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Abstract

Chemokines and chemokine receptors play key roles in cancer progression and metastasis.
Although multiple chemokines and chemokine receptors have been investigated, inhibition of
CXCR4 emerged as one of the most promising approaches in combination cancer therapy,
especially when focused on the metastatic disease. Small RNA molecules, such as siRNA and
miRNA, represent new class of therapeutics for cancer treatment through RNA interference-
mediated gene silencing. However, the clinical applicability of sSiRNA and miRNA is severely
limited by the lack of effective delivery systems. There is a significant therapeutic potential for
CXCR4-targeted nanomedicines in combination with the delivery of SiRNA and miRNA in cancer.
Recently developed CXCR4-targeted polymeric drugs and nanomedicines, including cyclam- and
chloroquine-based polymeric CXCR4 antagonists are introduced here and their ability to deliver
functional siRNA and miRNA is discussed.
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INTRODUCTION

Cancer is a major public health problem and a leading cause of mortality worldwide.
Metastasis is the main contributor to cancer-associated deaths.! The heterogeneity of cancer,
combined with multiple gene mutations during tumorigenesis and tumor progression, makes
curing cancer a daunting challenge. Recently, combination of chemotherapeutics with RNA
interference (RNAI), mainly small interfering RNA (siRNA) and microRNA (miRNA),
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emerged as an effective strategy in cancer treatment. These combination therapies
demonstrate potentially great benefits in targeting multiple cancer-associated pathways,
inhibiting metastasis and overcoming adaptive drug resistance.? 3 However, this
combination treatment is limited by a lack of efficacious delivery systems for simultaneous
delivery of small-molecule drugs and siRNA/miRNA. Due to the physicochemical
differences between the two types of agents, it is a significant challenge to develop delivery
systems for combinations of small molecule drugs and sSiRNA/miRNA. Among the available
delivery systems, polymeric nanoparticles have been the most successful delivery
approaches in drug/nucleic acid combinations.3: 4 Typical polymeric nanoparticles are
composed of pharmacologically inert polymer suitable for encapsulation of both types of
therapeutic agents. Recently, alternative approaches have focused on the development of
pharmacologically active nanoparticles and polymers to achieve delivery of drug/nucleic
acid combinations.>-8

The chemokine receptor CXCR4 is an important emerging target for developing
combination delivery strategies for improved cancer therapy.®: 10 CXCR4 is an especially
promising target in antimetastatic therapies because of its crucial role in metastatic spread of
multiple types of human cancer.1: 12 Mounting evidence also supports the potential of
improving chemotherapy and immunotherapy through its combination with CXCR4
antagonists.13-16 As a result, various CXCR4-targeted drug delivery systems, including
liposomes, nanoparticles, lipoplexes, and polyplexes have been developed for improved
cancer therapy.® Our group has reported the synthesis of a series of polycations with the
ability to simultaneously inhibit CXCR4 and deliver nucleic acids to cancer cells. We have
successfully employed these polymeric CXCR4 inhibitors (PCX) to deliver functional
siRNA and miRNA for combination cancer therapy.1’-20 Recently, we have successfully
prepared chloroquine-containing polycations as efficient miRNA delivery vectors with
improved endosomal escape and antimigratory activity through CXCR4 inhibition in cancer
cells.2! In this review, we will introduce these dual functional CXCR4 targeted polycations
and discuss the combination strategies based on CXCR4 targeted nanomedicines for cancer
therapy.

CXCR4 AS A THERAPEUTIC TARGET IN CANCER

CXCR4 and its chemokine ligand (CXCL12) are two key factors in the tumor growth,
metastasis, angiogenesis, and cancer cell-microenvironment interaction, which make them
promising targets for cancer therapy.

CXCR4/CXCL12 axis

Chemokine receptors are a large family of proteins that mediate chemotaxis of cells towards
a gradient of chemokines. Based on the location of conserved cysteine residues, chemokine
receptors are classified into four groups (C, CC, CXC and CX3C). There are over twenty
different chemokine receptors, which all belong to the G-protein coupled receptor family. In
tumors, the interplay of chemokines and chemokine receptors modulates the trafficking of
cells into and out of the tumor microenvironment and participates in crucial steps of the
metastasis of tumor cells. Although different types of cancer have varied expression profiles
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of chemokine receptors, CXCR4 is the most widely expressed chemokine receptor in human
cancers. CXCR4 is a G-protein coupled receptor with a seven-transmembrane structure.
CXCR4 exerts its biological effect by binding with its specific ligand CXCL12 (also known
as stromal derived factor-1, SDF-1). Through activating multiple downstream signaling
pathways (mainly including PI3K, MAPK, and Erk1/2), CXCR4/CXCL12 axis regulates a
number of different cellular processes, which includes alteration of gene expression, actin
polymerization, cell skeleton rearrangement, cell survival, migration and invasion.22 23

