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Abstract

The concept of nanomedicine is not new. For instance, some nanocrystals and colloidal drug
molecules are marketed that improve pharmacokinetic characteristics of single-agent therapeutics.
For the past two decades, the number of research publications on single-agent nanoformulations
has grown exponentially. However, formulations advancing to pre-clinical and clinical evaluations
that lead to therapeutic products has been limited. Chronic diseases such as cancer and HIVV/AIDS
require drug combinations, not single agents, for durable therapeutic responses. Therefore,
development and clinical translation of drug combination nanoformulations could play a
significant role in improving human health. Successful translation of promising concepts into pre-
clinical and clinical studies requires early considerations of the physical compatibility,
pharmacological synergy, as well as pharmaceutical characteristics (e.g. stability, scalability and
pharmacokinetics). With this approach and robust manufacturing processes in place, some drug-
combination nanoparticles have progressed to non-human primate and human studies. In this
article, we discuss the rationale and role of drug-combination nanoparticles, the pre-clinical and
clinical research progress made to date and the key challenges for successful clinical translation.
Finally, we offer insight to accelerate clinical translation through leveraging robust nanoplatform
technologies to enable implementation of personalised and precision medicine.
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Introduction

The overarching goal of a drug dosage form is to provide patients with sufficient exposure of
therapeutic agents to create a pharmacologic action in target organs, tissues or cells that is
both effective and safe [1]. Advances are being made towards defining potential drug targets
linked to specific disease states and the subsequent development of compounds highly
selective for these targets. However, most of these drug targets are typically expressed
intracellularly and may not be readily accessible following parenteral or oral administration.
Moreover, drug exposure, a measure of time and concentration at a site of action, dictates the
efficacy and safety of drug products. It is the exposure of drugs at a site of action that
generates therapeutic effect, while exposure in off-target tissues is often linked to adverse
effects. Thus, in order to deliver active pharmaceutical ingredients (APISs) in a formulation
from the site of administration, such as the gastrointestinal (GlI) tract for oral dosing or the
subcutaneous space for parenteral dosing, to the target, the formulation should be engineered
in a manner that provides a consistent dose with predictable exposure [2].

It is commonly thought that therapeutic compounds must be sufficiently hydrophilic (water
soluble) to dissolve in aqueous physiological milieus and also carry hydrophobic (water
insoluble) domains or motifs to absorb through lipid membranes of cells that line sites of
absorption into the blood circulation [3]. Pharmaceutical innovation and excipients have
been used to attenuate some of the challenging properties of certain compounds. For
example, the use of surfactants improves the solubility profile of hydrophobic APIs, while
the use of permeation enhancers improves the absorption of hydrophilic APIs [4].
Unfortunately, even after overcoming these initial hurdles, the toxicity and safety profiles of
these compounds as well as the permeation enhancers can still be limiting. Such limitations
may manifest as off-target toxicity in vital organs associated with drug excretion and
elimination, such as the liver and kidneys. It is in this context that targeted drug delivery
could provide the greatest value. Targeted drug delivery is defined as the distribution of
therapeutic agents to specific sites of interest where higher concentrations are achieved
relative to peripheral or off-target tissues [5,6]. By specifically targeting drug delivery, the
fraction of drug exposure in the off-target tissue can be minimised while the on-target
exposure is maximised to provide optimal efficacy with high safety margins.

Recent technological advances have allowed for the development of sophisticated drug
targeting and delivery systems aimed at impacting a number of disease states. Various
approaches — including molecular engineering, molecular optimisation, nanoformulation and
sustained release products — have improved clinical outcomes and have become major
businesses of interest [7]. Such innovative technologies not only play an important role in
patient life and quality-of-life extension, but have also been clinically impactful. For
instance, tyrosine kinase inhibitors are classic examples of molecular engineering that
improved drug targeting. Chronic myeloid leukaemia (CML) is a disease characterised by a
chromosomal rearrangement that results in the overexpression of a fusion kinase protein
known as BCR-ABL [8]. Overexpressed BCR-ABL kinase is linked to the dysregulated and
proliferative spread of CML cells. The development of kinase inhibitors for CML was the
result of combining this growing understanding of the pathobiology of CML together with
molecular engineering approaches to target drug towards BCR-ABL receptors. The success
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of this approach is evident in the fact that since the approval of the first kinase inhibitor
(imatinib) in 2001, the overall 8-year survival rate for CML has increased by about 20%
from 0.6 in the 1990s to 0.8 in the 2000s [9].

However, although the developments of targeted and sustained release products are
innovative approaches to drug delivery, the majority of these formulations are single agents.
Because drug response in target cells may rapidly evolve to develop drug resistance,
monotherapy with these formulations is a significant limitation. Separate administration of
multiple sustained release products may overcome drug resistance, but this may be
challenging to implement due to factors such as competing clearances and different cellular
and tissue distribution of each compound. Moreover, the physiochemical properties of
pharmaceutical compounds can also vary widely, which can impede sufficient accumulation
of all compounds at the same target site if they each distribute through the body
independently. In this regard, an important distinction could be made between sustained
release and long-acting products. While sustained release products have the potential to
ameliorate plasma fluctuations of drugs, tissue concentrations at the sites of interest may not
always reflect plasma levels. Thus, a drug product can have sustained release into the plasma
but not a long-acting profile at the site of action within a cell or target tissue. Both sustained
release and targeted therapy approaches have been used in the context of HIV and cancer,
but tissue drug insufficiency and drug resistance have persisted as a barrier to disease
eradication [10,11].

