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Abstract

Chloroquine (CQ) is a widely used antimalarial drug with emerging potential in anticancer
therapies due to its apparent inhibitory effects on CXCR4 chemokine receptor, autophagy, and
cholesterol metabolism. This study reports on polymeric CQ (pCQ) as a macromolecular drug
with antimetastatic activity. The pCQ polymers were synthesized by copolymerization of
methacryloylated hydroxy-CQ (HCQ) and A-(2-hydroxypropyl)methacrylamide (HPMA). The
results show that pCQ is significantly more effective in inhibiting cancer cell migration and
invasion when compared with the parent HCQ. The proposed mechanism of action at least
partially relies on the ability of pCQ to inhibit cell migration mediated by the CXCR4/CXCL12
pathway. The pCQ also demonstrates superior inhibitory activity over HCQ when tested in a
mouse model of experimental lung metastasis. Lastly, pCQ shows the ability to efficiently
translocate to the cytoplasm while exhibiting lower cytotoxicity than HCQ. Overall, this study
supports pCQ as a promising polymeric drug platform suitable for use in combination
antimetastatic strategies and potential use in cytoplasmic drug delivery.
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1. Introduction

The use of polymers has made remarkable contribution in pharmaceutical discovery and
development of modern drug delivery methods. Polymer applications, whether already in
clinical use or in preclinical development, range from simple functions such as providing
sustained drug release to more sophisticated uses such as targeted drug delivery [1, 2]. In
addition to the traditional use of polymers to improve safety and delivery efficacy of existing
drugs, there has been a growing interest in the development of pharmacologically active
polymers. These so-called polymeric drugs exhibit intrinsic therapeutic activity and have
been employed in the treatment of various diseases [3]. Besides altered pharmacokinetics
and biodistribution, polymeric drugs usually take advantage of multivalent interactions to
achieve improved activity when compared with small molecule drugs [4]. This is often the
result of amplified downstream signaling when compared to monovalent binding with small
molecule drugs; leading to improved and/or prolonged therapeutic effects and outcomes [5,
6].

Metastasis is the leading cause of cancer-related deaths and there is a need for the
development of novel antimetastatic strategies. Metastasis is a complex multistep process
during which cancer cells from primary tumor migrate to secondary sites to establish new
tumors. Chemokines and chemokine receptors play a prominent role in facilitating the
metastatic spread and in determining the sites to which specific cancers preferentially
metastasize [7]. Among the chemokine receptors, C-X-C receptor 4 (CXCR4) is most
commonly overexpressed in human cancers. Primary tumor cells that overexpress CXCR4
have increased tendency to metastasize to distant organs where the levels of the CXCR4
ligand CXCL12 are elevated [8]. Mounting body of evidence shows that inhibiting the
CXCR4/CXCL12 axis by CXCR4 antagonists or silencing expression of CXCR4 by siRNA,
provides significant antimetastatic effect in multiple cancer models [9]. In addition to the
only clinically used CXCR4 antagonist (AMD3100, Plerixafor), which has been on the
market since 2008, there are multiple small molecule and peptide CXCR4 antagonists in
various stages of development [10-13]. Interestingly, CXCR4 antagonism of chloroquine
(CQ) and its derivatives has been recently reported [14, 15], offering a pathway to
repurposing CQ for antimetastatic therapies.

CQ is a classic antimalarial drug that has been in clinical use for decades. CQ was developed
from natural product quinine eighty years ago and is still widely used for the control of
malaria worldwide. Besides its antimalarial properties, a broader spectrum of CQ
pharmacological activities, including anti-inflammatory and anticancer activity has been
discovered and explored over the years [16, 17]. CQ, and its derivatives like
hydroxychloroquine (HCQ), have also been recognized as effective autophagy inhibitors that
exhibit beneficial anticancer properties [18, 19]. Autophagy controls cellular homeostasis by
lysosomal degradation of cytoplasmic components, including invading pathogens, cytotoxic
proteins and damaged organelles. In cancer, autophagy provides a survival mechanism to
allow cancer cells to support proliferation during metabolic stress [20]. Inhibition of
autophagy by CQ can reverse the process and suppress the proliferation of cancer cells.
Although CQ and HCQ were initially tested in cancer treatment due to their ability to inhibit
autophagy, we now know that their therapeutic effect depends on other mechanisms as well
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[21-23]. For example, a recent report revealed that CQ-induced cancer cell death was related
to its inhibitory effects on cholesterol metabolism [24]. Taking advantage of its recently
uncovered CXCR4 antagonism, CQ was able to inhibit CXCR4/CXCL12-mediated
pancreatic cancer cell invasion and proliferation in vitro, to eliminate established tumors,
and to improve overall survival when combined with gemcitabine in vivo [15]. Taken
together, CQ is a promising multi-functional agent that is well-suited for development of
novel combination anticancer strategies.

In this study, we report on the properties of polymeric CQ (pCQ) as a macromolecular
inhibitor of cancer metastasis and a potential carrier to improve cytoplasmic drug delivery.
The pCQ polymers were synthesized by a copolymerization of A-(2-
hydroxypropyl)methacrylamide (HPMA) with methacryloylated HCQ (MA-CQ). We
present data evaluating pCQ as inhibitor of cancer cell migration and invasion in vitro and its
antimetastatic activity in vivo in experimental lung metastasis model of breast cancer.
Intracellular trafficking of pCQ was evaluated to determine the ability of the polymers to
translocate to the cytoplasm.