CXCR4 in cancer and metastasis

CXCR4 expression has been found in more than 20 major human cancer types, including
breast, ovarian, prostate, pancreatic, melanoma, and renal cell carcinoma.2? The
upregulation of CXCR4 is highly dependent on multiple transcription factors, growth
factors, and hypoxia-inducible factors.24 25 A significant correlation between CXCR4
expression and cancer metastasis has been demonstrated by many preclinical and clinical
studies. For example, a clinical study concluded that elevated expression of CXCR4 in
primary breast tumors is associated with a higher likelihood of developing bone metastases.
26 Another study showed significant correlation between CXCR4 expression and lymph
node metastasis.2” High CXCR4 expression also indicates poor survival and enhanced
aggressiveness of cancers and can be used as an independent prognostic marker.28 CXCR4
can activate focal adhesion complexes and matrix metalloproteinases, which mediates
degradation of extracellular matrix and facilitates the invasion of cancer cells. Then, the
CXCL12 concentration gradients drive the movement of CXCR4-expressing cancer cells in
the circulation and contribute to the process of extravasation and organ-specific metastasis.
For instance, bone marrow, lungs, brain, liver and lymph nodes exhibit elevated expression
levels of CXCL12 and represent the most common organs for homing of cancer metastasis
in cells that express the CXCR4 receptor.29

CXCRA4 as target for cancer therapy

Various strategies have been developed to inhibit CXCR4/CXCL12 axis for anticancer
applications. Among them, specific CXCR4 antagonists showed the best effects. A small
molecule CXCR4 antagonist Plerixafor (AMD3100) has already been approved by the FDA
for clinical use in stem cell mobilization.30 Besides small molecules, CXCR4-binding
peptides and siRNA silencing of the CXCR4 gene expression have also been reported to be
capable of inhibiting CXCR4-mediated processes in anticancer therapies.31-3° The
inhibition of CXCR4 with these therapeutic agents is highly efficacious through inhibiting
metastasis, sensitizing tumors to chemotherapy and radiotherapy, and boosting
immunotherapy.36-38 In the past decade, development of multiple nanomedicines that target
CXCR4 have been also reported (Figure 1). First, CXCR4 can serve as a target for ligand-
mediated enhancement of delivery and molecular imaging. CXCR4-binding small molecule
organic ligands, CXCR4-binding peptides or anti-CXCR4 antibodies can be attached to the
surface of nanoparticles for active targeting to cancer cells for improved therapy and
imaging.3% 40 For example, gold nanoclusters functionalized with AMD3100 were used for
targeted positron emission tomography (PET) imaging of CXCR4 in primary tumors and
metastases in an orthotopic breast cancer model.*! Moreover, inhibition of CXCR4 through
CXCR4 siRNA or CXCR4 ligands can be considered as effective approach for cancer
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therapeutic nanomedicines.3% 42-45 CXCR4-targeted lipid-coated poly(lactic-co-glycolic
acid) (PLGA) nanoparticles modified with AMD3100 systemically delivered sorafenib into
liver cancer, resulting in effective sensitization of tumors to sorafenib treatment and
inhibition of lung metastasis.*3

SMALL RNA DELIVERY

SiRNA

MiRNA

RNA interference (RNAI) is a natural biological mechanism in which RNA molecules
inhibit gene expression or translation by neutralizing target mMRNA molecules. RNAi based
agents, mainly including siRNA and miRNA, are able to knock down the oncogenes by
targeting related mRNA expression, which make them powerful approaches for cancer
therapy.46: 47

siRNAs are synthetic RNA duplexes (19 to 25 bp in length) with 3' dinucleotide overhangs
designed to specifically target a particular mRNA for degradation. SIRNA-mediated RNAI
pathway starts with the processing of dsSRNA by DICER to siRNA, which is then loaded into
the RNA inducing silencing complex (RISC) (Figure 2). The passenger strand of siRNA is
cleaved by AGO2, which is a component of RISC. Then, the guide strand of siRNA guides
the activated RISC to the target mMRNA. Finally, the complete complementary binding
between the guide strand and mMRNA leads to the cleavage of mRNA of target gene.3: 47. 48
Through silencing of key oncogenes, siRNA is capable of modulating or selectively
blocking biological processes that are the defining hallmarks of cancer, which make it
potentially an effective therapeutic approach for cancer.4®