Despite the innovations to date in drug therapies, HIV and cancer have persisted as chronic
and major diseases where targeted and long-acting drug delivery systems could make
significant impacts. In order to further improve the clinical outcomes of these difficult-to-
treat diseases with fairly well-defined molecular targets, a combination of multiple agents
delivered together (as a single combined unit) to target tissues and cells is of interest. The
delivery of these agents must be done with sufficient quantity and duration to maximally
reduce the risk of drug resistance and to clear the occult virus or cells within the body. In
this review, we discuss the traditional approaches to targeted drug delivery and the
aforementioned need for combination long-acting therapy. We describe the state of current
nanoparticle (NP)-based combination chemotherapy, the advent of long-acting drug
combination nanoparticles (DcNPs), and propose future directions of nanomedicines and
their application in precision medicine.

Traditional approaches to drug delivery and the need for long-acting drug

combination therapy

Obstacles of oral dosage forms

Oral dosage forms have long been the predominant focus in the formulation of APIs. Solid
tablets and capsules have inherent advantages over parenteral products, which include long
shelf-life and patient preference. However, these dosage forms also carry a number of
technical and practical limitations. Many pharmaceutical compounds do not have compatible
physicochemical properties for dissolution in the Gl tract. Following dissolution,
pharmaceutical compounds in the Gl tract must be able to penetrate cell membranes for
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absorption into the systemic circulation. Free drug is also subject to first-pass metabolism
which may occur in the Gl and liver, and a sufficient fraction of drug must make it into the
systemic circulation (and ultimately the site of action) for therapeutic effect to occur. Several
technologies have been developed to ameliorate these limitations. For example, amorphous
solid dispersions have been used extensively to improve the aqueous solubility of
hydrophobic compounds [12]. Permeation enhancers can be used to improve absorption
across cell membranes [4]. Pharmacokinetic boosting, where a drug is taken concomitantly
with a cytochrome P450 inhibitor, can be used to reduce first-pass metabolism and has been
useful in the context of HIV therapy with lopinavir/ritonavir combination [13]. These
methods have been successful in addressing barriers that prevent APIs from accessing the
systemic circulation. However, in many chronic conditions, access to the systemic
circulation is not the only factor to consider. Oncologic and infectious diseases were
responsible for a combined total of 24% deaths in the US in 2015 [14]. These two disease
states are inherently difficult to treat due to the high prevalence of drug resistance. In order
to counteract resistance, a combination chemotherapeutic approach (e.g. fixed-dose oral HIV
drug combinations or oral and IV combination chemotherapy) is often used. By targeting
multiple points of infectious or oncogenic replication cycles, the likelihood of developing
drug resistance mutations is decreased.

Another source of potential drug resistance can be due to variance in expression of
transporter proteins in the Gl such as Pglycoprotein (P-gp), which was initially discovered as
a multi-drug resistance gene in leukaemia [15,16]. These proteins can cause overall
reduction in drug bioavailability. Cancer cells may also overexpress efflux transporters under
selection pressure that lead to drug resistance. P-gp inhibitors have been used to overcome
drug resistance and improve intracellular drug levels, but these compounds have been
associated with significant liver toxicity [17]. Other approaches include associating P-gp
substrates to nanoparticles, which has been shown in vitroto reduce drug efflux [18].

Challenges in combination cancer therapy

To overcome drug resistance, a more common practice in clinic is the combination of
multiple agents that have diverse molecular targets. These drugs are administered separately
into the body and improve the overall therapeutic outcome compared to monotherapy [19].
However, certain challenge still exists for combination therapy. For cancer therapy, the
administration of multiple cytotoxic agents can be difficult to bear for patients. The delicate
balance between minimum effective dose and maximum tolerable dose becomes challenging
to maintain when multiple agents can be responsible for the observed toxicity. Concomitant
administration of multiple agents is further complicated by the divergent physicochemical
properties of the cytotoxic agents. These divergent properties translate into variable
disposition and clearance mechanisms and thus different concentration-time courses for
each cytotoxic agent. As a result, the use of combination therapy may not produce the
intended results because simultaneous exposure may occur in the systemic circulation after
IV administration but synchronised exposure in the tumour and in cancerous cells may be
transient due to distinct biodistribution, cellular uptake and clearance profiles of each drug.
To date, several techniques have been employed to improve the delivery of single
chemotherapeutic agents. For example, incorporation of anthracycline derivatives into

J Drug Target. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mu et al.

Page 5

liposomes has been used to increase the plasma half-life and reduce off-target tissue
exposure [20-23]. The development of tyrosine kinase inhibitors in conjunction with tumour
specific genotyping has been used to minimise toxicity by limiting binding to those
receptors that are known to be upregulated in a tumour [24-26]. However, while these
monotherapy approaches have been promising, drug resistance persists as an issue. As a
result, additional innovation in drug delivery that harnesses the advantages of drug
combination therapy may be particularly beneficial for cancers [27].

Challenges in combination anti-infective therapy

As with anti-cancer therapy, drug resistance is also a common phenomenon in anti-infective
therapy. Based on the understanding of the drug resistance mechanisms of bacteria and
viruses, therapeutic regimens are modified accordingly [28,29]. A good example of an
antimicrobial formulation that has been modified to overcome drug resistance is the fixed
dose combination or amoxicillin and clavulanic acid. This drug combination addresses the
well-known mechanism of resistance for gram positive bacteria that involves the expression
of beta-lactamase. This enzyme degrades beta lactam-based antibiotics prior to any
therapeutic effect. To prevent this, clavulanic acid was combined with amoxicillin (a beta
lactam antibiotic) to produce a fixed dose combination where clavulanic acid irreversibly
inhibits beta lactamase and improves the efficacy of amoxicillin [30]. Similarly, this concept
of inhibiting the metabolic clearance of an API has also been used in the treatment of HIV,
as mentioned above. Although combination therapy has improved the clinical outcomes of
patients with infections, the rise of multi-drug resistant organisms still poses a significant
threat to public health. While new chemical entities are being developed to address these
organisms, novel drug delivery approaches may also aid in attenuating this issue. As with
cancer therapy, concomitant administration of anti-infective agents may not distribute to the
same tissues and may also be eliminated through various clearance mechanisms at different
rates. Moreover, anti-infective agents can vary in the pharmacokinetic parameters that
constitute efficacy (antibiotics, for instance, can have time-dependent, concentration-
dependent or AUC-dependent killing). In addition, treatment of chronic infections relies
heavily on patient adherence, and as pill burden increases, this can also become a factor in
treatment failure [31].

