempted to co-encapsulate daunomycin and oxaliplatin into polymeric nanocarriers [68].
To better encapsulate oxaliplatin, it was converted into a prodrug with an axial carboxyl
group for conjugation to the polymer. The second strategy is the use of nanocarriers with
both lipophilic and hydrophilic elements to interact with both types of compounds. For
instance, Wong et a/. developed a solid polymer-lipid nanoparticles to co-encapsulate
lipophilic drugs such as Elacridar (GG918) and water-soluble DOX hydrochloride by
inclusion of an ionic polymer to bind the oppositely charged drug [27, 30]. Shuhendler et a/.
also designed “stealt/i’ PLN system for co-delivery of DOX hydrochloride and MMC of
different polarity and water-solubility at a synergistic ratio [56].

3. Examples of nanocarrier-based combination therapies of cancer

Because small molecule drugs (/.e. cytotoxic anticancer drugs) and large molecule drugs (/.e.
biologics, including proteins, DNA and RNA) tend to encounter distinctly different sets of
problems in their delivery, we have reviewed them separately in the following sections.
Moreover, we have only listed, in the tables, representative examples of nanoparticle co-
delivered drug combinations that have been investigated in both /n vitro and preclinical
studies or in clinical trials. There are many examples studied /n7 vitro only that are not listed
due to space limitation.

3.1. Nanocarrier-based combinations of small molecule drugs only

Small molecule anticancer therapy generally includes chemotherapy and sometimes
hormonal therapy when the cancer is hormone-dependent (e.g. breast cancer). Combining
multiple small molecules may increase anticancer efficacy, thus is frequently used in clinical
settings. The development of nanocarrier-based combination therapy of cancer follows a
similar trend. The combination generally includes anticancer drugs with non-overlapping
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cytotoxic mechanisms with additional advantages of nanocarriers as discussed in Section
2.4,

Table 2 presents selective examples of co-delivery of anticancer drug combinations using
nanoparticles that have been investigated both 7 vitro and in vivo [32-36, 38, 39, 49-56,
69-80]. On the top of the list are liposome formulations co-loaded with irinotecan and
floxuridine at 1:1 molar ratio (CPX-1) or cytarabine and daunorubicin at 5:1 molar ratios
(CPX-351) developed by Celator® Pharmaceuticals. CPX-1 has been advanced to Phase 11
trial for the treatment of advanced colorectal cancer [69] and CPX-351 (VYXEOS™) to
Phase Il clinical trial for refractory acute myeloid leukemia [33, 81, 82]. In various pre-
clinical leukemia tumor models, the injectable liposomal formulation CPX-351 maintained
synergistic ratios of cytarabine and daunorubicin combination during the blood circulation,
resulting in significantly enhanced therapeutic efficacy and low toxicity compared to free
drug combination at the equivalent dose ratio (Figure 5) [38]. In a recently completed Phase
11 randomized trial in patients with secondary acute leukemia, CPX-351 (VYXEOS™™)
significantly improved overall survival, even free survival, and response without increased
adverse effects compared to traditional “7+3” combination regimen of cytarabine and
dauorubicin in free solution [82]. Another example is Triolimus, a micelle formulation of
triple drugs (/.e. paclitaxel, rapamycin and 17-AAG at 2:1:3 molar ratio) which has been in a
Phase I clinical trial for angiosarcoma [37]. The remaining studies on the list have
demonstrated enhanced anticancer efficacy in preclinical tumor xenografts using dual agents
co-loaded nanoparticle formulations.

DMPLN is DOX and MMC co-encapsulated polymer-lipid hybrid nanoparticles (PLN)
nanoparticle formulation which was developed by the Wu group based on thorough
understanding of intracellular molecular mechanisms that led to increased DNA double
strand breaks and cell kill [39, 54]. DMPLN demonstrated the synergistic anticancer effect
with CI <1 against multiple human and murine breast cancer cells /n vitro[52, 54, 56]. In
orthotopic breast tumor murine models when, compared with free DOX-MMC combination,
DMPLN prolonged the circulation of both DOX and MMC and selectively delivered drugs
at the fixed effective ratios to the breast tumor, resulting in enhanced tumor cell apoptosis
and prolonged survival of breast tumor-bearing mice (Figure 6) [55]. Compared to clinically
used nanomedicine PLD (Caelyx®), DMPLN significantly delayed tumor growth in both
sensitive and resistant breast tumors and attenuated cardiotoxicity by forming less toxic
metabolites doxorubicinol in the heart compared to free DOX-MMC combination and
PEGylated liposomal DOX (Caelyx®) [53-55].