miRNAs are small (~22 nucleotide, double stranded) noncoding endogenous RNAs that
post-transcriptionally regulate gene expression. In the nucleus, the transcription of miRNA
gene is carried out by RNA polymerase Il to produce pri-miRNA, which is then cleaved by
Drosha to form pre-miRNA (Figure 2). Pre-miRNA is transported by Exportin 5 to the
cytoplasm. In the cytoplasm, pre-miRNA is processed by Dicer into mature miRNA. Then,
miRNA is loaded into RISC. The passenger strand is discarded. The remaining guide strand
guides the miRISC to the target MRNA through partially complementary binding. Finally,
the target mMRNA is inhibited via translational repression, degradation or cleavage.*’: 50 Due
to the imperfect pairing, a single microRNA is capable of simultaneously targeting different
genes, showing the characteristic of multiple targeting. MiRNAs regulate a wide range of
cellular pathways and mediate the expression of nearly 30% of all human proteins.
Dysregulation of miRNA often results in pathological states such as cancer. MicroRNAs
function as tumor suppressors or oncogenes and play an important role in tumorigenesis,
tumor growth, angiogenesis, and metastasis.! Hence, inhibition of overexpressed oncogenic
microRNAs or restitution of downregulated tumor-suppressor microRNASs provides a highly
promising approach to treat cancer.52
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Small RNA delivery

Both siRNA and miRNA are highly effective therapeutic agents for cancer. However, their
clinical use is limited by multiple hurdles, such as stability, off-target effects, and poor
efficiency of delivery. Although proper chemical modification can improve the stability and
reduce off-target effect, poor delivery is still a main challenge in translating therapeutic
siRNAs/miRNAs into clinic.53: 54 Since they have similar physicochemical properties
(double-stranded RNAs with about 22 nucleotides) and the same intracellular site of action
(cytoplasm), similar delivery systems can be utilized for both siRNA and miRNA. An ideal
delivery system is expected to sequentially overcome multiple biological barriers, mainly
including nucleases degradation, reticuloendothelial system (RES) clearance, poor tumor

tissue penetration, intracellular uptake, lysosomal entrapment, and intracellular RNA release.
55, 56

Viral vectors and non-viral vectors represent the two main types of delivery technologies for
siRNA/miRNA. Non-viral vectors show advantages over viral vectors in terms of safety and
represent a potential option for clinical application. Widely used non-viral approaches
include polymer-based and lipid-based delivery systems. Cationic polymers (polycations)
and cationic lipids bind with anionic siRNA/miRNA through electrostatic interactions which
leads to the formation of nanosized polyplexes or lipoplexes, which protect them from
degradation and facilitate transport across cellular membranes.#’ To meet the requirement of
combination RNA. therapy and traditional small molecule therapy, many delivery systems
have been reported to co-deliver small molecule agents and RNAI therapeutics in the past
decade. Among the available delivery systems, polymeric nanoparticles have been the most
successful delivery approaches in drug/RNAI therapeutic combinations. Typical polymeric
nanoparticles are composed of pharmacologically inert polymer suitable for encapsulation of
both types of therapeutic agents.2 However, the manufacturing complexity and
unsatisfactory drug loading ability of the traditional nanoparticles remain a significant
hurdle for their clinical translation. Recently, alternative approaches from various labs,
including ours, have developed pharmacologically active nanoparticles based on polymeric
drugs to achieve delivery of drug/nucleic acid combinations.® The uniquely designed
polymeric drug nanoparticles have several advantages, including simpler formulation and
high content of active agents that make them suitable candidates for delivery of drug/RNA
combinations. In particular, a series of CXCR4 targeted polymeric drug nanoparticles
represent a new generation of drug/RNA.I delivery vectors for combination anticancer
therapy.