In the context of cancer and infectious diseases, drug efficacy is a function of both
concentration and time, not only in the plasma, but also at the specific site of a tumour or
infection. Although the practice of combination therapy has been applied widely, achieving
synchronous peak and trough concentrations in plasma of combination regimens in either
disease state is challenging; examples are given in Table 1. Furthermore, sustained
therapeutic levels of drugs in plasma and at sites of action may also be difficult to achieve
through oral and IV administration. Therefore, long-acting targeted combination therapies
that leverage a single DcNP entity may improve the current paradigm by sustaining the
levels of multiple APIs at specific sites of interest.
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Current status of nanoparticle-based combination chemotherapy

The assembly of multiple drugs into a single particle may enable a synchronous combination
therapy with an improved likelihood of API persistence in target cells. This approach may
require assembly of drugs with different physicochemical characteristics (e.g. hydrophobic
and hydrophilic molecules) together in one particle. This is often the case as many of the
nucleoside and nucleotide analogues for anti-HIV therapy (e.g. tenofovir) or
chemotherapeutics (e.g. 5-flurouricil) are water soluble (hydrophilic), and other drugs used
in combination (e.g. raltegravir or paclitaxel) are highly water insoluble (hydrophobic).
Therefore, a DcNP platform must be able to accommodate both water soluble and insoluble
drugs to produce a stable and scalable pharmaceutical product that exhibits targeted and
long-acting characteristics /n vivo. NP drug delivery systems with such characteristics can
then produce optimal long-acting pharmacokinetic profiles and consistent delivery of APIs
to defined cancer or infected occult target cells. These DcNPs could help overcome drug
resistance that may occur in monotherapy, regardless of whether single agents are
administered orally, as an injectable, or as other long-acting dosage forms [32,33].

Analysis of nanoparticle drug delivery systems in literature and clinical trials

Through recognising the potential application of nano-drug particle technology to deliver
and target drugs to specific sites of action, and also more recently the potential of long-
acting targeted drug delivery systems, there has been substantial research on these topics as
reflected by the continued growth in the number of peer reviewed manuscripts published
over the past few years. The number of scientific publications in drug delivery using NPs has
increased exponentially, from less than 300 in 1999 to over 10,000 per year in 2016 (Figure
1(A)). Publications that include /n vivo studies, which indirectly reflect some degree of
optimisation and scalability of nano-drug delivery systems, accounted for ~40% of NP drug
delivery publications in 2016. Overall, the number of publications citing clinical trials,
which suggests progression to clinical development, are low and have been around 150 per
year for the past two decades. Thus, publications with clinical data have not increased over
time, while in contrast non-clinical study reports continue to increase at an exponential rate.

This exponential rate of increase in materials innovation and /77 vivo demonstration of NP
utility, and yet stagnant output of related clinical data, could be due to a number of factors
including the stability, scalability, reproducibility, robustness and cost of nanomaterials.
Biocompatibility and rapid clearance could reduce the likelihood of advancing a particular
NP formulation into clinical development, which often takes many years and the investment
of multiple millions of dollars. It also takes several years before the results from clinical
studies are published. For these reasons, only a few and the most promising nanomedicine
candidates are developed and eventually appear in clinical publications.

Taking advantage of unique physicochemical properties of nanoscale materials with the
promise to provide sustained or targeted drug delivery, many researchers have focussed on
chemical and biophysical approaches to produce new nanomaterials. These materials are
generally less than 1000 nm in diameter and most are 200 nm or less. They are often
spherical in shape, although some have investigated the effect of various shapes and sizes on
cell uptake and disposition. The nanomaterials are derived from assembly of proteins, lipids,
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carbohydrates, dendrimers and other polymers or inorganic materials such as mesoporous
carbon, clay, iron, gold, etc. Other material innovations include added ligands, as chelates
and receptors for selectivity, specificity and multifunctionality for concurrent multimodal
diagnostic (e.g. via CT/MRI/PET imaging) and therapeutic entities (so called ‘theranostics’).
The most common nanocomposite materials in publications include polymers, liposomes or
lipid membrane vesicles, micelles and protein (and peptide) aggregates. The relative
distribution of these materials is presented in Figure 1(C). Some of these materials could add
value to APIs in traditional drug delivery systems by extending their blood circulation time,
controlling or sustaining their release from NPs, targeting APIs to select tissue and providing
biocompatibility for APIs [34-36].

In vivo models (e.g. solid tumours in mice) are often used as a proof-of-principle for
evaluating the effectiveness of nano-drug delivery systems (Figure 1(D)). Some of the most
promising nano-drug delivery systems have progressed to /in vivo studies with appropriate
animal models. Among these reported studies, only ~8% contain more than one drug, and
could be considered as combination therapeutic approaches (Figure 1(E)). It is important to
note that this article focuses only on small molecule chemical drugs. There are other
therapeutics such as siRNA, anti-sense, miRNA, proteins and other therapeutic combinations
assembled into a single or multiple formulations that can be considered as a nanomedicine.
Such studies were reviewed recently by Huang and colleagues and readers are referred there
for additional details [37]. If one excludes those combination therapies that contain drug
treatment in conjunction with other modalities such as radio-, immuno-, gene- and
photothermal-therapy, the percentage of DcNP studies that have actually progressed to /in
vivo characterisation would likely be lower than the 8% cited above.