In addition to the co-delivery of anticancer drugs, nanocarrier systems have been developed
to deliver combinations of cytotoxic drugs and non-cytotoxic agents, e.g. rapamycin.
Rapamycin was originally indicated as an antifungal agent, but was shown to block Akt
signaling to lower cancer cell resistance to chemotherapy. A number of nanocarriers,
therefore, have been designed to combine it with chemotherapy agents such as DOX and
paclitaxel for treatment of chemoresistant cancer with reported synergistic cytotoxicity
[83-85]. Ceramide and paclitaxel have been co-delivered by nanocarriers to MDR cancer
cells [86]. Recently, researchers are drawn to less cytotoxic alternatives [87]. Existing drugs
or herbal ingredients that demonstrate activities to inhibit cancer cell proliferation, reduce
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inflammation, or lower cancer drug resistance have been “repurposed” for cancer treatment
[87]. Examples include all-trans-retinoic acid, rapamycin and curcumin [88]. Anti-
inflammatory drugs and herbal medicine ingredients have also been considered as
candidates for combination therapy with cytotoxic drugs [83, 89, 90]. Oral co-delivery of
chemo-preventive agents, aspirin and curcumin within solid lipid nanoparticles in
combination with sulforaphane was reported to reduce effective inhibitory dose by a factor
of ten comparing to the free form combination in pancreatic cancer prevention [90].

3.2. Nanocarrier-based combinations including large molecule drugs

Large molecule drugs include proteins/peptides, antibodies, nucleic-acids (RNA and DNA).
The delivery of these large molecule drugs is limited by their poor permeability, low stability
and tendency to be eliminated by the reticuloendothelial system (RES) from systemic
circulation. These limitations can be overcome by delivering them with suitable
nanocarriers. As delivery of nucleic acids (Z.e. DNA, miRNA, sRNA) involves different
considerations from delivering antibodies, we will review and present them separately in
Table 3 and Table 4, respectively.

3.2.1 Co-delivery of anti-cancer genes and chemotherapeutic agents—
Traditional gene therapy uses a viral vector to deliver nucleic acids including DNA and RNA
interference (RNAJ) into cancer cells to allow cancer cells to kill themselves or arrest their
own growth [91-93]. However, such delivery strategy could have potential risks to patients,
such as severe immune system reaction, viral vector antigenicity, and potential virus
infection [94]. In addition, fast clearance by the liver and limitation in packaging various
genes also prevents cancer gene therapy from translating into an effective clinical treatment
[92, 95].

Non-viral nanoparticles allow more nucleic acids packaging and high degree of surface
modification which enables the high transfection efficiency for loaded gene via both passive
and active targeting cancer cells [96, 97]. Yet, mono-delivery of gene therapy for cancer
treatment exhibits only partial and transient antitumor effect. Co-delivery of gene and other
anticancer drugs within one nanoparticle hold promise to overcome MDR, promote
apoptosis, and inhibit angiogenesis by generating synergistic antitumor effect [98]. Table 3
lists some examples of multifunctional nanoparticle formulations to facilitate gene and
anticancer drug combination [99-107].

RNA/ has been extensively studied in these two decades for anticancer purpose. The key
RNA/mediators such as sSiRNA, short hairpin RNA (s/RNA) and microRNA (m/MRNA) are
able to effectively knock down an oncogenic or chemoresistance pathway in a fairly specific
and potent manner [97]. Xue and Wong’s study provides an example of s/RNA and
chemotherapy combinations [108]. Using a lipid-based nanocarrier, it was shown that the
chemosensitizing anti-survivin siRNA can be intracellular released in a sustained manner
(Figure 7). The extended action of the sS/RNA made the cancer cells sensitive to anticancer
drug docetaxel, leading to significantly improved /in vitroand in vivo efficacy.

Combining mRNA with anticancer drugs has also been shown to be effective in promoting
apoptosis, reverting metastasis, and down-regulating MDR-associated efflux transporters
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[109]. Comparing siRNA that is double stranded and made exogenously to bind precisely
onto the targeted MRNA, m/RNA is single strand and can non-specifically bind to various
part of MRNA to inhibit the translation. Deregulation of m/RKRNA is common in malignant
cells. mRNA undergoes genetic alteration through amplification, deletion, and epigenetic
changes [97]. For example, overexpression of mRNA-21 plays an important role in
oncogenetic activity. Co-loading mMRNA-21 inhibitor and DOX in micelles significantly
increased antitumor activity in glioma mouse model. Blockage of mRNA-21 facilitated
DOX induced apoptosis by suppression of anti-apoptotic Bc/-2[100, 103].

3.2.2 Combining antibody and chemotherapeutic drugs—»Monoclonal antibody
(mADb) is a major biological medicine to treat cancer because of its targeting specificity on
antigen expressed on the cancer cell surface as well as cytotoxicity via unique signaling
pathways [112]. However, mono-treatment of /mAb provides only modest therapeutic effect
in clinics. Combination of mAb and chemotherapeutic drugs could provide synergistic effect
against cancer and prolonged survival rate of patients. For example, combination of antr-
HER2 antibody (known as Herceptin®) with anthracycline and cyclophosphamide increased
tumor response rate and prolonged progression-free survival in phase Il clinical trial [113].

To direct chemotherapeutic drugs to the tumor site and minimize the side effect, drugs can
be directly conjugated to /mAb, known as antibody-drug conjugates (ADC). ADC takes
advantages of mAb specificity to deliver potent anticancer drugs into tumor cells
overexpressing targeted surface antigen [114-116]. However, significant morbidity and
mortality of ADC toxicity due to systemically delivered chemotherapeutic drugs still exist
[112, 113, 115].