2. Materials and Methods

2.1. Materials

Hydroxychloroquine (HCQ) sulfate (98%), trimethylamine, crystal violet, DMSO-d6
(99.8%) and chloroform-d (99.8%) were obtained from Acros Organics (Fisher Scientific,
Pittsburgh, PA). Sodium acetate, dichloromethane (DCM), chloroform, methanol (MeOH),
acetonitrile (HPLC grade) were from Fisher Scientific. Rhodamine isothiocyanate mixed
isomers (RBITC), trifluoroacetic acid (TFA) and 2,2"-azobisisobutyronitrile (AIBN) were
purchased from Sigma Aldrich (St. Louis, MO). A-(2-hydroxypropyl)methacrylamide
(HPMA) and A-(3-aminopropyl)methacrylamide hydrochloride (APMA-HCI) were
purchased from Polysciences (Warrington, PA). Hoechst 33342, nitrocellulose membrane,
Novex 10% Tris-Glycine Midi Protein Gels and 12% Tris-Glycine Midi Protein Gels were
purchased from Invitrogen (Carlsbad, CA). Phosphate buffered saline (PBS), Dulbecco's
Modified Eagle Medium (DMEM), sodium pyruvate, essential amino acids and non-
essential amino acids were from Hyclone (Logan, UT). Fetal bovine serum (FBS) was from
Atlanta Biologicals (Flowery Branch, GA). Eagle’s Minimum Essential Medium (EMEM)
was from ATCC (Manassas, VA). Gentamicin, enzyme-free cell dissociation buffer and
F-12K medium were purchased from Gibco (Life Technologies, Grand Island, NY). Protease
and phosphatase inhibitor cocktail, Pierce bicinchoninic acid (BCA) protein assay, RIPA
buffer and Pierce ECL Western Blotting Substrate were was purchased from
ThermoScientific (Waltham, MA). LC3B antibody, phospho-p44/42 MAPK (pERK) rabbit
antibody, p44/42 MAPK (ERK) rabbit antibody, GAPDH rabbit antibody and anti-rabbit
1gG, HRP-linked antibody were purchased from Cell Signaling Technology (Beverly, MA).
Allophycocyanin (APC) mouse B anti-human CD184 and APC mouse 1gG2a, « isotype
control were purchased from BD Biosciences (San Jose, CA). Human and mouse CXCL12
were purchased from Shenandoah Biotechnology (Warwick, PA). Laemmli sample buffer
and 2-mercaptoethanol were purchased from Bio-rad (Hercules, CA).
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2.2. Synthesis of polymers

Synthesis of pCQ—The pCQ copolymers with different CQ content were synthesized as
previously reported (Scheme 1) [25]. Briefly, HCQ-HCI was converted to a base form using
ammonium hydroxide and HCQ was extracted into DCM and dried. MA-CQ was prepared
by dropwise addition of methacryloyl chloride in chloroform to a mixture of ice-cold HCQ
and triethylamine in chloroform under vigorous stirring. The reaction mixture was washed
with saturated sodium bicarbonate solution and concentrated. MA-CQ was purified by flash
chromatography with DCM:MeOH (10:1). The pCQ were prepared by polymerization of
different molar ratios of MA-CQ and HPMA with AIBN as initiator in MeOH at 55 °C
under N5 overnight. The polymers were precipitated twice in cold diethyl ether, followed by
dialysis against water for 3 days (membrane molecular weight cut-off 8,000). The final
polymers were obtained by lyophilization.

Synthesis of fluorescently labeled poly(HPMA) (F-pHPMA)—HPMA (143 mg, 1
mmol), APMA-HCI (3.8 mg, 0.02 mmol) and AIBN (8.4 mg, 0.05 mmol) were dissolved in
MeOH (1 mL), purged with N, for 30 min, and the reaction mixture was stirred at 55 °C
overnight. After double precipitation in cold diethyl ether, dialysis, and lyophilization, the
polymer was obtained as white solid (p0HPMA-amine, 78 mg, 53%). RBITC (10.7 mg, 0.02
mmol), pHPMA-amine (29 mg) and triethylamine (30 pL, 0.2 mmol) were dissolved in
DMSO (0.5 mL) and stirred at room temperature for 48 h. The resulting solution was
dialyzed against MeOH for 2 days and then against water for 5 days to remove unreacted
RBITC. The F-pHPMA was obtained as dark red solid (25 mg) after lyophilization.

Synthesis of F-pCQ10.0—HPMA (123 mg, 0.86 mmol), APMA-HCI (3.6 mg, 0.02
mmol), MA-CQ (48.5 mg, 0.12 mmol) and AIBN (8.2 mg, 0.05mmol) were polymerized,
purified and conjugated with RBITC following the F-pHPMA procedure above to obtain
fluorescently labeled pCQ10.0 (F-pCQ10.0).

1H-NMR (Bruker Avance-I1I HD 500 MHz) was used to analyze the composition of all
polymers and the data were analyzed by Topspin 3.5 and MestReNova 9.0 software. The
molecular weights of all polymers were analyzed by gel permeation chromatography (GPC)
operated in 0.1 M sodium acetate buffer (pH 5.0) using Agilent 1260 Infinity LC system
equipped with a miniDAWN TREOS multi-angle light scattering (MALS) detector and a
Optilab T-rEX refractive index detector (Wyatt Technology, Santa Barbara, CA). The
column used was TSKgel G3000PWXL-CP (Tosoh Bioscience LLC, King of Prussia, PA) at
a flow rate of 0.5 mL/min. Results were analyzed using Astra 6.1 software from Wyatt
Technology. The degree of polymerization was calculated from the GPC and 'H-NMR data.
High-performance liquid chromatography (HPLC) was used to confirm the complete
removal of RBITC by using Agilent 1260 Infinity LC system and UV detector at 220 nm.
The Agilent Eclipse Plus C18 (5 um, 4.6 x 150 mm) column was used at a flow rate of 1
mL/min with a 5-100% gradient of acetonitrile in water (0.01% TFA).