Clinical translation of nanomedicine requires considerations of product scale-up, diverse
disease phenotypes in human populations, safety, cost and meeting prescribed FDA
regulatory standards for efficacy and safety [38]. Some believe that the diverging criteria and
challenges in product scale-up (as well as other factors associated with developing nano-
drug products) have widened the gap between materials engineering and clinical translation
of promising nano-products from bench-top to clinical trials (Figure 1(B)). There have been
no significant increases in clinical trials per year in the past decade, highlighting the
importance of shortening the gap between academic pre-clinical research and approval for
use in humans (Figure 1(B)). Due to a higher degree of complexity in engineering and
scaling as well as evaluation in developing drug-combination pharmaceutical product
candidates, very few DcNPs (~0.5%, Figure 1(E)) are undergoing clinical testing. While
drug efficacy has improved over the years, primarily through molecular optimisation,
chronic disease such as cancer and HIV still require novel treatment regimens composed of
multiple agents.

As noted above, many NP systems contain a single drug agent that targets only one
mechanism, and thus progressive diseases (cancer, chronic infections, etc.) can easily
develop resistance through survival pathways [39,40]. Therefore, combination regimens are
commonly used to treat cancer and HIV/AIDS. For example, due to high rate of viral
mutation and escape of immune control, monotherapy for inhibition of HIV replication is
not sufficient to provide durable viral suppression. Drug-resistant viruses emerge soon after
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chronic monotherapy is initiated [40]. Thus, HIV patients are treated with a drug
combination often referred to as combination anti-retroviral therapy (CART). CART involves
a therapeutic regimen that combines together two or more of the following APIs: nucleoside
reverse transcriptase inhibitors (NRTIs), non-nucleoside reverse transcriptase inhibitors
(NNRTISs), protease inhibitors (PIs) or integrase strand transfer inhibitors (INSTIs) [41,42].
These drugs, in combination (either in separate tablets or in fixed-dose combination tablets),
are taken one or more times daily due to rapid and differing rates of drug clearance.
Currently, various drug combinations in CART provide durable viral suppression in HIV
patients; implementation of CART has resulted in extending life-expectancy by ~10 years
with HIVV/AIDS now being a chronically managed disease [43,44]. However, residual
viruses remain in tissues in patients who are taking CART and are adherent to the daily oral
CART regimen. It is well-documented that viral rebound occurs upon cessation of drug
therapy. Importantly, viral rebound following cART is not solely attributed to drug
resistance, but it is also linked to residual HIV in tissues such as lymph nodes, where a
majority of HIV host T cells reside, and insufficient drug exposure is present in these tissues
[10,45,46]. Another limiting factor that negates the success of CART is that patients on daily,
life-long oral therapy often experience pill fatigue and thus adherence to such drug regimens
is challenging. Thus, it is of great interest to develop DcNPs as potent therapeutics to
maximally improve patient care and clinical outcomes. To address pill fatigue, ideally DcNP
therapy would not only be designed to improve drug persistence and penetration in tissues,
but it would also exhibit long-acting pharmacokinetics so that patient adherence could
improve.

Considerations in research and development of drug combination nanoparticles

The above analysis highlights the importance and the need for research and development of
combination NP systems that are robust, stable and scalable with sufficient safety so that
these systems could be translated into product candidates for preclinical and clinical studies.
The incorporation two or more APIs into one nano-composite requires consideration of (1)
physical, (2) pharmacological and (3) pharmaceutical aspects of the drug and excipient
constituents.

1. For physical considerations, the challenges have been how to incorporate drugs
with varying degrees of water solubility (which is related to pH and lipophilicity
as well as degree of ionisation at physiological pH). While hydrophobic
excipients such as fatty acids, lipids and poly(lactate-co-glycolate) (PLGA)
polymers are used to encapsulate or incorporate water insoluble drugs such as
paclitaxel, and lipid membranes and hydrogels are used to encapsulate water
soluble drugs such as cytarabine, formulation of both soluble and insoluble drugs
into these nanomaterials has been challenging due to their disparate physical
characteristics.

2. Pharmacological considerations for drug combinations include overall drug
potency, the development of drug resistance and synergistic effects on target
cells. Evaluation of drug resistance is challenging and requires long-term
evaluation in pre-clinical and clinical settings. However, the synergistic impact
on target cells can be evaluated and optimised pre-clinically via selection of
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appropriate drug combinations (e.g. drugs that have distinct and complementary
pharmacological mechanisms and pharmacokinetic profiles) and ratios (e.g.
optimised for the best additive or synergistic effect). Regarding the later, the
combination index (Cl) parameter is used to evaluate drug interactions with
respect to whether two drugs exhibit synergy at a specific molar ratio. Cl can be
calculated by the following equation:

_ ICSO, A(combi) n ICSO, B(combi) (1)

Cl=
ICSO, A(single) ICSO, B(single)

In Equation (1), 1Csq a(combi) and 1Cs0 B(combi) are the concentrations of drug A
and drug B used in combination to achieve 50% inhibition. ICsg A(single) and
ICs0,8(single) are the concentrations for single agents to achieve the same effect.
A CI of less than, equal to and more than 1 indicates synergy, additivity and
antagonism, respectively [47]. This equation can also be expanded to
combinations of three or more drugs.

