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Self-delivery systems for combination therapy

The biodistribution of drugs has a major impact on therapeutic efficacy and side effects.
Previously, nanocarriers have been utilized to improve site-specific drug delivery, and there
are several well-known examples of transport advantages that arise on the nanoscale,
including reduced renal clearance and the enhanced permeability and retention (EPR) effect.
In addition to improving the biodistribution of drugs, nanocarriers also provide protection
from degradation and aid in intracellular uptake. However, a recent report of nanoparticle
biodistribution profiles found that less than 1% (median) of systemically injected
nanoparticles reach the intended target and the majority of the dose accumulates in healthy
tissues [1]. Moreover, the drug concentration that pathological cells are exposed to is further
limited by the drug loading capacity of nanocarriers, which is usually around 10%. Indeed,
although particles in the nano-size range display favorable transport properties compared to
small molecules, the bulk of the injected material lacks therapeutic activity. This excess
material could by itself pose a safety concern. In particular, drug delivery vehicles that are
not adequately metabolized and eliminated from the body may cause toxicity. Furthermore,
the administration of large quantities of foreign material could activate the immune system,
potentially leading to increased drug clearance and immunotoxicity. Additionally, it is
probable that cells will eventually reach a limit in regards to the uptake capacity of drug
carriers. In cases where this internalization limit is reached before the therapeutic threshold
of the drug is obtained, the loading capacity will be a major limitation for therapeutic
efficacy. These challenges have motivated the development of self-delivery systems that are
formed by self-assembly of different therapeutic agents, including chemotherapy, proteins,
and small interfering RNA (siRNA). This strategy eliminates the need for carriers that lack
therapeutic properties and provides an effective means for developing synergistic
combination therapies, enhancing loading capacity, and exploiting nanoparticle transport
properties. These self-delivery systems also highlight that the distinction between carrier and
drug should become obsolete from a regulatory perspective.
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Zhao et alrecently demonstrated that SIRNA could self-assemble with polymeric metformin
(PolyMet), forming ~80 nm particles [2]. Although metformin is clinically approved for the
treatment of diabetes, this drug has shown promise as an anticancer agent in multiple clinical
trials. Moreover, metformin contains guanidine groups, which have previously been shown
to increase cellular uptake, enhance transfection, and circumvent efflux pumps [3]. PolyMet
was synthesized through the conjugation of linear polyethylenimine (PEI) with
dicyandiamide. The amino groups of PEI enabled self-assembly of anionic siRNA molecules
with PolyMet. Hyaluronic acid (HA), an anionic polysaccharide, was used to condense the
nanoparticles. The particles were then coated with a layer of 1,2-dioleoyl-3-tri-
methylammonium-propane chloride (DOTAP) and cholesterol to improve particle stability
and siRNA protection. Finally, a pegylated targeting ligand for sigma receptors that are
overex-pressed on certain cancer cells [4] was added to the particle surface. The therapeutic
efficacy of the nanoparticles was assessed in mouse models of non-small cell lung cancer
(NSCLC) and melanoma. Vascular endothelial growth factor (VEGF) was selected as the
target gene for siRNA therapy. Prior to assessing the anticancer activity of the combination
therapy, the effect of metformin nanoparticles on tumor growth was evaluated. The results
indicated that nanoparticle-treatment caused a dramatic reduction in tumor growth compared
to control groups [2]. Addition of VEGF siRNA to the carrier further enhanced the
therapeutic efficacy, leading to a more than twofold and 1.5-fold reduction in tumor growth
compared to metformin nanoparticles in a NSCLC and melanoma mouse model,
respectively [2]. The nanoparticle platform described herein stands out as an innovative
solution to enable efficient combination therapy, since the functionality of the sub-
components is maximized. Specifically, polymeric metformin serves both as a therapeutic
agent and carrier for SiRNA. As a delivery component, polymeric metformin provides
SiRNA protection and efficient transfection, partially due to the presence of guanidine
groups in the drug, which have been found to traverse cell membranes and tissue barriers
[3]. It has been speculated that guanidine is able to penetrate the cell membrane by forming
a bidentate hydrogen bond with cell surface groups, such as phosphates, carboxylates, and
sulfates [3]. Although several studies have previously utilized guanidine-rich carriers for
nucleic acid delivery, these carriers lacked therapeutic activity, making them less attractive
for multipurpose use.