2.3. Cell culture

Human epithelial osteosarcoma U20S cells stably expressing functional EGFP-CXCR4
fusion protein were purchased from Fisher Scientific and cultured in DMEM supplemented
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with 2 mM L-glutamine, 1% Pen-Strep, 0.5 mg/mL G418 and 10% FBS. Mouse breast
carcinoma 4T1 was a kind gift from Dr. Fred Miller (Wayne State University) and cultured
in DMEM supplemented with 2 mM L-glutamine, 1 mM sodium pyruvate, essential amino
acids, non-essential amino acids, gentamycin (0.2 mg/mL) and 10% FBS. Human
hepatocellular carcinoma HepG2 cell line was purchased from ATCC (Manassas, VA) and
cultured in EMEM with 10% FBS. A549 cells were from Dr. Hillman (Wayne State
University) and cultured in F12-K medium with 10 % FBS and 1% Pen-Strep. All cells were
maintained in an incubator at 37 °C and 5% CO,.

2.4. Cytotoxicity

Cytotoxicity was determined using CellTiter-Blue Cell Viability Assay (Promega, Madison,
WI) in U20S, 4T1 and HepG2 cells according to the manufacturer’s protocol. Cells were
seeded in 96-well plates 24 h prior to treatment at a density of 6,000 cells/well for U20S,
3,000 cells/well for 4T1, and 4,000 cells/well for HepG2. The medium was then replaced by
100 pL of serial dilutions of HCQ, pHPMA and pCQ in complete cell culture medium and
the cells were incubated for 24 h. To measure cell viability, polymer/drug-containing
medium was replaced with a mixture of 100 pL culture medium and 20 pL of CellTiter-Blue
reagent and the cells were incubated for another 1 h. The fluorescence intensity [I] was
measured using SpectraMaxM5e Multi-Mode microplate Reader (Molecular Devices, CA)
at 560g,/590gm,. The relative cell viability (%) was calculated as [reated/[untreated %

100 %.

2.5. Inhibition of autophagy

Western blot was used to measure the effect of pCQ on autophagy in U20S and 4T1 cells.
Cells were treated with HCQ, pCQZ10.0 or pCQ16.7 for 24 h, and then washed with cold
PBS, and lysed in ice-cold lysis buffer containing protease and phosphatase inhibitors for 30
min. The lysate was centrifuged at 15,000 rpm for 10 min at 4 °C to collect the supernatant.
Total protein was extracted with Laemmli lysis buffer according to the suggested protocol
and the protein concentration was quantified by the BCA assay. The samples were then
loaded and separated on SDS/PAGE gel, transferred to nitrocellulose membranes followed
by probing with LC3B antibody and incubation with anti-rabbit IgG HRP-linked antibody.
GAPDH was used as a housekeeping control. Quantification of LC3B levels was performed
by ImageJ. The results are shown as mean of duplicate experiment (n=2).

2.6. Intracellular trafficking

U20S, 4T1 and A549 cells were seeded 18 h prior to treatment at a density of 50,000 cells
per confocal chamber. Then, cells were washed twice with PBS and incubated with culturing
media containing Rhodamine-labeled pCQ (F-pCQ10.0) for 24 h. Rhodamine-labeled
pHPMA (F-pHPMA) was used as a control either alone or co-incubated with pCQ16.7 or
HCQ. Cells were washed five times with PBS and fixed with 4% paraformaldehyde at room
temperature for 20 min. Fixed cells were washed four times with PBS and nuclei were
stained with 1 pM Hoechst 33258 solution for 30 min before imaging. The images were
obtained using Zeiss 800 Airyscan Microscope coupled with 63x oil objective and z-axis
motor.
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2.7. Quantification of cell surface expression of CXCR4

U20S cells were seeded in T25 culturing flask 18 h prior to treatment. Cells were treated
with different concentrations of HCQ, pHPMA and pCQ in HEPES-buffered low-serum
medium (DMEM supplemented with 2 mM L-glutamine, 1% penicillin-streptomycin, 1%
FBS and 10 mM HEPES) for 90 min and 24 h before flow cytometry analysis. After
washing with PBS, cells were dissociated by enzyme-free cell dissociation buffer and
stained with allophycocyanin (APC) Mouse B Anti-Human CD184 and APC Mouse 1gG2a,
x Isotype Control according to the suggested protocol. FACSCalibur was used to analyze the
cells (10,000 events per sample), and data were processed using FlowJo software V7.6.1.

2.8. CXCR4 redistribution assay

U20S cells stably expressing EGFP-CXCR4 were seeded at a density of 50,000 cells per
confocal chamber (Lab-Tek Chambered #1.0 Borosilicate Coverglass 4 chamber System) 18
h prior to treatment. Cells were washed twice with 0.5 mL PBS and incubated with HEPES-
buffered low-serum medium with HCQ (300 nM) or pCQ16.7 (100 uM) for 30 min before 1
h exposure to CXCL12 (10 nM). Then cells were washed five times using PBS and fixed
with 4% paraformaldehyde at room temperature for 20 min. Fixed cells were then washed
four times with PBS and stained with 1 uM Hoechst 33258 solution for 30 min before
imaging. The images were obtained using Zeiss 800 Airyscan Microscope coupled with 63x
oil objective and z-axis motor.

2.9. CXCL12-induced cell invasion

Porous transwell inserts (pore size 8 pm, Falcon) were coated with 40 pL ice-cold diluted
Matrigel (1:3 v/v with serum-free medium) and placed in 37 °C incubator for 2 h. U20S
cells were trypsinized and resuspended in serum-free medium containing HCQ, pCQ or
AMD3100 for 15 min before adding to the inserts at a final concentration of 100,000 cells in
300 pL medium. Inserts were placed in a 24-well companion plate containing 20 nM
CXCL12 in serum-free medium in each well. The cells were then incubated at 37 °C and
allowed to invade through the Matrigel-coated insert membrane for 18 h. The non-invaded
cells on the upper side of the insert membrane were removed by cotton swabs and the
invaded cells attached on the bottom surface were fixed in 100% methanol and stained with
0.2% Crystal Violet solution for 15 min at room temperature. Five different areas under 20x
or 40x magnification were randomly selected and imaged using EVOS xI microscope. The
number of invaded cells in each area was counted and the results were expressed as average
number of invaded cells/imaging area + SD (n = 5).