Antibody-targeted nanomedicine provides attachment site for specific binding to receptors
uniquely expressed on certain cancer cells, thus enhances cytotoxicity of loaded anticancer
drugs and circumvent toxicity and instability of chemotherapeutic drugs when exposing to
the systemic circulation [117-126]. Yet, reported studies of using /mAbs for their therapeutic
effect on downstream signaling pathway are limited to anti-HER antibodies [127]. Table 4
shows some examples of nanocarriers that harness the therapeutic effects of both mAb and
anticancer drugs. A typical example is MM-302, a trastuzumab conjugated liposomal DOX
formulation which showed promising clinical activity and tolerable toxicity in heavily
treated metastatic HER2 positive patients in phase I clinic trial [128]. Preclinical study also
demonstrated that anft-HER?2 antibody targeted nanoparticles can enhance dual loaded
anticancer drugs, 7.e. DOX and paclitaxel, into HER?2 positive breast cancer cells and further
enhanced tumor suppression compared to administering anticancer drug alone [117],
suggesting the important role of nanoparticles in synergistic drug delivery via active targeted
drug delivery.

3.3. Epigenetic therapy combined chemotherapy

In conjunction with accumulation of genetic mutations that permanently alter DNA
sequences, epigenetic changes play a crucial and complementary role in gene deregulation in
tumorigenesis [129-131]. Epigenetic modifications regulate gene expression patterns (DNA
or miRNA) without changing primary nucleic acids sequences via DNA methylation and
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histone modification, among which DNA hypo- and hyper-methylation is the most stable
epigenetic signature associated with MDR in cancer [131]. Hypomethylation of the gene
MDR1 promoter in addition to acetylation of histone 3 induce overexpression of P-gp
resulting in a broad spectrum of anticancer drug resistance [132]. Hypermethylation of the
gene for enzyme sphingomyelinase alters lipid biosynthesis in cancer membrane and reduces
the membrane fluidity preventing anticancer drugs from passive diffusion into cancer cells
[133].

DNA methyltransferases (DNMT) inhibitors and histone deacetylases (HDAC) inhibitors are
two classes of epigenetic drugs used in combination with other anticancer drug to increase
sensitivity of MDR tumor in response to chemotherapy [134]. Decitabine (DAC) is a DNMT
inhibitor, which exerts its antineoplastic effects via direct incorporation into DNA and
inhibition of DNMT, resulting in demethylation of DNA. Epigenetic disruption has been
suggested to involve in early stage of breast cancer cell transformation in multidrug
resistance [133, 135]. Sequential treatment of DAC and DOX exhibited synergistic
anticancer effect against resistant MCF-7/Adr cancer cells viaenhanced DOX accumulation.
Epigenetic therapy can serve as tumor priming role to facilitate both anticancer drugs and
nanoparticle entry into the cancer cells [136, 137].

However, epidrugs are unstable /n vivo and has transient antiproliferative effect [138, 139].
To safely and effectively deliver epidrugs, nanocarriers have been employed to extend
dosing regimen and improve PK profiles. DAC loaded in 100~ 200 nm nanogel induced
sustained depletion of DNMT1 and prolonged arrest of DOX resistant breast cancer cells
and DAC-resistant melanoma cells in G2/M cell cycle, which in turn, enhanced
antiproliferative effect [137]. Co-loading DAC and DOX into lipid-polymer nanoparticles
significantly enhanced the sensitivity of cancer cells to DOX and increased the expression of
tumor suppressor genes in MDA-MB-231 breast cancer cell lines [140]. /n vivo, the
combination of DAC nanoparticles and DOX nanoparticles demonstrated the enhanced
apoptotic tumor cells and breast tumor inhibition effect [141]. All these studies show that
nanotechnology has ability to improve therapeutic potential of the combination of epigenetic
therapy with chemotherapeutic drugs.

4. Technical challenges and limitations

4.1. EPR effect-mediated passive targeting of nanomedicine

Like other non-targeted nanoparticles, drug combination nanomedicine will utilize the EPR
effect to preferentially accumulate in tumor tissue [142, 143]. EPR effect-mediated passive
targeting of nanoparticles has been demonstrated in numerous preclinical and clinical studies
[142], however its extent may vary with the type, location, stage, and treatment history of the
tumors. Some solid tumors (e.g. pancreatic cancer) are less vascular where EPR effect may
be less significant than others (e.g. glioblastoma). On the other hand, for the same tumor,
due to heterogeneous vascular distribution and function and presence of necrotic regions,
administered nanoparticles may only reach limited locations. Moreover, tumor angiogenesis
and inflammation, the main contributors to leaky blood vessels that allow nanoparticles to
permeate into tumor mass, may change with the stage of the tumor. For example, newly
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developed tumor neovasculature in earlier stage of tumor growth may be leakier than the
matured vasculature in later stage.

Poor lymphatic drainage is another factor which is believed to enhance the retention of
nanoparticles in solid tumors, a necessary component of EPR effect. Nevertheless, lymphatic
drainage may not always be reduced, owing to lymphangiogenesis, especially in aggressive
and metastatic tumors. In such tumors, cancer cells can spread through lymph vessels, and
so nanoparticles, with much smaller sizes than cells, would not be retained well. Shuhendler
et al. revealed that the use of Matrigel, a mouse sarcoma-derived basement membrane
protein mixture, in the inoculation of orthotopic human breast cancer xenografts in mice,
significantly increased tumor perfusion and lymphatic flow rate and altered architecture of
tumor blood and lymph vessels [144]. These changes were found to impact negatively on
nanoparticle retention. This finding suggested that variations in lymphatic drainage in
tumors could influence passive targeting and efficacy of nanomedicine. In addition,
differences in angiogenesis and lymphangiogenesis between xenograft mouse models and
human tumors [145] may contribute to unexpected results of nanomedicine in clinical trials.