While the pharmacology of drug targets could provide a theoretical basis for
synergy and qualitative estimation of drug resistance, there are other factors,
including cell uptake, transport, elimination, as well as cellular drug exposure
and stability, that may modify these actual pharmacological effects. Thus,
evaluations using cell-based drug-combination assays are a critical component of
early DcNP testing. In this context, the CI provides a quantitative metric in
evaluating drug combination synergy assessment. Varying the ratios of selected
drug combinations could similarly be evaluated and their resultant CI could
inform the final drug combination selection. After successful assembly of the
chosen drug combination at a specific molar ratio in NP carriers, they should be
tested both /n vitro and in vivoto verify and validate the synchronous uptake and
synergistic effects in the NP form.

Pharmaceutical (stability, scalability and pharmacokinetic) characteristics of
DcNPs are key to place a promising drug-combination nanoformulation on the
path for clinical translation and product development. The method of preparation
for initial physicochemical studies of DcNPs must be suitable for translation into
a protocol-driven, scalable pharmaceutical manufacturing process so that clinical
translation is feasible. Some of the more complex, multiple-emulsion and harsh
solvents associated with DcNP formulation may not be suitable for product
scale-up. In addition, the cost of complex, multiple-step processes that may
include solvent disposal and drug wastage concerns may lead to premature
project termination, which highlights the necessity of pharmaceutical
characteristic consideration early in the course of clinical development.

Although the concept of combination therapy in nanomedicine research has existed for
several years, only a few formulations are on the path for clinical translation, and some have
recently been approved. CPX-1 and CPX-351 are examples of liposome-based DcNP
formulations for cancer chemotherapy that are being translated into nanomedicine. CPX-1
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contains drugs irinotecan and floxuridine and CPX-351 contains daunorubicin and
cytarabine [48]. Both CPX-1 and CPX-351 employ a similar liposomal platform (enclosed
lipid bilayer capable of encapsulating water soluble drugs and insoluble drug precipitates) to
carry two drugs. These liposomes are composed of distearoylphosphatidycholine (DSPC)
and distearolyphosphatidygylcerol (DSPG) as excipients to produce DcNPs exhibiting ~100
+ 20 nm diameters (Table 2). In human studies, the accumulation ratio of the
chemotherapeutics irinotecan and floxuridine was found to be proportional to the initial
formulation ratio (1:1 molar) [49].

Some other DcNPs and their physiochemical, pharmacological and pharmaceutical
characteristics and clinical progression status are listed in Table 2. It can be seen that lipids
and polymers are the major excipients of nano-drug carriers on this list. The diameters of
DcNPs, mostly in spherical shapes, are in the range of less than 10 nm to about 300 nm.
Cancer is the predominant therapeutic indication and some formulations are currently in
clinical trials. DcNP-based therapies for HIV/AIDS, on the other hand, are currently in pre-
clinical non-human primate studies and human trials are not yet approved.

Drugs loaded into NPs, via a number of different approaches such as adsorption,
encapsulation or chemical conjugation, have distinct pharmacological, pharmacokinetic and
physicochemical properties. More importantly, the incorporation of APIs into NPs may alter
their pharmacokinetic properties, impacting their delivery to target sites and allowing the
maintenance of initial drug ratios for more synchronous action. For example, the Huang
laboratory developed multiple DcNPs for cancer therapy. They encapsulated cisplatin and
gemcitabine monophosphate (both hydrophilic) into PLGA NPs with precise ratiometric co-
loading for co-delivery into bladder tumours in mice [50]. They also encapsulated cisplatin
and rapamycin (hydrophilic and hydrophobic) into single PLGA NPs for synergistic
treatment of melanoma [51]. The Ferrari group co-loaded rapamycin and paclitaxel (both
hydrophaobic) into poly(ethylene glycol)-block-poly(e-caprolactone) copolymer NPs for co-
delivery into breast cancer cells in mice. Precise drug ratios were maintained in tumours 48
h after NPs administration, with drug concentrations in tumours 2-fold higher than those in
the liver and spleen, resulting in potent anti-tumour activity compared to free drug controls
[52].

However, in the current pre-clinical paradigm, the transition from lab scale and rodent proof-
of-principle (i.e. pre-clinical) studies to human or non-human primate proof-of-concept (i.e.
for the clinic) evaluation is oftentimes considered a challenging and significant step. This
challenge could be addressed, and the risk of project termination mitigated, by early
consideration of pharmaceutical characteristics of the DcNPs. These characteristics include
the complexity of formulation, APl wastage during production, cost and disposal of
reagents. In the literature (Table 2), few studies have been successful in pharmaceutical
scale-up of NP formulations for non-human primate or human studies. Achieving long-
acting and targeted cell and tissue exposure /77 vivois another level of challenge for DcNPs
in the development process. Applying nanomedicine to conquer not only drug resistance but
also sustained suppression on targeted tissues is an important pharmaceutical characteristic
essential for clinical translation. Filling the gaps between pre-clinical academic research and
clinical studies by using innovations in pharmaceutical technology is imperative for the
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success of current combination nanomedicines. Therefore, the high number of reported
innovations in nanomaterial research with proof-of-principle pre-clinical /7 vivo studies
should be evaluated for feasibility, both in technical and economical aspects and for
translation into nanomedicine for treating major diseases where drug resistance is a chronic
and common impediment of eradication.