2.10. Inhibition of ERK activation

Western blot was used to evaluate the effect of pCQ on inhibiting the phosphorylation of
ERK induced by CXCL12 in 4T1 cells. The cells (5x10%) were seeded 16 h prior to the
treatment. The cells were washed with PBS, and incubated with AMD3100 (300 nM), HCQ,
or pCQ in serum-free medium for 4 h before 20 min incubation with mouse CXCL12 (100
ng/mL). Total protein was extracted as above and separated by SDS-PAGE. The samples
were transferred to nitrocellulose membrane, followed by probing with pERK antibody and
incubation with HRP-linked secondary antibody. GAPDH and Erk were used as
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housekeeping controls. Quantification of the band intensities was performed by ImageJ. The
results are shown as mean of duplicate experiment (n=2).

2.11. Serum-induced cell migration

4T1 cells were trypsinized, washed with PBS, and suspended in serum-free medium
containing HCQ, pCQ or AMD3100 for 20 min before adding to the transwell inserts at a
final concentration of 50,000 cells in 300 uL medium. Inserts were then placed in a 24-well
companion plate containing medium with 10% FBS in each well. The cells were then
incubated at 37 °C and allowed to migrate through the insert membrane for 8 h. The non-
migrated cells on the upper side of the membrane were removed by cotton swabs and the
migrated cells attached on the bottom surface were fixed, stained, imaged and counted as
described above. Results were expressed as average number of migrated cells/imaging area
+SD (n=6).

2.12. Antimetastatic activity in vivo

All animal experiments followed a protocol approved by the University of Nebraska Medical
Center (UNMC) Institutional Animal Care and Use Committee. Animals were placed in a
facility accredited by the Association for Assessment and Accreditation of Laboratory
Animal Care upon arrival. A total of 40 female Balb/c mice (8 weeks old) were randomly
assigned into five groups (n=8). Half a million 4T1 cells were treated with HCQ (20 uM),
pCQ10.0 (100 uM) or pCQ16.7 (100 uM) for 4 h before intravenous injection via the tail
vein (in 100 pL PBS). The animals were then intravenously administrated with HCQ (10
mg/kg or 30 mg/kg), pCQ10.0 (10 mg/kg), or pCQ16.7 (10 mg/kg) on day 3, 5, 7 and 9 for a
total of four doses. The animals were sacrificed on day 11, and the lungs were inflated with
30% sucrose followed by fixation in Bouin’s solution for 18 h. The lungs were then stored in
70% ethanol before further tissue processing. Each of the five lobes was separated and all
surface tumors counted using dissecting microscope. After counting, the lungs were
sectioned and stained with H&E at the UNMC core facility. Major other organs, including
heart, liver, spleen and kidneys were also harvested, fixed in 4% paraformaldehyde,
sectioned and stained with H&E. Blinded histological analysis of the tissues was conducted
by a trained pathologist at the UNMC core facility.

2.13. Statistical analysis

Results are presented as mean = standard deviation (SD). The Student’s t-test was used to
determine the statistical significance of the results obtained in all the studies of this proposal
when assessing differences between two groups; ANOVA was used to determine differences
among multiple groups. All statistical analysis was performed using Graphpad Prism v5. A
value of p < 0.05 was considered statistically significant.

3. Results and Discussion

We recently reported synthesis of pCQ (Scheme 1) as a potential polymeric drug that takes
advantage of the multivalency effect to enhance the ability of CQ to inhibit CXCR4-
mediated invasion of lymphoma and leukemia cells [25]. We found that pCQ with 10 and
16.7 mol% of MA-CQ exhibited the most favorable activity profile in leukemia and

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



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuetal.

Page 8

lymphoma cells in vitro. In the present study, we extend our investigations to establish
antimetastatic activity of pCQ in experimental lung metastasis model in vivo and to
elucidate the mechanism of action of pCQ.

3.1. Synthesis and characterization of pCQ

Table 1 shows properties of all the polymers used in this study. In addition to the two pCQ
(pCQ10.0 and pCQ16.7), we have synthesized pHPMA as a negative control. To enable
tracking of the intracellular fate of pCQ, we synthesized a fluorescently-labeled pCQ
derivative (F-pCQ210.0) and fluorescently labeled pHPMA (F-pHPMA). To fluorescently
label the polymers with rhodamine, we included APMA in the polymerization mixture to
introduce primary amines into the polymer structure. The primary amines were then reacted
with RBITC. The rhodamine B (RBITC) content in the polymers was analyzed by
measuring absorbance at 544 nm. There were 2.5 and 3.6 rhodamine B molecules present in
average F-pCQ10.0 and F-pHPMA macromolecule, respectively.