Both CXCR4 inhibition and siRNA/miRNA delivery are important approaches for cancer
therapy. CXCR4 targeted nanomedicines delivering functional SiRNA/miRNA represent an
effective choice for combinational cancer therapy. These newly developed nanomedicines
include polyplexes, lipid nanoparticles, peptide carriers, lipopolymer complexes and fusion
proteins (Table 1). Among the CXCR4 targeted nanomedicines, we will focus on polymeric
CXCR4 antagonists and polymeric chloroquines.
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CYCLAM-BASED POLYMERIC CXCR4 ANTAGONISTS (PCX)

Polymer design and development

Blockade of CXCR4 with specific antagonists can inhibit metastasis and control the growth
of the primary tumors.53 Cyclam derivatives such as AMD3100 are the most widely
investigated CXCR4 antagonists which act through inhibiting CXCL12 binding and
subsequent CXCR4 signaling.54-66 AMD3100 contains six secondary and two tertiary
amines (Figure 3A). Not all of the eight amines are required for binding to the CXCR4
receptor and its pharmacologic function. The redundant amine groups can be used for
chemical modification while still maintaining CXCR4 inhibition activity.5” The presence of
the protonizable amines provides AMD3100 with positive charge, which makes it a suitable
building unit for synthesis of polycations for nucleic acid delivery. Based on this rationale,
our group have synthesized the first generation of polymeric CXCR4 antagonists (PCX-1)
(Figure 3A), polymeric AMD3100, by direct Michael-like addition polymerization of
AMD3100. The synthesized PCX-1 not only retained the CXCR4 inhibitory activity of
parent AMD3100 but also successfully delivered nucleic acids to cancer cells.17: 19

Although PCX-1 was well suited for the proof-of-principle studies, the ability to control the
polymerization reaction was severely compromised by the presence of six reactive
secondary amines in the chemical structure of AMD3100, which resulted in the generation
of highly branched polymers. The random chemical substitution of AMD3100 in PCX-1
also decreased the relative CXCR4 inhibitory activity when compared with the parent
AMD3100. To overcome the disadvantage of PCX-1, we then developed the second
generation of the poly(amido amine) CXCR4 antagonists (PCX-2) with improved
presentation of the CXCR4-binding moieties and better controlled polymerization. Unlike
PCX-1, which was based on AMD3100, the linear PCX-2 was prepared by the
polymerization of newly synthesized CXCR4-inhibiting monocyclam monomers (Figure
3A). PCX-2 showed improved ability to inhibit CXCR4 when compared with the monomers.
PCX-2 inhibited cancer cell invasion /n vitro and presented CXCR4 antagonism in vivoto
mobilize leukocytes from bone marrow to peripheral blood. Moreover, the dual function
PCX-2 was also capable of delivering DNA into cancer cells.18

Chemical modification of the PCX polymers was performed to further improve the activity
of PCX to systemically deliver functional nucleic acids for cancer therapy. To improve /in
vivo applicability, polyplexes are often modified with poly(ethylene glycol) (PEG) to shield
the surface charges and improve colloidal stability by steric stabilization.8: 89 Accordingly,
PEG maodification of PCX was investigated by grafting PEG chains to form PEG-PCX. We
found that optimized PEG-PCX retained the desirable CXCR4 antagonism and capability of
PCX to inhibit cancer cell invasion, while at the same time allowing to improve safety and
colloidal stability of the PCX polyplexes.’® Furthermore, we were able to further balance the
polymer hydrophobicity by grafting PCX with cholesterol and prepared amphiphilic Chol-
PCX. When compared with simple PCX polyplexes, the optimized Chol-PCX polyplexes
increased colloidal stability and greatly improved siRNA transfection in the presence of
serum, all the while retaining strong CXCR4 inhibitory activity.>” Overall, PEG-PCX and
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Chol-PCX were successfully developed as potential vectors for systemic /n vivo delivery of
nucleic acids.

PCX-mediated delivery of siRNA and miRNA to cancer cells

After successful development of the CXCR4 inhibiting polymers PCX, we tested their
ability to deliver suitable siRNA or miRNA for combined cancer therapy. In the first
example, we focused on PCX/siRNA polyplexes for pancreatic cancer (PC) therapy. PC is
one of the most aggressive malignancies with intense desmoplasia, widespread metastasis
and inherent chemoresistance. Nuclear receptor co-activator-3 (NCOAZ3) is a critical
modulator of the expression of mucins in PC. Silencing of NCOA3 with siRNA in PC cells
downregulates the expression of mainly two mucins, MUC1 and MUC4, which are critical
for PC progression.”! Besides mucins, NCOA3 upregulates the expression of multiple
chemokines that are responsible for the recruitment of immune cells to pancreatic tumors,
perpetuation of pro-inflammatory conditions, and activation of pancreatic stellate cells. As a
result, NCOAZ3 is a suitable target for sSiRNA nanomedicine design, which aims to modulate
PC tumor microenvironment by decreasing desmoplasia, increasing perfusion and enhancing
drug delivery to tumor. In addition to the tumor microenvironment modulation by NCOA3
silencing, blockade of CXCR4 is another effective approach to inhibit PC metastasis and
progression. We thus combined the two strategies together, using optimized formulation of
PCX/siNCOAZ3 polyplexes to simultaneously target CXCR4 and NCOAS3 in PC (Figure 4).
Chol-PCX showed maximum CXCR4 antagonism, NCOAS3 silencing and inhibition of PC
cell migration /n vitro. Furthermore, PCX/siNCOA3 polyplexes showed great potential in
sensitizing PC cells to chemotherapy. More importantly, the polyplexes showed improved
antitumor therapy in an orthotopic mouse model of metastatic PC after systemic delivery.
The polyplexes significantly inhibited primary tumor growth, which was because of a
decrease in tumor necrosis and increased tumor perfusion. The polyplexes also showed
significant antimetastatic effect as demonstrated by effective suppression of metastasis to
liver and other organs. Overall, PCX/siNCOAS3 polyplexes represent a highly promising
combination approach for modulating tumor microenvironment in metastatic PC.20