Progression of drug combination NPs to primate and human testing

An example in HIV/AIDS therapy (TLC-ART 101)

In particular, HIV/AIDS is indeed challenging to eradicate, even with the most potent oral
CART, partly due to residual virus- infected cells in tissues. Lymph node cells taken from
patients with no detectable plasma viremia were shown to harbour virus that was still
sensitive to the prescribed oral medications [45]. We and others have described the
lymphatic drug insufficiency phenomenon whereby virus is able to persist in the lymph
system due to insufficient drug levels associated with conventional oral anti-retroviral
therapy [10,45,53]. To overcome this, antiviral regimens must be efficiently taken up into the
lymphatics and retained in lymph nodes in order to achieve therapeutic drug concentrations.
Moreover, as has also been discussed earlier, to be efficacious, targeted therapies must be
composed of a combination of agents to reduce the risk of developing disease resistance.
Monotherapy carries a high likelihood of generating drug-resistant virus and is
contraindicated for HIV treatment. The combination of APIs utilised in oral fixed dose
combination therapy needs to inhibit or interfere with multiple targets to minimise the
resistance risk while also exhibiting pharmacological activity. Finally, there is great interest
amongst clinicians and patients alike for the development of not only targeted drug
combinations but also long-acting therapies for a wide variety of therapeutic indications.

Advances in hanomedicine are rapidly evolving with several therapeutics in early clinical
trials. For HIV treatment, two injectable single- drug formulations, long-acting rilpivirine
and long-acting cabotegravir, are both solid drug NP formulations and have shown efficacy
in early clinical trials [54-56]. The expected dosing interval for these formulations is
monthly or perhaps even less frequently, which carries a clear advantage over currently
available cART. However, both are single agent formulations and are at risk for development
of viral resistance; thus, they will need to be co-administered with other agents to be
efficacious for HIV treatment.

In 2003, the Ho laboratory developed an injectable lipid-nanoparticle formulation,
containing the protease inhibitor indinavir, which exhibited much higher lymphatic drug
levels than previously achieved [45]. However, as with the long-acting agents described
above, this was a single agent formulation and presented resistance risks. We have since
published studies on a similar nano-drug particle formulation containing three antiretroviral
agents, with proven clinical efficacy and safety profiles, that are directed at two viral targets
(protease and reverse transcriptase of HIV) in the presence of lipid excipients (DSPC and
DSPE-mPEG>qq) [53,57]. In both reports, drug-lipid NP formulations were delivered via
subcutaneous injection and relatively high concentrations of all three drugs in the HIV host
cells of lymph nodes and blood were observed. More specifically, drug levels were readily
detectable in both peripheral blood mononuclear cells (PBMC) and plasma two weeks
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following administration, indicating the long-acting potential of this nanoparticle
formulation (Figure 2). Furthermore, cell-specific targeting was observed; the concentrations
of drugs observed in lymph nodes were much higher relative to those in plasma following
administration of anti-retroviral agents in the DcNP formulation. These data are depicted in
Table 3, which compares the lymph node mononuclear cells (LNMC) drug concentrations to
both plasma and PBMC concentrations for three drugs determined 24 h after a single
subcutaneous administration of DcNPs. Notably, there is a dramatic increase in the
concentration of drugs in the LNMC cells when compared to plasma levels, indicating a
targeting advantage of this particular formulation. An important advance with this DcNPs
formulation is that the drugs utilised were of varying physiochemical characteristics and yet
were co-formulated and efficiently delivered to the target sites. The agents in this case are
tenofovir, a relatively water soluble compound (LogP= -1.6), in addition to lopinavir and
ritonavir, both relatively hydrophobic (LPV-LogP = 5.94, RTV-LogP = 4.24) at
physiological pH. The ability to co-formulate drugs with disparate physical chemical
characteristics and subsequently deliver them in a targeted manner in a fixed-dose
combination represents significant progress in drug design and nanomedicine. With
validated processes in place, and verified long-acting plasma and cellular pharmacokinetics,
this anti-HIV drug combination nanoformulation is now referred to as TLC-ART 101 and is
a candidate for further clinical development [57].

in cancer therapy (CPX-351)

Advances in combination nanomedicine are similarly occurring in oncology with
particularly noteworthy clinical trial results for CPX-351 as a treatment for acute myeloid
leukaemia (AML) (clinicaltrials.gov). As mentioned, CPX-351 is a liposomal, or enclosed
lipid membrane vesicle-based, nanoformulation containing DSPC, DSPG and cholesterol in
addition to the APIs cytarabine and daunorubicin (Tables 2 and 4). Pre-clinical testing of the
drug ratios in this formulation led to interesting efficacy findings that indicated the most
potent combination is not necessarily associated with the highest dose of either drug. It is
thus critical to characterise and understand potential drug—drug interactions in nanoscale
combination therapeutics [58]. The formulation with a 5:1 molar ratio of cytarabine:-
daunorubicin has been evaluated in several clinical trials with very promising results in
improvement of overall survival rates. Based on these data, CPX-351 was approved for first
line treatment of therapy-related acute myeloid leukaemia (t-AML) or AML with
myelodysplasia-related changes (AML-MRC) by the FDA in August 2017.

A comparison of TLC-ART 101 and CPX-351 from pharmaceutical aspects

From pharmaceutical drug development and regulatory perspectives, DCNPs are considered
complex injectable formulations. Therefore, they are typically developed based on QbD
(quality-by-design) principles. As more complex manufacturing processes often lead to a
higher risk of product failure, designing simplified processes while achieving the necessary
product complexity is desired. Table 4 shows a comparison of CPX-351 and TLC-ART 101,
two relatively advanced DcNP drug delivery systems. While CPX-351 is a liposomal
formulation, TLC-ART 101 is a DcNP stabilised by lipid excipients and has a smaller mean
particle diameter which enables targeted lymphatic delivery. Moreover, the lipid constituents
in TLC-ART 101 allow unique interactions with both hydrophobic and hydrophilic drugs.
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The complex formulation process for CPX-351 includes encapsulating water-soluble
cytarabine within liposomes, followed by buffer exchange and the determination of
encapsulated liposomal cytarabine concentration. Based on these data, a specified amount of
more hydrophobic daunorubicin is added to form a drug precipitate inside liposomes to
produce the target 5:1 molar ratio of cytarabine-to-daunorubicin [48]. Unlike the complex
process to manufacture CPX 351, TLC-ART 101 uses a simple and less complex
formulation strategy (solubilizing drugs and lipid excipient in a suitable organic solvent, the
controlled removal of the solvent (drying), hydration of the stabilised drug-lipid
combination and homogenisation to produce specified drug-particle size), keeping all
components intact during the process without exchanging buffer systems [59]. Such
simplified manufacturing processes reduce both sample loss and the risk of contamination
while providing consistent and predictable drug loading efficiency.