3.2 Cytotoxicity of pCQ

Before evaluating therapeutic activity of pCQ, we first examined its cytotoxicity in three
different cell lines using CellTiter-Blue Assay. In addition to the breast cancer cell line 4T1
and osteosarcoma cell line U20S, we also included human hepatocellular carcinoma cell
line HepG2, which is a well-established and frequently used in vitro toxicity model for drug
screening. As shown in Figure 1, HCQ exhibited cytotoxicity in all three cell lines, with
IC50 of 22, 28 and 42 pg/mL in 4T1, U20S and HepG2 cells, respectively. The
corresponding 1C50 values expressed as molar concentrations were 70, 88 and 130 UM,
respectively. In contrast to HCQ, both pCQ showed remarkably lowered cytotoxicity.
pCQ16.7 had an estimated 1C50 >2,000 pug/mL in all three cell lines and the estimated IC50
for pCQ10.0 was >3,000 ug/mL. pHPMA exhibited no toxicity in any of the cell lines within
the tested concentration range. Considering the content of HPMA in pCQ, we also compared
the cytotoxicity in terms of equivalent CQ concentrations. Both pCQ polymers demonstrated
no toxicity at equivalent CQ concentration of 100 pM and 1C50 was >1,500 uM CQ
equivalent in all three cell lines. Based on the cytotoxicity findings, we selected 20 yM HCQ
as a safe dose for subsequent biological studies. Concentrations up to 100 uM CQ equivalent
were considered as safe for the pCQ polymers. HPMA copolymers are known to be non-
toxic and non-immunogenic and have been widely applied as drug carriers for both small
molecule drugs and biomacromolecules [26, 27]. Here we have shown that incorporation of
CQ into HPMA copolymers greatly improves its safety in multiple cell lines.

3.3. Effect of pCQ on autophagy

With the goal of assessing possible differences in the mechanism of action between pCQ and
CQ, we first evaluated the effect of pCQ on autophagy in U20S and 4T1 cells. Autophagy is
a cell survival mechanism that utilizes degradation and recycling of cellular proteins and
cytoplasmic organelles. Damaged proteins or dysfunctional organelles are sequestered into
autophagosomes, which then fuse with lysosomes to form autolysosomes where the contents
are degraded and recycled. Autophagy is often upregulated in cancers because cancer cells
use this mechanism to survive stress and starvation in the tumor microenvironment.
Upregulation of autophagy promotes tumorigenesis and tumor aggressiveness [28, 29]. CQ
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is among several autophagy inhibitors that have been tested in combination with other
anticancer drugs [18, 19, 24, 30, 31]. Although the mechanism of action is still not fully
understood, CQ is believed to inhibit autophagy in cancer cells by preventing the fusion of
autophagosomes and lysosomes. To investigate the effect of pCQ on autophagy, we
performed Western blot to quantify the levels of autophagy marker LC3 (microtubule-
associated protein 1A/1B-light chain 3). The cytosolic form of LC3 (LC3-I) is converted
into LC3-11, which is bound to the autophagosomal membrane, indicating autophagic
activity. Monitoring degradation of LC3-11 serves as a convenient measure of autophagic
activity [32]. The LC3-I1 degradation is blocked when cells are treated with CQ, which
inhibits lysosomal acidification and leads to the accumulation of LC3-11 in the cells (Figure
2A). Our results show that HCQ treatment resulted in substantial inhibitory activity
indicated by the elevated levels of LC3-11 in both cell lines. In contrast, pCQ showed only a
modest autophagy inhibition in 4T1 cells and no inhibitory activity was observed in U20S
cells. The relative expression of LC3-I1 and total LC3 expression (i.e., LC3-1 + LC3-11) were
quantified from the Western blots (Figure 2B). HCQ treatment significantly increased LC3-
Il expression in both cell lines, with a 4-fold increase observed in 4T1 cells. In contrast, only
1.7- and 1.9-fold increase in LC3-11 expression was observed in 4T1 cells treated with
pCQ10.0 and pCQ16.7, respectively. Because of the very low LC3-11 expression in untreated
cells, we have quantified total LC3 levels in the U20S cells. HCQ treatment resulted in a 5-
fold increase in the total LC3 expression, with majority of the increase attributed to the LC3-
I1. A small non-significant increase (~1.1-fold) in LC3 expression was seen in pCQ-treated
U20S cells. These results clearly suggest that incorporation of HCQ into a polymer results
in a significant loss of the underlying autophagy inhibitory activity.

3.4 Intracellular trafficking of pCQ

One of the most challenging tasks in therapeutic delivery of macromolecules and
nanoparticles is the ability to traverse cell membranes and to gain access to the cytoplasm.
Macromolecular drug delivery systems are typically internalized by endocytosis and
subsequently sequestered by lysosomes [33—-35]. The ability to avoid or escape the endo/
lysosomal pathway remains a major challenge. CQ is one of the most intensively studied
lysosomolytic agents that rely on endo/lysosomal buffering and osmotic imbalance to cause
release of lysosomal contents into the cytoplasm [36, 37]. The ability of CQ to inhibit
autophagy is directly related with its lysosomal tropism [38]. CQ is a lipophilic weak base
that enters the cells and accumulates in the endosomes and lysosomes as a result of its
protonation in the acidic environment. The function of CQ is highly dependent on its
concentration. Low concentrations of CQ inhibit acidification of endosomes, which prevents
endosome maturation. High concentrations of CQ may lead to endosomal and lysosomal
swelling and rupture of the vesicles [39]. This property has been widely used to promote
endosomal escape and efficient delivery of various biologicals, including proteins [37] and
nucleic acids [40-42]. However, high and often toxic concentrations of CQ are needed to
achieve endosomal escape which severely limits the use of CQ in the in vivo applications
[43, 44].

The low activity of pCQ in inhibiting autophagy suggested altered intracellular trafficking as
one of the possible reasons for the differences between HCQ and pCQ. We used confocal
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microscopy to investigate the intracellular fate of the pCQ. We first treated cells with F-
pCQ10.0 and F-pHPMA for 24 h prior to imaging. Three different cell lines were tested,
including U20S, 4T1 and a human lung cancer cell line A549 to determine if there are any
cell-dependent differences in the intracellular trafficking of the polymers. As shown in
Figure 3, very low levels of accumulation of F-pHPMA were observed in the endo/
lysosomes indicated by the punctate pattern of the red fluorescence. No detectable
endosomal escape was seen even after 24 h. In a striking contrast, F-pCQ210.0 exhibited
substantially different intracellular trafficking behavior. F-pCQ10.0 was extensively and
evenly distributed in the cytoplasm, with no indication of lysosomal sequestration. The
cytosolic distribution was cell line-independent and could be observed from early time
points (2 h) of incubation (Figure S1).