In addition to siRNA delivery, PCX also provide effective delivery activity for therapeutic
miRNA as demonstrated in a study focused on delivery of metastasis-regulating miRNA for
cooperatively enhanced anti-invasive effect in multiple types of cancer cells. The invasion
and metastasis of cancer cells are regulated by multiple factors, which includes not only
CXCR4 but also multiple miRNAs. For example, increasing intracellular levels of miR-200c
decreased the extent of the epithelial-to-mesenchymal transition (EMT) and inhibited cell
migration and invasion in cancer cells.”2 Combining the CXCR4 antagonism with the action
of miR-200c mimic was thus expected to cooperatively enhance the inhibition of the
migration of cancer cells. Based on this rationale, we prepared PCX-2 polyplexes carrying
miR-200c mimic (Figure 5). PCX-2 polyplexes effectively delivered miR-200c mimic into
cancer cells. By coupling the CXCR4 blockade with miR-200c-induced EMT inhibition, the
polyplexes achieved cooperative antimigration activity (Figure 5A and B).%8 Moreover, an
N-(2-hydroxypropyl)methacrylamide (HPMA)-based self-immolative polymeric prodrug of
a CXCR4 antagonist, AMD3465 (P-SS-AMD), also effectively delivered miR-200c and led
to the combinational inhibition of cancer cell migration (Figure 5C).5° Overall, PCX/
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miR-200c treatment is an effective antimetastatic strategy that combines inhibition of two
important cell motility pathways.

Mechanism of action of PCX polyplexes

Even though we have experimentally confirmed the dual function of PCX/RNA polyplexes
to inhibit CXCR4 and deliver small RNAS?, the specific mechanism of action remained
unclear because of the seemingly conflicting demands on the system (siRNA delivery vs.
CXCR4 inhibition). We have formulated three hypotheses depicted in Figure 6 to explain the
mechanism of action. First, as all polyplexes, PCX/RNA are prepared with excess PCX and
it is the excess polymer that is responsible for the immediate CXCR4 antagonism. This has
been shown by increased CXCR4-dependent anti-migration activity with increasing PCX/
SiRNA w/w ratio.>” Second, PCX bound to siRNA is released after intracellular sSiRNA
delivery and polyplex disassembly. This mode of action results in delayed CXCR4 inhibition
effect, either via binding intracellular CXCR4 during recycling or via PCX excretion from
the cells and binding the plasma membrane CXCR4 on cancer cells. Third, in case of
intracellularly degradable PCX, the small molecule degradation products containing the
CXCR4-binding cyclam moieties may further contribute to the CXCR4 inhibition. Improved
understanding of the mechanism of action will contribute to further improvement of the
antitumor and antimetastatic activity of the PCX polyplexes.

Another concern in developing PCX has been related to optimizing properties of the
formulations with two active agents (CXCR4 inhibitor and siRNA/miRNA). Single
formulation of two active agents is often technically challenging, and in many cases, it may
be easier to use two single-agent formulations. However, several unique properties of PCX
greatly simplify the process of optimizing pharmacologic activity of the dual PCX/siRNA
polyplexes and justify their development. The most important one is a broad therapeutic
window of PCX, which gives us great leeway in optimizing the formulation for effective
SiRNA/miRNA delivery without significant concerns about the CXCR4 activity. For
example, the effective dose (ECsgg) of the most active PCX is only 0.021 pg/mL, while its
toxic dose (LDsg) is more than 8,000-times higher (171 pg/mL).18 In a typical siRNA (10
nM) silencing experiment with polyplexes formulated at PCX/siRNA wi/w ratio of 5, the
PCX concentration would be 0.665 ug/mL (i.e., 30-times above ECsgg). Thus, at the
anticipated siRNA concentration range, changes in PCX concentrations will have minimal
effect on its CXCR4 activity.