Moreover, tumor angiogenesis and inflammation which the EPR effect stems from may be
affected by treatment history. The emerging trend of combining anti-angiogenic or anti-
inflammatory agents with chemotherapy could attenuate the EPR effect. Hence selection of
an optimal window to administer nanomedicine is critical. Some cytotoxic agents also
exhibit an anti-angiogenic effect. For example, Prasad et a/. found that a single treatment
with /v injection of DOX and MMC co-loaded PLN (DMsPLN) resulted in ~65% reduction
in the microvessel density in orthotopic breast tumor xenografts [53]. This anti-angiogenic
effect could prevent further tumor uptake of the nanoparticles thus leading to the lack of
additional therapeutic effect of consecutive treatments with DMsPLN every four days [53].
The alteration of blood vessel morphology after initial treatment could be a limiting factor
for success in applying hanomedicine to humans where multiple treatments are required.
Employment of vessel dilating agent, such as nitroglycerin [146] or focused ultrasound
[147] may be necessary to enhance nanoparticle extravasation in tumor.

4.2 Drug release kinetics, local bioavailability and pharmacological effect of nanomedicine

It is well known that nanocarriers can alter the pharmacokinetics and toxicity profile of the
payload as they can change the circulation time, tissue distribution, metabolism, and
elimination of the drug. For simultaneous co-delivery, synchronization of drug release
kinetics and co-localization of the drugs in the tumor is critical. In addition to thorough
understanding of PK/PB/PD and toxicity of single agent and drug combination, knowledge
about /n vivo drug release kinetics and local (microscopic and intracellular) bioavailability is
important for designing a safe and effective synergistic drug combination nanomedicine. On
the one hand, premature drug release in the circulation could reduce efficacy and increase
toxicity to normal tissue due to synergistic toxicity or interference in elimination (e.g. DOX
and MMC [55], transtuzumab and DOX [148, 149]). On the other hand, excessively slow
drug release could diminish the pharmacological effect of the nanomedicine [55, 150]. As
the pharmacological effect comes from the released drug in tumor, the total drug (released
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and unreleased drug) concentration in the tumor may not be predictive of local
bioavailability. Therefore, accurate determination of drug release kinetics is critical.

However, measuring drug release kinetics /n vivo is extremely challenging due to the
difficulty in differentiating released drug from the drug that is still inside the nanoparticles.
In special cases when the drug is fluorescent and displays differential intensity in the
aggregated state from dissolved state, it is possible to determine /7 vivo drug release
kinetics. Nevertheless, separation of released drug from nanoparticles in tissue samples is a
daunting task. Hence, prediction of /n vivo release kinetics largely relies on the in vitro
measurement, however the method itself is inaccurate [151]. Therefore, it is urgently needed
to establish a facile and efficient method to more accurately determine drug release kinetics
of nanomedicine [152].

4.3. Side effects of drug combination therapies

One major obstacle of the currently used drug cocktail therapy is the high incidence of
adverse effect as a result of drug-drug interactions. It is known that overexpression of the P-
gp efflux transporter reduces intracellular drug concentration, thus is one of the main cellular
mechanisms contributing to MDR in cancer. To overcome P-gp efflux associated MDR, P-gp
inhibitors (/.e. valspodar, tariquidar, laniquidar) have been co-applied with anticancer drugs
in many clinical trials. But so far, none of these P-gp inhibitors are approved by US Food
and Drug Administration (FDA) because of non-specific toxicity on normal tissues [153].
Drug combination can also potentially enhance the adverse effect caused by the component
drugs. For example, in clinic, combination of trastruzumab and DOX significantly increased
the risks of cardiac dysfunction [148, 149]. A possible mechanism is that trastuzumab can
inhibit dimerization of HER4 and HER?2 and further activate angiotensin Il pathway, leading
to production of toxic reactive oxygen species in cardiomyocytes, which adds on top of
DOX induced oxidative stress. Such high oxidative stress activates ASK-1 pathway,
resulting in apoptosis of cardiomyocytes and heart failure [149]. To abolish drug-associated
toxicity, development of nano-sized drug delivery system that is capable of co-encapsulating
versatile drug combinations is needed for more targeting cancer therapy.

However, nanomedicine-based drug combination is not without its drawback. Surface
conjugation of antibodies or proteins on the nanoparticles may enhance tumor recognition
and binding, but it may increase chances of being removed from the circulation by the RES.
For example, nanoparticles (liposome, SLN or nanoparticle coated with chitosan) conjugated
with integrin (a 83 specific ligand cyclic Arg-Gly-Asp Peptide (¢(RGD) showed much
greater hepatic uptake than non-targeted nanoparticles, resulting in lower tumor
accumulation [154-156]. In addition to higher liver uptake of nanoparticles observed with
targeting moieties than non-targeted nanoparticles, the difference in targeting receptor
expressions between rodents for preclinical studies and humans. For examples, most animal
tumor models are xenografts of human tumors grown in immunocompromised mice. So only
the tumor expresses humanized receptors and thus humanized antibodies could only target to
the tumor, not other tissues. In this case, the treatment results using targeted nanoparticle
formulations may overestimate the selectivity. Once administered to human patients, off-
target toxicity may amplify due to expression of the same receptors in normal tissues, such
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as HER2 in the human cardiomyocytes. Thus, potential normal tissue toxicity should be
considered thoroughly when designing targeted drug combination nanoparticle formulations.