In order to better understand the mechanism of the cytoplasmic translocation of pCQ, we co-
incubated fluorescently labeled F-pHPMA with non-labeled pCQ (100 uM) or HCQ (20
UM). In both cases, we observed mostly punctate distribution of red fluorescence similar to
F-pHPMA alone. Marginal cytosolic distribution of red fluorescence was observed in the
case of F-pHPMA co-incubated with HCQ, suggesting that the local concentration of HCQ
was able to slow down the maturation of endosomes but not high enough to trigger
endosomal rupture and cytosolic release of the F-pHPMA [45, 46]. Interestingly, HCQ
treatment increased the amount of F-pHPMA found in the cells after 24 h incubation when
compared to cells treated with F-pHPMA alone. While it is possible that HCQ increased the
cell uptake of F-pHPMA, we believe the observation is more likely a result of impaired
endosomal recycling and an increased retention of the polymer in lysosomes of cells treated
with HCQ [47-49]. The lack of cytoplasmic localization of F-pHPMA when co-incubated
with pCQ suggested that pCQ most likely does not cause extensive endo/lysosomal rupture
that would release the content of the vesicles into the cytoplasm. Instead, the results pointed
to a pH-dependent membrane activity of pCQ that allows its translocation across endosomal
membrane without significant membrane disruption. This hypothesis is supported by the
results of a liposomal calcein leakage assay which showed only a modest dye release from
the liposomes treated with pCQ (Figure S2). It is likely that the structure of pCQ with its
hydrophobic backbone and pH-sensitive CQ side chains facilitates interaction with the
endosomal membrane and cytoplasmic translocation of the copolymer. The confocal
microscopy results provide evidence and possible explanation for the pCQ’s lack of
inhibitory effect on autophagy and their low cytotoxicity. Unlike HCQ, pCQ does not seem
to accumulate in the lysosomes, which leads to poor inhibition of autophagy. To the best of
our knowledge, such intriguing intracellular behavior of synthetic polymers has not been
reported previously and the results encourage further exploration of the pCQ as a
cytoplasmic drug delivery carrier.

3.5. Effect of pCQ on cell surface expression of CXCR4

CQ was suggested as a CXCR4 antagonist in various types of cancers only recently [14, 15].
Traditional CXCR4 antagonists like AMD3100 exert their function by specifically binding
with the CXCR4 receptors located on the cell surface, thus preventing binding of the
chemokine ligand CXCL12. This inhibition of CXCL12 binding then prevents CXCR4
receptor internalization and suppresses activation of the related downstream signaling
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cascades. CQ and HCQ on the other hand, appear to promote internalization of the surface
CXCR4 receptors and their sequestration in the lysosomes, which then makes the receptors
inaccessible for binding with extracellular CXCL12 chemokine molecules [15, 25].

To investigate the effect of pCQ on CXCR4 inhibition, we used flow cytometry to quantify
the changes in the surface expression of the CXCR4 receptor in U20S cells after treatment
with pCQ. The cells were treated with AMD3100, pCQ, HCQ, and pHPMA for 1.5 h and 24
h prior to incubation with anti-CXCR4 antibody. As shown in Figure 4, treatment with the
CXCR4-binding compound AMD3100 resulted in a significant decrease in the amount of
detectable CXCR4 receptors on the cell surface. In contrast, HCQ (20 uM) did not cause any
significant change in the levels of surface CXCR4 receptors. After 1.5 h of incubation, cells
treated with pCQ10.0 exhibited no decrease in the levels of CXCR4 surface expression,
while pCQ16.7 resulted in a significant decrease even at this early time point. The reduction
in surface CXCR4 receptor expression with both pCQ210.0 and pCQ16.7 became more
pronounced after 24 h. In addition, higher concentrations of pCQ (100 pM HCQ equivalent)
also resulted in a more pronounced decrease in the cell surface CXCR4 levels. As expected,
pHPMA did not show any effect on the surface CXCR4 expression. All these data suggest
that pCQ is considerably more effective in reducing cell surface CXCR4 than HCQ and that
its effect is dependent on the concentration, HCQ content, and time of incubation.

Further analysis of how pCQ affects the decrease of cell surface CXCR4 expression upon
stimulation with CXCL12 was conducted using CXCR4 redistribution assay (Figure 5A).
U20S cells expressing EGFP-CXCR4 allow easy tracking of the CXCR4 intracellular
distribution. Incubation of the cells with the CXCR4 ligand CXCL12 causes redistribution
of the receptor from plasma membrane into intracellular vesicles. This process is prevented
by AMD3100 as it binds CXCR4 expressed on the cell surface. The fact that AMD3100
restricts localization of the CXCR4 receptor to the cell surface suggests that the apparent
decrease in cell surface expression of CXCR4 determined by flow cytometry in Figure 4 is
simply a result of AMD3100 preventing binding of the staining anti-CXCR4 antibody to the
receptor. In contrast, pCQ promotes CXCR4 internalization into intracellular vesicles, which
makes the receptor inaccessible for binding with extracellular CXCL12. These results
suggest that pCQ may inhibit CXCR4/CXCL12-mediated processes using a different
mechanism of action than traditional CXCR4 antagonists like AMD3100. To further support
this hypothesis, we also determined the cell surface expression of CXCR4 in the presence of
CXCL12 (Figure 5B). Upon stimulation with CXCL12, a decrease of surface CXCR4
expression was observed, confirming the data in Figure 5A. Cells treated with CXCL12 and
the antagonist AMD3100 showed enhanced CXCR4 surface expression when compared
with CXCL12-treated cells and the levels were similar to those observed in Figure 4. In
contrast, treatment with CXCL12 and pCQ16.7 resulted in further reduction in surface
CXCR4 expression, confirming enhanced intracellular localization of the CXCR4 receptors.