CHLOROQUINE-BASED CXCR4 ANTAGONISTS (PCQ)

Polymer development

Chloroquine (CQ) is a widely used antimalarial drug. In recent years, the potential benefits
of CQ in anticancer therapies have been also reported mainly due to its effects on autophagy
and cholesterol metabolism.”3-76 Recently, the ability of CQ to inhibit CXCR4/CXCL12
axis has also been reported and successfully used in the treatment of solid tumors.”” CQ was
able to inhibit CXCL12-mediated invasion and proliferation of PC cells and improve
survival of tumor-bearing mice when combined with gemcitabine treatment.’® Despite its
promise, CQ is a poor (mM) inhibitor of CXCR4 when compared with existing specific nM
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inhibitors like AMD3100. Thus, we aimed to improve the CXCR4-inhibiting activity of CQ
by taking advantage of the multivalency effect by conjugating multiple CQ molecules to a
polymeric carrier. We have synthesized CQ-containing copolymers (PCQ) by
copolymerization of methacryloylated hydroxy-CQ (HCQ) and HPMA. The PCQ-1
enhanced inhibition of cancer cell migration and invasion /n vitro, and improved
antimetastatic activity /n vivo with lower toxicity when compared with the parent HCQ. The
effective inhibition of the CXCR4/CXCL12 axis has been confirmed as one mechanism of
the PCQ antimetastatic activity.”® 80 Besides HPMA-based PCQ, our group reported another
PCQ drug, chloroquine-modified hydroxyethyl starch (CQ-HES) which was synthesized by
conjugation of HES with HCQ by a carbonyldiimidazole coupling. CQ-HES was able to
target CXCR4 signaling and improve inhibition of migration and invasion of PC cells when
compared with HCQ.81 Overall, PCQ represents a new generation of safe and effective
CXCR4 inhibitors for metastatic cancer therapy.

Besides CXCR4 antagonism, CQ is also a widely used endosomolytic agent to improve in
vitro transfection of polyplexes. Simple co-transfection of polyplexes with free CQ enhances
the cytoplasmic delivery of nucleic acids.82 However, CQ co-transfection is difficult to use
in vivobecause in order to achieve the functional levels, toxic doses of CQ are required. To
overcome the limitations of CQ as endosomal agent /77 vivo, covalent conjugation of CQ to
the nanoparticles improved siRNA delivery /n vivo by enhancing endosomal escape.83 Thus,
conjugation of CQ to polycations was also expected to improve endosomal escape of
polyplexes. Hence, we aimed to prepare CQ-conjugated polycation for both CXCR4
antagonism and improved endosomal escape. We reported the synthesis of CQ-containing 2-
(dimethylamino)ethyl methacrylate (DMAEMA) copolymers (PCQ-2) by reversible
addition—fragmentation chain-transfer polymerization. After careful optimization of both
polymer molecular weight and CQ content in the polymer, the best performing PCQ-2
polyplexes presented the expected dual function through not only inhibiting the migration of
cancer cells but also facilitating the endosomal escape for cytoplasm delivery of miRNA
(Figure 7).2

RNA delivery by PCQ

After successful preparation of PCQ-2, we then aimed to deliver suitable sSiIRNA or miRNA
for cancer therapy. Intratumoral hypoxia is a hallmark of cancer due to a structurally and
functionally disturbed microcirculation, with deterioration of the diffusion geometry, and of
tumor-associated anemia.8* As a key factor in tumor progression, hypoxia induces cancer
metastasis and increases the resistance of cancer cells to chemotherapy, radiotherapy and
photodynamic therapy.85-87 Hypoxia is also able to induce and stabilize CXCR4 expression
in cancer.88: 89 MiR-210 is a major hypoxia-inducible miRNA which is overexpressed in
multiple types of cancers.90: 91 MiR-210 controls a wide range of biological processes,
including cell proliferation, apoptosis, differentiation, DNA repair, cell metabolism,
metastasis, and antitumor immune responses.®2 93 Hence, miR-210 inhibition with anti-
miR-210 provides a valid target for the treatment of cancer. Accordingly, we prepared PCQ
polyplexes to deliver anti-miR-210. Besides retaining the antimigration activity by CXCR4
antagonism, PCQ polyplexes improved the delivery of anti-miR-210 to cancer cells by
facilitating endosomal escape. Moreover, though inhibition of miR-210 function, PCQ/anti-
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miR-210 polyplexes improved anticancer activity by inducing significant cell killing in
cancer cells. These results further validate the use of PCQ as a efficacious polymeric drug
platform in combination anti-metastatic and anticancer miRNA therapeutic strategies.2!