In sum, the above studies highlight the potential for DCNPs to improve upon conventional
therapeutic modalities. Importantly, the substitution of other APIs for a variety of therapeutic
indications in these delivery systems presents many exciting opportunities for translating
innovations in DcNPs research into in nanomedicines and for the individualisation of
nanomedicine therapeutics and diagnostics.

Future outlook — personalised drug combination particles in precision

medicine

Until recently, new drugs in development were evaluated in and intended for specific
populations, rather than for individuals with a specific magnitude of disease or symptoms
that make up the range in the population. These studies have not focussed on the precise
differences among the individuals in a population and how these differences may correlate to
the tested outcome [60]. For example, oncology patients have been traditionally classified as
having one of about 200 different cancers according to anatomic and histologic criteria
[61,62]. However, decades ago, it became clear that the detailed makeup of cancer cells in
patients with the same cancer (e.g. lung) are highly variable, and cancer cells differ at
different tumour sites in the same patient and within a tumour [63-66]. Moreover, the
patient’s immune system and the specific tumour microenvironment, which themselves have
high inter-individual variability, are now known to be key factors in whether a metastatic
cancer cell develops into a metastatic tumour [67]. Because these inter- and intra-patient
differences in tumour cell phenotypes, tissue microenvironments and immune responses can
lead to variable prognosis and treatment outcomes, it is now recognised that the practice of
medicine needs to adopt a more personalised approach. Such an approach would define and
treat the precise characteristics of each patient’s cancer and their own unique biology, since
cancer cells and host cells form a unique symbiotic ecosystem [68].

Thus, successful treatment of cancer may require cracking two halves of a puzzle. Half lies
in the cancer’s intrinsic biology — its genes, its morphology, its nutritional preferences, its
reproductive habits. The other half involves the match between that biology and the patient’s
own “host factors’ being sufficient to harbour metastatic niches in their body. Integration of
patient profiles and chemotherapeutic regimens based on specific cell biology is generally

J Drug Target. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mu et al.

Page 14

referred to as ‘precision medicine’. In this new era of precision medicine, the vision is that
prevention and treatment strategies will take individual variability into account by
incorporating genomic, proteomic and metabolomic information into disease diagnosis,
prognosis and treatment [68]. In other words, matching the phenotype/genotype of the
specific cancer and the physiology of patients with appropriate drug combination ratios as
well as the optimal nano-delivery system that can provide persistent, long-acting
pharmacology and selective multi-agent exposure to target cells, could greatly improve
treatment efficacy. Thus, doctors will no longer be treating 200 different types of cancer, but
they will potentially be treating thousands of unique diseases wherein the molecular lesions
that drive each cancer are well understood, and the propensity of each patient’s specific
biology and microenvironments to harbour cancer metastases is predicted.

This individualised approach to disease prevention and treatment first requires the efficient
collection, management and access to an explosion of biomedical information
(bioinformatics) [69]. With the advent and maturation of ‘-omics’ disciplines (e.g. genomics,
proteomics, metabolomics, etc.), large-scale biologic databases and more detailed
mechanistic knowledge, we now have tools (with more constantly being invented) to begin
assigning detailed phenotypes to diseased cells, healthy cells and the immune cell arsenal in
each individual patient. However, as this plethora of data materialises, the first step is to
ensure that this information is consistent, reliable, independently validated and accessible;
accurate evidence-based data must first be curated before using it to guide individualised
clinical practice [70]. For the promise of precision medicine to be fully realised, the
importance of this bioinformatics challenge and need for scientific rigour cannot be
overstated.

Currently, there is limited knowledge about specific drug combinations and the drug ratios
that would be most effective [60]; and even less is known about the personalisation and fine-
tuning of DcNPs tailored to a specific patient. The traditional polypharmacy approach of
combining several different single-agent formulations into a drug combination regimen for a
patient may be impeded by systemic dose-limiting toxicity when only a fraction of the dose
reaches target cells. This approach may not allow sustained ratios and concentrations of API
at the target sites while minimising drug levels at off-target sites. As discussed above, drug
combinations co-formulated into one NPs platform specifically targeted to diseased cells
may maintain effective molar ratios of drug combinations at target sites by honing the drug
distribution of multiple API to a common target location.

As more insights into pharmacogenomics are gained through studies of large research
cohorts exposed to many kinds of therapies (e.g. the allofus.nih.gov longitudinal cohort of 1
million or more Americans) [68], the knowledge gained will guide selection of the right
drug(s) at the right dose(s) to the right patient. In order for this knowledge and technology to
be integrated and make progress towards clinical translation, DcNPs will need to be properly
and efficiently formulated for the APIs to effectively and safely treat the patient’s precise
disease phenotype and interact safely with the patient’s specific biology. This work will need
to go beyond mere dose and drug selection, and will require incorporating DcNP
formulation and cell targeting knowledge and understanding. This will require efficient and
versatile DcNP delivery platforms that can stably combine multiple hydrophilic and
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hydrophobic APIs at different molar ratios, such as the platform we have developed [53,57].
Furthermore, a rapid, robust, reproducible and scalable manufacturing process, such as the
microfluidic systems being marketed by Precision NanoSystems Inc., for commercial large
batch production of drug-loaded nanoparticles, would be beneficial [71]. The ultimate goal
is to efficiently link a tailored DcNP formulation to each patient; this approach promises to
create safer medicines by overcoming dose-limiting toxicities (by targeting APIs specifically
to diseased sites) and addressing drug resistance (through delivering consistent molar ratios
of API combinations to targets). Such an approach could be used for not only targeted small
molecules (e.g. kinase inhibitors) but also for highly potent small molecules (e.g. MMAE).
Attaching ligands to the surface of DcNPs that selectively and tightly bind to unique
molecules on diseased cells could further enhance drug combination delivery to diseases
cells.