4.4, Precisely loading and releasing drug combinations at desired ratios

Despite intriguing anticancer effect of drug combination at optimized synergistic ratios,
accurately loading drug combination into nanocarriers at desired ratios and releasing them at
a synchronized rate within cancer cells are very challenging. However, through thorough
understanding of interactions among excipients and drugs, drug distribution inside
nanoparticles, and properties of nanoparticle components in relation to their biofate and drug
release mechanism, it is possible to engineer nanocarrier to meet the goals. For example,
Dicko et al studied the drug-drug and drug-excipient molecular interactions that drive the co-
loading process and coordinated release of irinotecan and floxuridine from the liposomal
formulation CPX-1 [71]. To co-encapsulate drugs at the desired ratio, irinotecan was loaded
viathe neutral active antiport by exchanging its proton with triethanolamine buffer across
the liposomal membrane, whereas floxuridine was passively loaded into the liposome.
Examinations using fluorescence, NMR and UV-V/srevealed that the interplay between
copper gluconate buffer and drugs limited the aggregate formation of irinotecan, allowing
for slow release of irinotecan together with floxuridine from the liposomes [71].

Polymer-lipid hybrid nanoparticles (PLN) is another example of nanocarrier platform with
unique advantages of superior co-loading multiple drugs with different properties [157].
Ability of the precise loading combined drugs at specific ratios into PLN requires
manipulation of the amount and types of lipids and polymers, the ratio of lipid and polymer,
and initial drug ratio in the feed during PLN formulation design [157, 158]. The optimal
formulation can be identified by mathematic modeling (e.g. artificial neural networks) [159].
As the release of the drugs from the PLN is governed by polymer dissolution and lipid
erosion process for a given ionic strength, synchronized release rate of co-encapsulated
drugs may be obtained [55, 56].

Lysosomal acid lipase (LAL) mediated lipid biodegradation has been utilized to control
release of sIRNA by tailoring the content and amount of the lipid [108]. The high oil content
in the nanocarrier reduced the crystallinity of solid lipid matrix, allowing fast release of
SRNA due to a higher rate of LAL mediated lipid degradation [108]. Conjugation of drugs
onto the same polymer is an alternative approach to precisely controlling the molar ratio of
different drugs and synchronizing their intracellular release via biodegradable polymers and
cleavable linkers. For example, a series of xyloglucan (polysaccharide)-DOX/MMC
conjugates were prepared at different molar ratios using tripeptide (Gly-Leu-Gly) as the
spacer for drug binding. DOX-MMC were then simultaneously released at their conjugated
ratios vi/a cleavage of tripeptide linker by lysosomal degradation [160].

5. Conclusions and future perspectives

Cancer is a complex disease that involves multiple origins, molecular pathways, interactions
of various factor systems, including gene mutations, metabolic alteration, immune
suppression, and epigenetic modifications, in a progressive process. With increasing
understanding of this complexity and underlying mechanisms, more rational drug
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combination therapies will be designed and nanomedicines for synergistic drug combination
cocktail will be developed to target different dysfunctional areas in tumor
microenvironment, cancer cells, and host. The final goal of nanomedicine for drug
combination therapies is to enhance efficacy, reduce normal tissue toxicity, and improve host
antitumor immunity. To achieve this goal, a more rational consideration of drug
combinations is required at both macro- and microscopic levels. At macroscopic levels,
better understanding and prediction of potential /» vivo drug-drug interactions and their
induced overlapping toxicity are needed, which may be attained by cancer system biology
and PKPB modeling of nanoparticle co-loaded drug combination. At microscopic levels,
effective intracellular delivery of drug combinations and enhanced local drug bioavailability
in tumor ought to be considered in the design of nanomedicine. Finally, acceleration of
regulatory approval of nanocarrier-based drug combination formulations is pivotal for
scientific translations from bench to bed in treatment of cancer. With integrated knowledge
of various fields and efforts of all relevant sectors, new horizon of effective and safe cancer
therapies enabled by synergistic drug combination nanomedicine will emerge.
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EMBASE® and MEDLINE® search results on drug delivery systems for co-delivering
combination chemotherapy over the past fifteen years. According to systematic review from
both EMBASE® and MEDLINE®, the earliest research on co-loading anticancer drug and
chemosensitizing drug within the same drug carrier to enhance drug toxicity against P-gp

overexpressing multidrug resistant cells were first reported by Liu et a/,
Soma et al., 2000, Liu et al., 2003, and Wong et al. 2004; 2006 [27-31].
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Scheme of different approaches to implement a two-drug combination involving
nanocarriers.
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Tumor Priming By Apoptotic Drug

1. Pretreatment with aﬁbptotic drug 2. Enhanced tumor penetratlor; for nanoparticles
@ Apoptotic Agent * Nanoparticles
Figure 3.