CXCR4-TARGETED NANOPARTICLES

CXCR4 antagonist nanoparticles

Besides PCX and PCQ, other CXCR4 targeted nanoparticles have also been reported for
RNAI cancer therapy. These nanoparticles were typically formed by the physical addition of
small molecular CXCR4 inhibitor like AMD3100 to the formulation. AMD3100 can act as
both cancer targeting ligand for improved nanoparticles delivery and CXCR4 antagonism for
cancer therapy.#2: 45 60 Chen’s group reported a series of CXCR4-targeted nanoparticles
with the ability to deliver both functional siRNA and small drugs for the treatment of liver
cancer and liver fibrosis.#3 94 95 For example, a CXCR4-targeted lipid-based nanoparticles
(NP) were reported to specifically deliver vascular endothelial growth factor (VEGF) siRNA
as an antiangiogenic treatment of liver cancer. AMD3100 was added to the nanoparticles to
serve as both a targeting moiety and to enhance the antiangiogenic effect. These AMD3100-
modified NPs efficiently delivered VEGF siRNAs in liver cancer and downregulated VEGF
expression /n vitroand in vivo. The combination of CXCR4 inhibition by AMD3100 and
VEGF siRNA induced synergistic antiangiogenic effects and suppressed primary tumor
growth and distant metastasis in orthotopic liver cancer model.5°

CXCR4-silencing nanoparticles

Conclusion

SiRNA silencing of CXCRA4 also represents an additional approach to target CXCR4/
CXCL12 axis. Multiple studies reported the delivery of CXCR4 siRNA using nanoparticles.
35,62,96-98 For example, a lipid-modified polymeric carrier was developed for CXCR4
SiRNA delivery to acute myeloid leukemia (AML) cells. CXCR4 siRNA was successfully
delivered to mononuclear cells derived from AML patients, which resulted in significant
CXCR4 silencing in tested samples. Decreasing CXCR4 expression via lipopolymer/siRNA
nanocarriers was proven as a potential option for AML therapy.®2 In another study, a fusion
protein containing an anti-HER2 single-chain antibody fragment was reported to deliver
CXCRA4 siRNA for HER2™ breast cancer treatment. CXCR4 knockdown by siRNA
effectively inhibited breast tumor growth and metastasis both 7 vitroand in vivo.3

The benefits of both CXCR4 inhibition and siRNA/mMiRNA delivery for improved cancer
therapies are clearly established. This review provided an overview of emerging
nanomedicines, which use CXCR4-targeted nanocarriers to deliver functional siRNA/
miRNA for combination therapy. The dual function polymeric CXCR4 antagonists
simultaneously block the CXCR4/CXCL12 axis and deliver functional siRNA and miRNA
to cancer cells, which normally result in the inhibition of primary tumor growth and
reduction of metastasis. Using CQ as an alternative CXCR4 inhibitor allows to
advantageously combine CXCR4 antagonism with endosomolytic properties of CQ to
enhance cytoplasmic delivery of siRNA and miRNA. Besides the PCX and PCQ polymers,
CXCR4 inhibitors or CXCR4 siRNA can also be encapsulated into suitable nanocarriers for
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CXCR4 inhibition. These CXCR4 targeted nanomedicines carrying functional siRNA/
miRNA represent a promising choice for combinational cancer therapy especially metastasis
inhibition. Despite the great potential, there are still many challenges for the clinical use of
the discussed nanomedicines. Future directions will focus on improving their systemic
delivery to tumors. For example, recent studies reported that fluorination of polyplexes is
able to improve nucleic acids delivery activity while reducing toxicity mainly by increasing
stability and membranes transport properties.2%-101 Optimized fluorination of PCX is thus
expected to improve their /n vivo efficiency. Other approaches include zwitterionic
modifications,102: 103 and tumor targeting and penetrating moiety conjugation104. 105 gre
also expected to enhance systemic delivery of these nanomedicines. In addition to improving
delivery, we also aim to combine the CXCR4 targeted nanomedicines with other therapies
like immunotherapy. For example, recent studies confirm that CXCR4 inhibition is able to
boost the PD-1/PD-L1 pathway blockade immunotherapy by facilitating T cell infiltration.
15,16, 106 |ntervention of PD-1/PD-L1 pathway via RNA interference (RNAI) also represents
an effective approach to boost immunotherapy.107: 108 Accordingly, use of CXCR4 targeted
nanomedicine to deliver PD-L1 siRNA is a potent strategy for improved checkpoints
blockade immunotherapy.
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Figure 1.