Thus, in the future, each personalised DcNP would account for both how the patient’s body
would handle and eliminate the API and how the API would interact with the precise
biology of the patient’s healthy and diseased cells. Organoids could be grown ex vivo using
a patient’s own tumour cells and DcNP formulations could be tested on these [72]; tumour
biopsies that are properly handled so they are most representative of the tumours in a patient
could be used to assess the efficacy of multiple formulations and drug compositions
simultaneously [73]. With appropriate pharmaceutical nanotechnology platforms in place,
novel nano-drug manufacturing would be closely linked to the clinic and the individualised
care of each patient [60]. In the coming decades, rigorous research studies will need to be
designed and executed to investigate the details involved in personalisation of DcNPs for
individual patients. Developing a framework for this work first in infectious disease and
oncology would likely serve as a useful blueprint for personalising DcNPs in the future for
other diseases such as metabolic and neurological conditions that require chronic therapeutic
treatments.
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Figure 1.

Literature and clinical trial analysis of NP-based drug delivery studies. (A) Numbers of
scientific publications from 1999 to 2016 (data obtained from Web of Science and Pubmed).
(B) Numbers of clinical trials from 1999 to 2016 (data obtained from clinicaltrials.gov). (C—
E) Types of materials (C), diseases (D) and single/combination NPs (E) in NP drug delivery
studies (left: publications; right: clinical trials). Keywords for search in clinical trials:
nanoparticles OR liposomes OR lipid nanoparticles OR polymeric nanoparticles OR
polymer nanoparticles OR micelles OR nanocrystals OR nano OR nab. For search in Web of
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Science, the term ‘drug delivery’ was added in combination with above keywords (with
‘AND’ command).
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Figure 2.
Long acting characteristics of three anti-retroviral agents in a drug-combination (DcNP)

nanosuspension. These data represent the time course data of each anti-retroviral agents
delivered simultaneously in a drug lipid-nanosuspension. Four macaques each received a
subcutaneous injection of the nanoformulated drug and the time course of Lopinavir,
Ritonavir and Tenofovir were evaluated in PBMCs and plasma up to 2 weeks by LC-
MS/MS. PMBC, peripheral blood mononuclear cell.
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Table 3

Higher LNMC and PBMC relative to plasma for lopinavir, ritonavir and tenofovir 8 days following a single
subcutaneous dose of 3-in-1 drug combination DcNPs in primates.

LNMC/Plasma LNMC/PBMC

Lopinavir 197.78 (93.7) 79.20 (65.9)
Ritonavir ~ 3068.15 (111.2) 531.37 (NA)
Tenofovir 6.77 (165.3) 4.41 (198.0)

Four macaques received a single subcutaneous administration of the DcNP formulation containing lopinavir (25 mg/kg), ritonavir (6.96 mg/kg) and
tenofovir (10.58 mg/kg). Data are the mean (% coefficient of variation) and are the concentration ratios at 192 h (8 days) following drug
administration. NA indicates not available due to ritonavir concentrations < LLOQ in the validated LC-MS/MS assay.

LNMC: lymph node mononuclear cell; PBMC: peripheral blood mononuclear cell.
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Page 28

A comparison of drug-combination nanoparticle products CPX-351 and TLC-ART 101 with respect to
physical and pharmacokinetic characteristics and manufacturing process.

Disease indication

CPX-3512

Acute myeloid leukaemia

TLC-ART 101P
HIV/AIDS

Physical properties
Characteristics
Hydrodynamic size
Excipients

Drugs and solubility

Drug ratios (molar)¢

Manufacturing process

Manufacturing stepsd

liposomes

100 =20 nm

DSPC, DSPG, cholesterol

Daunorubicin (LogP = 1.83); Cytarabine (LogP = -2.8)

1:5

[ Mixing ]D[ Drying ] D[ Hydration (drug A) ] >

[ Extrusion ] b[ Filt(alion] P[ Loading of drug B ] b[ Filtration ]

Pharmacokinetic characteristics

by

31.5 h (Daunorubicin), 40.4 h (Cytarabine)

Drug combination particles (excipient stabilised drug particles)
~52 nm
DSPC, DSPE-mPEGZOOO

Lopinavir (LogP = 5.94); Ritonavir (LogP = 4.24); Tenofovir
(LogP=-1.6)

4:1:5

[ Mixing ] -[ Drying ] .{ Hydration ] -{ Homogenization ]

476.9 h (Lopinavir), 44.1 h (Ritonavir), 65.3 h (Tenofovir)

a - . . - . L .
CPX-351 is a liposomal formulation consisting daunorubicin and cytarabine with fixed ratio for treatment of AML.

TLC-ART 101 is a lipid nanoparticle formulation consisting lopinavir, ritonavir and tenofovir with fixed ratio for treatment of HIV/AIDS.

Drug ratios in these formulations molar ratios of daunorubicin:cytarabine and lopinavir:ritonavir:tenoforvir, respectively.

dThe steps indicate simplified key procedures in manufacturing of CPX-351 and TLC-ART 101.
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