Ilustration of tumor priming by pretreatment with an apoptotic drug (1) which generates
more interstitial space for effective penetration of subsequent drugs or drug-loaded
nanoparticles into tumor tissue (2).
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Ilustration of potential benefits of using nanocarriers for ratio-metric delivery of synergistic
drug combination for cancer treatment in clinical applications. A) Alteration of
pharmacokinetics and biodistribution of ratiometric drug combination delivered by free
solution. Upon intravenous (/.v;) administration, traditional free drug combination fails to
maintain desired drug ratio (e.g. 2:1) before reaching the tumor (left). B) Nanocarrier
delivered synergistic drug combination into cancer cells against multidrug-resistance in
cancer. The nanoparticles accumulate in the tumor by the ERP effect or receptor-mediated
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extravasation, bind with tumor receptors, enter cancer cells via endocytosis, and release
drugs within cancer cells. The released drugs translocate into nucleus where the site of drug
action occurs in this case, to exert synergistic action, resulting in enhanced DNA double
strand breaks. The figures were illustrated by Caitlin Swanberg.
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Figure 5.
A) Pharmacokinetics of cytarabine and daunorubicin in the plasma after 7.v. administration

of CPX-351 (12:5.3 mg/kg) or free-drug cocktail (600:9 mg/kg) to CD-1 nude mice. The
insert shows that CPX-351 maintained molar drug ratios of co-loaded cytarabine and
daunorubicin between 5:1 and 9:1 over 24 h during the blood circulation. These ratios had
been determined to be the most synergistic ratios in vitro; B) Survival curves of CD-1 nude
mice bearing WEHI-3B monomyelocytic leukemia tumor treated with saline, maximum
tolerated dose (MTD) of free cytarabine and daunorubicin cocktails (300:4.5 mg/kg), ratio-
matched free cytarabine and daunorubicin cocktails (12:5.3 mg/kg) or CPX-351 (12: 5.3 mg/
kg). The figures are permitted and reproduced from Tardi et a/.2009 [38].
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B) Increased Co-delivery to Tumor
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A) Whole blood analysis of pharmacokinetics of DOX and MMC co-delivered by DMPLN
or in free drug combination; B) Breast tumor accumulation of DOX and MMC co-delivered
by DMPLN or in free drug combination; C) Breast tumor cell apoptosis determined by
percent activation of caspase-3treated by DMPLN and other DOX formulations; D) Kaplan-
Meier survival curves of breast tumor bearing mice treated with DMPLN (1x or 4x
injections) or clinically used PLD (Caelyx®) (1x injection). An orthotopic EMT6/WT breast
tumor model was used and treated with /. v. administration of various DOX and DOX-MMC
formulations at equivalent drug doses (9.2 mg/kg DOX or in additional 2.9 mg/kg MMC).
The figures are permitted and reproduced from Zhang et a/. 2016 [55] and Shuhendler et a/.

2014 [54].
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Lipid-based nanostructured carriers (NLC) exhibited sustained intracellular release of anti-
survivin sSRNA in the human refractory prostate PC3 cancer cells. A) Lysosomal acid lipase
(LAL) mediated lipid degradation for tailored release of sS/RNA by manipulating oil content
(oleic acid) in NLC formulation; B) Intracellular sS/RNA and nanocarrier distribution 1 day
after transfection in prostate cancer cells. Compared to liposome and lipofectamine, NLC
distributed more in cytoplasm. Fluorescent rhodamine s/RNA was in red, NBD-PE labeled
lipid carriers was in green, and the co-localization of sS/RNA and nanocarrier appeared to be
orange to yellow colors. The cell nuclei were stained with DRAQS5 in blue. The figures are

permitted and reproduced from Xue et a/. 2011 [108].
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Table 1
Issues that may potentially compromise the effectiveness of combination therapy of

cancer

Issue

Description

Example

Limited solubility

One of the drugs is poorly soluble and
requires drastic measures to dissolve,
compromising the therapy

Paclitaxel has limited solubility and
requires high surfactant concentration to
solubilize the drug, increasing the risk of
adverse drug effects

Limited permeation

One of the drugs has limited ability to
permeate across cell membranes, so not all
drugs of the combination can achieve
sufficiently high intracellular levels

In a combination of chemotherapy drugs
with nucleic acid therapy, the nucleic acid
molecules can efficiently reach the
cytoplasm

Inadequate tumor
delivery

In a combination, the drugs that have high
molecular weights and have high protein
binding affinities tend to penetrate poorly
into a solid tumor

DOX does not penetrate far in a tightly
packed epithelial tumor, leading to
suboptimal DOX levels in portions of
tumor

Uneven drug
distribution in

Cells in the same tumor are not exposed to all
drugs of a combination at their therapeutic

For a combination of chemotherapy drugs
and chemosensitizer, some cells are not

tumor levels adequately sensitized so they are not fully
responsive to the chemo components
Different drug One or more of the therapeutic agents in a RNA and peptide agents tend to have short
stabilities combination degrade much faster than the in vivo half-lives when compared to many

other drug(s)

lipophilic chemotherapy drugs, so may
need to dose the different components at
different frequencies