Main approaches utilizing CXCR4 in cancer nanomedicine.
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Figure 2.
Gene silencing mechanisms of siRNA and miRNA. (Reprinted with permission from Ref47)
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Figure 3.
Chemical structure of (A) AMD3100 and cyclam-based polymeric CXCR4 antagonists

(PCX) and (B) hydroxychloroquine and chloroquine-based CXCR4 antagonists (PCQ) (Red
color indicates the CXCR4-binding repeating unit in the polymers).
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Figure 4.
Mechanism of action of PCX/siNCOA3 polyplexes in pancreatic cancer therapy. (Reprinted

with permission from Ref20)
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(A) Proposed mechanism of action of PCX/miR-200c polyplexes. (B) Combined inhibition

of cancer cell migration. (Reprinted with permission from Ref°8) (C) Chemical structure of

an HPMA-based self-immolative polymeric prodrug of a CXCR4 antagonist, AMD3465 (P-
SS-AMD). (Reprinted with permission from Ref®?)

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2020 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Xie et al. Page 23

CXCR4

inhibition
rPCX/RNA

...........................

" bioreducible
| backbone

e CXCR4-binding |
moiety ' Oncogene
5 silence by
) CXCR4 E ﬂhﬁ\ RNAIi
L cXcL12 f g
polyplex disassembly
Figure®6.

Proposed mechanisms of PCX/RNA polyplexes. (1) Excess PCX of the polyplexes
formulation is responsible for the immediate CXCR4 antagonism. (2) The disassembly of
polyplex releases both small RNA and PCX. Functional small RNA silences oncogene
through RNAIi mechanism. These released PCX results in delayed CXCR4 inhibition effect
via binding intracellular CXCR4 during recycling or via PCX excretion from the cells and
binding the plasma membrane CXCR4 on cancer cells. (3) In case of intracellularly
bioreducible PCX (rPCX), the small molecule degradation products containing the CXCR4-
binding cyclam moieties further contribute to the CXCR4 inhibition.
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Chloroquine containing polycation for improving endosome escape of delivered miRNA and

inhibiting cell migration. (Reprinted with permission from Ref21)
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Table 1

Example of CXCRA4-targeted nanomedicines delivering siRNA/miRNA in cancer therapy.

Page 25

Application

References

CXCR4targeting Delivery system Delivered cargo
moiety

AMD3100 Polyplexes (PCX-1) PLK1 siRNA
AMD3100 Polyplexes (PCX-1) NCOAS siRNA
Monocyclam Polyplexes (PCX-2) MiR-200c mimic
AMD3465 Polyplexes (P-SS-AMD) MiR-200c mimic
Chloroquine Polyplexes (PCQ) MiR-210 inhibitor
AMD3100 Lipid nanoparticles VEGF siRNA
Peptide Modular peptide-based carrier VEGF siRNA
CXCR4 siRNA Lipopolymer complexes CXCR4 siRNA
CXCR4 siRNA Fusion protein CXCR4 siRNA

Simultaneously inhibit migration through CXCR4
antagonism and kill cells through siPLK1 (/n vitro)

Increase tumor perfusion by sSiNCOA3,
simultaneously inhibit tumor growth and metastasis
(in vivo)

Combined inhibition of cancer cell invasiveness by
CXCR4 antagonism and EMT inhibition (in vitro)

Combined inhibition of cancer cell migration by
CXCR4 antagonism and EMT inhibition (in vitro)

Facilitate endosome escape, simultaneously inhibit
migration and kill cells (in vitro)

Overcome tumor evasion of antiangiogenic therapy,
inhibit tumor growth and metastasis (/7 vivo)

Targeted siRNA delivery into CXCR4-expressing
cancer and endothelial cells for inhibition of
migration (/n vitro)

Decrease CXCR4 expression for acute myeloid
leukemia therapy (/n vitro)

CXCR4 knockdown by siRNA effectively inhibited
breast tumor growth and metastasis (/n7 vivo)

57

20

58

59

21

60

61

62

35
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