3.6. Inhibition of the CXCR4/CXCL12 axis by pCQ

The important role of CXCR4/CXCL12 axis as a therapeutic target is often highlighted by
its ability to promote migration and invasion of cancer cells as an important step in
metastasis. Here, we evaluated in vitro activity of pCQ in transwell cell migration and
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invasion assays. We first applied CXCL12 as chemoattractant in cell invasion of the
CXCR4-averexpressing U20S cells through a layer of Matrigel (Figure 6). The results
showed that both pCQ10.0 and pCQ16.7 were able to completely inhibit CXCL12-induced
cell invasion at 100 uM concentration. The inhibitory activity was not only considerably
higher than activity achieved with safe concentrations of HCQ (~28% inhibition), but even
better than the activity of the positive control AMD3100 which showed about 77%
inhibition.

The effect of pCQ on inhibiting CXCL4/CXCL12 chemokine axis was also evaluated by
examining the activity on downstream signaling targets of CXCR4. ERK is one of the key
downstream targets phosphorylated upon CXCR4 activation by CXCL12. Upregulation of
pPERK is directly associated with cancer cell migration and invasion [50]. Here, 4T1 cells
were treated with AMD3100 (300 nM), HCQ (20 uM), or pCQ (100 uM) for 4 h followed
by 20 min incubation with CXCL12 before Western blot analysis. As shown in Figure 7,
PERK levels more than doubled after CXCL12 stimulation, and AMD3100 could inhibit the
process. HCQ showed weaker inhibitory effect on pERK than AMD3100. In contrast, both
pCQ10.0 and pCQ16.7 markedly decreased pERK levels, even more so than AMD3100.
This finding provides supporting evidence that the mechanism of action of pCQ involves
regulating the CXCR4/CXCL12 chemokine axis. The U20S cells used in this study have
impaired ERK signaling and were thus not used in this experiment.

To further investigate if the inhibitory effect of pCQ on cancer cell motility observed in
Figure 6 was specifically due to CXCR4 inhibition, we also performed a transwell migration
assay using FBS as the chemoattractant. FBS contains a complex mixture of proteins that
serve as chemoattractants for cancer cells. 4T1 cells were treated with pCQ, HCQ, and
AMD3100 and allowed to migrate through the membrane inserts for 8 h (Figure 8). Specific
CXCR4 inhibitor AMD3100 showed no inhibition of FBS-induced cell migration despite the
high concentration (20 uM) used. In contrast, treatment with HCQ decreased cell migration
by ~26%. Both pCQ10.0 and pCQ16.7 demonstrated even greater inhibition of the cell
migration than HCQ. For example, pCQ10.0 decreased cell migration by 63% at 20 uM and
by 86% at 100 pM. These results suggest that the inhibitory activity of pCQ in the cell
migration and invasion studies is not CXCR4/CXCL12 specific. It appears that pCQ exerts
its effect in a relatively non-specific and broad way that includes effects on other signaling
pathways responsible for cancer cell motility.

3.7. Antimetastatic activity of pCQ

To investigate if the ability of pCQ to inhibit cancer cell migration and invasion in vitro
translates into decreased metastasis in vivo, we used an experimental lung metastasis model
of the 4T1 breast cancer. In this model, cancer cells are injected intravenously (i.v.) to
colonize the lung and form lung metastasis. After the cell injection, the treatments were
given via tail vein i.v. injection. The following five experimental groups were tested: (i)
untreated (saline), (ii) HCQ (low dose, 10 mg/kg body weight), (iii) HCQ (high dose, 30 mg/
kg), (iv) pCQ10.0 (10 mg/kg HCQ equivalent), and (v) pCQ16.7 (10 mg/kg HCQ
equivalent). The lung tumors were allowed to grow for 11 days and the mice were sacrificed.
The total tumor burden in the lungs was quantified by counting total number of visible
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surface lung metastases (regardless of their size) and further analyzed by H&E staining of
lung tissue sections. As shown in Figure 9A, treatment with low dose HCQ exhibited no
activity, while the high dose HCQ treatment resulted in a decreased number of surface lung
metastatic lesions compared to the untreated group, however the difference was not
statistically significant. The results with pCQ showed that pCQ16.7 had the highest
antimetastatic activity even though only a low dose (10 mg/kg HCQ equivalent) was used.
This antimetastatic inhibitory effect was higher even than the control HCQ used at the high
dose. Interestingly, pCQZ10.0 had no significant effect on the number of lung metastases but
the size of the lung tumors in animals treated with pCQZ10.0 was smaller than in the
untreated animals. The low in vivo activity of pCQ10.0 was likely due to insufficient dose
and less pronounced and slower effect on changes in the CXCR4 surface expression as
suggested by the results in Figure 4.

In addition to surface lung metastases, we also evaluated the tumor burden in the lungs by
histopathological analysis (Figure 9B). H&E staining of the lung sections revealed that the
number of metastases in the lungs correlated well with the number of surface lesions.
Treatment with pCQ16.7 resulted not only in a decreased number of metastases in the lung,
but also smaller sizes of the metastases. Untreated animals typically exhibit signs of
mortality related to the tumor burden in the lungs around 14-18 days after injection of the
4T1 cells. We therefore expect the pCQ treatment may improve animal survival since we
observed significantly reduced tumor burden in the lungs as late as day 11. These in vivo
results provide important evidence for antimetastatic activity of pCQ16.7 in 4T1 lung
metastatic model, which is one of the most aggressive cancer models in mice. The
significant enhancement of antimetastatic activity of pCQ16.7 compared with HCQ was
confirmed not only by the overall decrease in the lung metastases, but also by the ability to
achieve such effect at a much lower dose than HCQ.