Different drug half-
lives and tumor
accumulation

One or more of the therapeutic agents in a
combination is eliminated much faster than
the other drug(s)

DOX has an elimination half-life 7-10 h,
while MMC 15-40 min; MMC
accumulates more in tumor at short times,
while disappears at 24 h

Alteration of
pharmacokinetics
and/or metabolism

The component drugs share the same
metabolic enzymes and/or elimination
pathways

P-gp inhibitors (e.g. valsodar, Elacridar)
intended to reverse P-gp-mediated drug
resistance could reduce anticancer drugs
(e.g. DOX, paclitaxel, vincristine)
elimination through the liver or kidneys

Overlapping In a combination, two or more drugs target Use of two taxanes (e.g. paclitaxel and
mechanisms the same molecular pathways, leading to sub-  docetaxel) or two anthracyclines (e.g.
optimal therapeutic effect and triggering DOX and daunorubicin)
chemoresistance
Overlapping In a combination, two or more drugs share Overlapping toxicity profiles of bolus 5-
toxicities similar tissue/ organ toxicity profiles, thus FU and irinotecan, which both result in

amplifying the adverse drug effects and
making it difficult to use near-maximal doses

high rates of severe diarrhea

Poor timing or sub-
optimal sequence

Some combinations work better with all of
the drugs administered simultaneously while
some work more optimally if one of the
drugs is administered earlier

Apoptotic agent paclitaxel may not help
other drugs to penetrate a solid tumor if
given together or less than 24 h before
other drugs
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Examples of nanocarrier-based co-delivery of synergistic drug combination (small
molecules) in cancer therapy. All studies were performed both in vitro and in vivo with
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*the nanopatrticle formulation in clinical trials

Nanocarriers Tumor Model Results Reference
CPX-1 liposomes* Patients with advanced Simultaneous release of drugs at [32, 49, 50,
(irinotecan: floxuridine) colorectal cancer; synergistic ratios from the liposome 69, 71]
Subcutaneous HT-29 and maintained the synergistic ratio
human colon cancer up to 12 h; improved efficacy in
clinical trial.
CPX-351 liposomes* Patients with refractory Maintaining an optimized drug ratio [33,82]
(cytarabine:daunorubicin) acute myeloid leukemia; greater than 24 h in phase | dose-
/.v. inoculation of Murine limiting studies; Significant
P388, L1210 and WEHI- improvement of patient survival,
3B leukemia; /.v. response and low adverse effects in
inoculation Human HL- phase 111 randomized trial;
60B & CCRF-CEM Drug ratio of antagonism /7 vitro
human leukemia correlates with low survival and
maximum tolerated dose.
Triolimus* In clinical trial for Triple-loaded polymeric micelle [34-36]
(paclitaxel: rapamycin:17- angiosarcoma. simultaneously targeting different
AAG) Subcutaneous A549 cellular sites; strong synergistic
human lung cancer and anticancer effect against multiple
MDA-MB-231 human human cancer cell lines; enhanced
breast cancer efficacy and low toxicity.
Prodrug-based nanocarriers  A549/PTX human lung Combination of dual targeting ligands [79]
(paclitaxel:baicalein) cancer (inoculation method  (folate and hyaluronic acid) and dual
is unknown) loading drugs showed the most tumor
regressions in MDR human lung
cancer model;
Telodendrimer Subcutaneous SKOV-3 Co-encapsulating two drugs with [80]
(cisplatin: paclitaxel) human ovarian cancer distinct physical properties (/.e.
hydrophobic paclitaxel and metallic
cisplatin) at various ratios (2:1, 4:1
etc) maximized synergy by fine
tuning the nanoparticles
Polymeric nanoparticles Subcutaneous AsPc-1 & Nanoparticles with dual-loaded drugs [76]
(oxaliplatin:gemcitabine) BxPc-3 human pancreatic can inhibit two different types of
ductal adenocarcinoma tumor growth at very low dose versus
high dose free drug combination
exhibited severe adverse effect and
low tumor response
Polymer-lipid hybrid Orthotopic murine EMT6 Precise delivering synergistic ratio of ~ [39, 53-56]
nanoparticles (sensitive and resistant) DOX and MMC within nanoparticles
(DOX:MMC) and human MDR-MB-435  to tumor with reduced formation of
human breast tumor cardiotoxic DOX metabolite,
(sensitive and resistant) doxorubicinol; reduced tumor growth
models and prolonged survival in MDR
breast tumor with attenuated
cardiotoxicity
Polymeric nanoparticles Subcutaneous MC38 Synergistically inducing cancer cell [77]
(ABT-737:camptothecin) human colon cancer apoptosis /n vitroand in vivo and
synergy involves molecular
regulation including activation of
caspase 3/7/8/9, up-regulation of p53
and down-regulation of Bc/-2
Polymer micelles Orthotopic MDA-MB-468  Maintained precise synergistic drug [70]

(rapamycin:paclitaxel)

human breast cancer

ratio within breast tumor for 48
hours; Mechanism involves
suppression of feedback loop Akt
phosphorylation resulting in
increased cancer cell apoptosis,
decreased oncogenic protein
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Nanocarriers

Tumor Model

Results

Reference

translation and cell cycle progression.