Another example of a compound that has been used both as a carrier and therapeutic agent is
epigallocatechin gallate (EGCG), which is derived from green tea. EGCG has previously
been found to inhibit tumor invasion, tumor growth, and angiogenesis [5,6]. In a study by
Chung et al, the ability of EGCG to bind biomolecules was exploited, and ~90 nm particles
were formed through self-assembly of EGCG derivatives with the anticancer proteins
Herceptin or interferon alpha-2a (IFN-a 2a) [7]. Specifically, oligomerized EGCG and
protein complexation led to the formation of a core complex, which was then assembled
with EGCG-PEG to form a stealth shell. Notably, the nanoparticles remained stable in serum
and were able to protect the protein from enzymatic degradation. It was shown that protein
activity was restored upon disassociation from the nanoparticles, an event that takes place
through hydrophobic competition with endogenous amphiphilic molecules, such as lipids in
the cell membrane. The results from the study revealed that the blood circulation half-life of
Herceptin and IFN-a 2a was substantially increased (29-fold) as a result of self-assembly
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with EGCG [7]. The therapeutic efficacy of the nanoparticles was evaluated in cell culture
and in animal models of cancer. In the case of both proteins, a synergistic anticancer effect
was observed in response to combination therapy with EGCG (combination index < 1). Ina
human epidermal growth factor receptor 2 (HER2)-positive breast cancer model, the tumor
accumulation of Herceptin nanoparticles increased more than twofold compared to free
Herceptin [7]. Moreover, treatment with EGCG-Herceptin nanoparticles led to a greater
reduction in tumor burden compared to sequential treatment with Herceptin and EGCG-
albumin nanoparticles. Likewise, in a hepatocellular cancer model, EGCG-IFN-a 2a
nanoparticles displayed a more than threefold increase in tumor accumulation, and caused a
dramatic reduction in tumor growth compared to free IFN-a 2a or sequentially injected IFN-
a 2a and EGCG-albumin nanoparticles. These observations indicate that EGCG is an
efficient carrier for therapeutic proteins. An impressive aspect of the nanoparticles is that
they consist entirely of agents with therapeutic activity, with the exception of PEG. In
contrast, the previously described PolyMet/siRNA nanoparticles encompass several
additional components such as hyaluronic acid, DOTAP, cholesterol, and PEG.

Self-assembly of therapeutic proteins with chemotherapeutic agents has also been reported.
Nevala and colleagues recently designed a nanoparticle platform consisting of albumin,
paclitaxel, and the therapeutic protein bevacizumab, which blocks VEGF signaling [8]. Self-
assembly of Abraxane, a clinically approved nanoparticle consisting of albumin-bound
paclitaxel, and bevacizumab led to the formation of stable nanoparticles. Bevacizumab was
noncovalently linked to the albumin scaffold of Abraxane. Notably, the size of the
nanoparticles ranged from ~160 to 2170 nm, depending on the concentration of
bevacizumab. Studies revealed that the activity of bevacizumab was retained upon self-
assembly with Abraxane. The therapeutic efficacy of 160 nm particles was evaluated in a
melanoma mouse model. The results from the study demonstrated that mice treated with
Abraxane—bevacizumab nanoparticles had reduced tumor growth and increased survival
compared to mice treated with sequential injections of Abraxane and bevacizumab [9].
These results suggest that complex formation between these proteins provides clear
therapeutic benefits. Notably, in addition to exerting anticancer activity, bevacizumab also
increased the tumor accumulation of Abraxane by binding to VEGF in the tumor
microenvironment. These promising preclinical findings have led to the initiation of a phase
I clinical trial for Abraxane— bevacizumab nanoparticles [9].

A fourth example of a self-assembly strategy to form self-delivery systems for combination
therapy is based on the clinically approved anticancer drugs irinotecan and chlorambucil
[10]. Irinotecan is a hydrophilic DNA topoisomerase | inhibitor, while chlorambucil is a
hydrophobic DNA-alkylating agent. Nanoparticles can be formed through self-assembly of
amphiphilic irinotecan-chlorambucil drug conjugates in aqueous solution. The self-assembly
process proceeds through the secondary aggregation of micelles, leading to the formation of
~80 nm particles. The drug conjugates are linked through an ester bond that can be cleaved
in tumor cells. Studies evaluating the performance of these nanoparticles have revealed that
they remain stable when exposed to plasma proteins and have a blood concentration that is
20 times higher than that of the free drugs 12 post-injection [10]. Moreover, in vitro results
have demonstrated that the nanoparticles are able to circumvent p-glycoprotein-mediated
drug resistance. In a mouse model of breast cancer, treatment with irinotecan-chlorambucil
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nanoparticles led to decreased tumor volume and tumor weight compared to combination
therapy with free drugs. For example, after 24 days, the mean tumor volume in the
nanoparticle and free drug combination groups was ~32% and ~58% of control tumors,
respectively. This self-delivery strategy opens up opportunities for the design of various self-
assembled nanoparticles based on amphiphilic drug-drug conjugates.

In summary, the self-delivery of combination therapies provides a means for exploiting
nanoscale transport characteristics without the use of excess materials that lack therapeutic
efficacy. These strategies pave the way for a next generation of therapeutic nanoparticles for
the treatment of disease.
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