3.8. Toxicity of pCQ in vivo

Although exhibiting significantly lowered toxicity in vitro compared with HCQ, it was
important to investigate the possible toxicity of pCQ in vivo. As illustrated in Figure 10A,
no apparent loss of body weight was observed in any of the treatment groups until the end of
the experiment, indicating that pCQ is well tolerated when given systemically. To further
explore the effect on major organs including heart, liver, spleen and kidney, a blinded
histopathological examination on H&E stained tissue sections was performed by a
pathologist (Figure 10B). No significant morphological differences or tissue damage were
observed in any of the treatment groups when compared with the untreated controls. These
results confirm safety of pCQ16.7 after multiple administered doses in vivo.

4. Conclusions

We developed CQ-based polymeric drugs with antimetastatic activity and ability to
effectively translocate to the cytoplasm. The pCQ exhibited lowered cytotoxicity, enhanced
inhibition of cancer cell migration and invasion, and improved antimetastatic activity /in vivo
when compared with parent HCQ. Although not fully understood yet, our results revealed
that pCQ mechanism of action involves, in part, inhibition of the CXCR4/CXCL12
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chemokine axis. More importantly, pCQ shows the ability to efficiently translocate to the
cytoplasm, suggesting a promise as a potential delivery platform for combination anticancer
therapy to achieve simultaneous antimetastatic effect and cytoplasmic drug delivery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Cytotoxicity of pCQ. Cell viability of pCQ, HCQ and pHPMA was determined using
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CellTiter-Blue Assay. Results shown as mean cell viability + SD (n=3).
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Figure 2.
Effect of pCQ on autophagy in U20S and 4T1 cells. Cells were treated with HCQ (20 pM),

pCQ10.0, and pCQ16.7 (100 uM) for 24 h before Western blot analysis (A). The band
intensities from two independent experiments were quantified by ImageJ (B). (* p<0.05, **
p<0.01 vs. HCQ; ANOVA with Tukey’s multiple comparison test)
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Figure 3.

Intracellular trafficking of pCQ in U20S, 4T1 and A549 cells. Cells were treated with
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Rhodamine-labeled F-pCQ10.0 (red, 100 uM) for 24 h before confocal imaging (63x).

Rhodamine-labeled pHPMA (F-pHPMA) was used as a control either alone or in
combination with pCQ210.0 (100 uM) or HCQ (20 puM). Cell nuclei were stained with
Hoechst 33342 (blue).
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Figure 4.
Effect of pCQ on expression of surface CXCR4 receptors in U20S cells. Cells were treated

in the absence of CXCL12 with AMD3100, HCQ, pCQ or pHPMA for 1.5 h or 24 h before
flow cytometry analysis (n=2).
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Effect of pCQ on redistribution of the CXCR4 receptors under stimulation with CXCL12.
(A) U20S cells overexpressing EGFP-CXCR4 were treated with AMD3100 (300 nM) or
pCQ16.7 (100 uM) for 30 min before exposing to CXCL12 (10 nM) for 1 h. The cells were
then fixed and imaged by confocal microscopy (63x). (B) Cell surface expression of CXCR4
in U20S cells measured by flow cytometry. Cells were treated as described above in Figure

4 (n=2).

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



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Yu et al. Page 22

A Background
[-1 S‘:XQLIZ _...bhCcQ10.0

CQ10.
e

g e

Untreated  pCQ16.7 AMD3100
[+] CXCLA12

-

N

o
1

©0
o
1

Number of invaded
U20S cells /40x view
3

30+
0-
CXCL12 - + + + + + + + +
R IRCIR GR ISR S o
LS RSSO
Q‘b& S TR
20uM 100 uM

Figure 6.
Inhibition of CXCL12-induced cell invasion. A) U20S cells were treated with pCQ, HCQ or

AMD3100 (300 nM) and allowed to invade through a layer of Matrigel upon stimulation
with CXCL12 for 18 h. B) The number of invaded U20S cells was counted and results are
shown as mean number of invaded cells/40x view £ SD (n = 3). (**** p<0.0001 vs. HCQ;
ANOVA with Tukey’s multiple comparison test)
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Inhibition of pERK by pCQ. 4T1 cells were treated with AMD3100 (300 nM), HCQ (20
uUM), or pCQ (100 uM) for 4 h followed by 20 min incubation with CXCL12 (100 ng/mL)
before lysis (n=2). (* p<0.05, ** p<0.01 vs. CXCL12+ untreated; ANOVA with Tukey’s

multiple comparison test)
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Figure 8.
Inhibition of FBS-induced cell migration A) 4T1 cells were treated with pCQ, HCQ or

AMD3100 (20 pM) and allowed to migrate through porous membrane upon stimulation with
FBS for 8 h. B) The number of migrated 4T1 cells was counted and results are shown as
mean number of invaded cells/20x view + SD (n=>3). “Background” represents number of
randomly migrating cells in the absence of any chemoattractant. “Untreated” represents the
number of migrating cells in the presence of FBS. (**** p<0.0001 vs. HCQ; ANOVA with
Tukey’s multiple comparison test)
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Antimetastatic activity of pCQ in experimental 4T1 lung metastasis model. 4T1 cells were
injected i.v. in Balb/c mice, followed by 4 i.v. doses of pCQ or HCQ. L = low dose (10
mg/kg HCQ equivalent, H = high dose (30 mg/kg HCQ equivalent). (A) Total number of
surface lung metastases. Results shown as average of total number of surface lung mets +
SD (n = 8) (** p<0.01; *** p<0.001). (B) Representative images of the whole lung and

H&E staining of the lung tissue sections (4x and 10x).
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Figure 10.

Toxicity evaluation of pCQ in vivo. (A) Relative body weight. Results shown as % body
weight relative to the body weight on day 0. (B) H&E staining of major organs in different
treatment groups (heart 20x, liver 20%, spleen 20x%, kidney 10x).
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Scheme 1.
Chemical structure of pCQ.
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