Polymeric micelles
(DOX: disulfiram)

Subcutaneous MCF-
7/ADR human breast
cancer

pH-sensitive release of two drugs at
subcellular level and disulfiram (P-gp
inhibitor and apoptosis inhibitor)
released first before DOX to
increased DOX cytotoxicity.

[72]

EGFR-polymer
nanoparticles
(lonidamine:paclitaxel)

Orthotopic MDA-MB-231
hypoxic human breast
cancer

Targeted EGFR nanoparticles
showed advantage of improved PK
compared to non-targeted
nanoparticles and improved tumor
regression.

[75]

CPX-571 Liposomes
(irinotecan:cisplatin)

Subcutaneous H69 &
NSCLC H1299 human
lung cancer & HT29
human colon cancer &
Capan-1 human pancreatic
cancer

In vitro screening showed the zone of
antagonism of irinotecan/cisplatin
between molar ratio of 1:2 and 1:4.
Synergy of irinotecan/cisplatin
between 5:1 and 10:1 was optimal.
Superior antitumor activities were
observed in multiple different tumor
types in liposome co-loaded
synergistic ratio of 7:1.

[38, 51]
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Table 3

Examples of nanocarrier-based co-delivery for combined cancer gene and /or
chemotherapeutic therapy

Nanocarriers Nucleic Acid & Tumor Model Results Reference
Chemo-Drug
Polymer anti-REVI/REV3L  Subcutaneous LNCaP Extended suppression of targeted genes [110]
SIRNA & cisplatin ~ human prostate tumor for 3 days after transfection and
induced chemosensitization of MDR
cancer cells to platinum treatment
Polymeric anti-survivin Subcutaneous SKOV3-  Down-regulation of the protein [104, 105]
micelles SIRNA & paclitaxel tr paclitaxel resistant survivin increased sensitization of
tumor MDR human ovarian cancer cells in
response to paclitaxel
Polymer anti-survivin, Bcl-2  Subcutaneous SKOV-3  Effective multiple MDR gene silencing [102]
and P-gp SRNA &  cisplatin resistant and enhanced cisplatin treatment in
cisplatin ovarian tumor MDR ovarian cancer
Nanoparticle Tumor suppressor  subcutaneous triple Restoration of /m/RNA-34a inhibited [100]
miRNA-34a & negative MDA-MB- NOTCH-1 signaling pathway of
DOX 231 human breast angiogenesis and suppressed non-pump
cancer resistance and increased antitumor
activity of DOX
Copolymer mRNA-21 subcutaneous LN229 Increased anti-proliferative efficiency [103]
micelles inhibitor & DOX glioma via Bcl-2 apoptosis of PIZK
phosphorylation pathway
Liposome (hTRAIL) DNA & Intracranial U-87 MG Increased efficacy by deep penetration [106]
paclitaxel human glioblastoma into interior brain tumor
cells Lower toxicity and longer survival than
clinical used Temozolomide
Dendrimers PORF-hTRAIL orthotopic U8 MG DOX synergized with gene A/TRAIL to [111]
DNA & DOX human glioma tumor accumulate in brain glioma and to
induce apoptosis (with combination
index <1) and lower side effects
Hydrogel anti-Aktl sSiRNA &  subcutaneous MDA- Co-delivery of paclitaxel and anti-Akt1 [101]
paclitaxel MB-231 human breast ~ s/RNA arrested cell cycle progression
cancer tumor and inhibited angiogenesis
Nanoparticle iMdr-2 sSPRNA &  subcutaneous MCF- Co-treatment of DOX and gene therapy [107]
[Survivin SIRNA 7/ADR resistant human  combination increased DOX treatment
breast tumor sensitivity and uptake in MDR tumor
and altered cancer cell cycle to sub G1
phase.
Liposome anti-cMyc SRNA £.v. injection of lung First report of co-delivering RNA- [99]
& apoptosis metastasis murine based gene therapy in a single
miRNA-34a B16F10 melanoma formulation and showed enhanced

efficacy against metastasis lung cancer.

J Control Release. Author manuscript; available in PMC 2017 October 28.

Page 38



Zhang et al. Page 39

Table 4
Examples of nanocarrier-based delivery for combining monoclonal antibody and

anticancer drugs
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Nanoparticles Antibody & Chemo- Tumor Model Results Reference
Drugs
Nanocapsules  anti-HER2 antibody & Subcutaneous pH responsive and HER2 [117]
DOX & paclitaxel SKBR human targeting nanoparticles co-

breast
adenocarcinoma

encapsulating dual
anticancer drugs;
enhanced efficacy against
human breast cancer

C225-1LS-DOX  anti-EGFR (HER1) &

(liposome) DOX

Phase | & II:
various tumor
overexpressing
EGFRs

Phase I: well tolerated and ~ [122, 123]
safe and promising clinical

activity for warranting

phase Il clinical trial

MM-302 ant-HER2 scFv & DOX

(liposome)

Subcutaneous BT-
474 M3C5 human
breast tumor

Phase I: safe and signs of [121, 124,
clinical activity in 128]
metastasized breast cancer

patients; Increased

bioavailability of DOX in

tumor and nucleus

compared to non-targeted

liposome; Superior

antitumor activity and 6-

fold greater intracellular

uptake in cancer cells
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