pharmaceutics ﬁw\p\py

Article

Liposomal Formulation of Hydroxychloroquine Can Inhibit
Autophagy In Vivo

Wieslawa H. Dragowska !, Jagbir Singh ">, Mohamed Wehbe 13, Malathi Anantha !, Katarina Edwards (0,
Sharon M. Gorski %60, Marcel B. Bally 1-27-% and Ada W. Y. Leung 1-3-*

check for
updates
Academic Editors: Anna Angela

Barba and Songwei Tan

Received: 18 September 2024
Revised: 20 November 2024

Accepted: 23 December 2024
Published: 30 December 2024

Citation: Dragowska, W.H.; Singh, J.;
Wehbe, M.; Anantha, M.; Edwards, K.;
Gorski, S.M.; Bally, M.B.; Leung,
A.W.Y. Liposomal Formulation of
Hydroxychloroquine Can Inhibit
Autophagy In Vivo. Pharmaceutics
2025, 17,42. https://doi.org/
10.3390/ pharmaceutics17010042

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

Department of Experimental Therapeutics, BC Cancer, Vancouver, BC V5Z 1L3, Canada;
visia.dragowska@gmail.com (W.H.D.); a_malthi@yahoo.com (M.A.); mbally@bccrc.ca (M.B.B.)
Department of Pathology and Laboratory Medicine, University of British Columbia,
Vancouver, BC V6T 177, Canada

Faculty of Pharmaceutical Sciences, University of British Columbia, Vancouver, BC V6T 123, Canada
Department of Chemistry, Angstrém Laboratory, Uppsala University, 751 20 Uppsala, Sweden;
katarina.edwards@kemi.uu.se

5 (Canada’s Michael Smith Genome Sciences Centre, BC Cancer, Vancouver, BC V5Z 456, Canada;
sgorski@bcgsc.ca

Department of Molecular Biology and Biochemistry, Simon Fraser University,

Vancouver, BC V5A 1S6, Canada

NanoMedicines Innovation Network, Vancouver, BC V6T 123, Canada

Cuprous Pharmaceuticals Inc., Vancouver, BC V6T 173, Canada

*  Correspondence: aleung@bccre.ca

Abstract: Background/Objectives: Preclinical studies have shown that the anti-malarial
drug hydroxychloroquine (HCQ) improves the anti-cancer effects of various therapeutic
agents by impairing autophagy. These findings are difficult to translate in vivo as reach-
ing an effective HCQ concentration at the tumor site for extended times is challenging.
Previously, we found that free HCQ in combination with gefitinib (Iressa®, ZD1839) signif-
icantly reduced tumor volume in immunocompromised mice bearing gefitinib-resistant
JIMT-1 breast cancer xenografts. Here, we sought to evaluate whether a liposomal for-
mulation of HCQ could effectively modulate autophagy in vivo and augment treatment
outcomes in the same tumor model. Methods: We developed two liposomal formulations
of HCQ: a pH-loaded formulation and a formulation based on copper complexation. The
pharmacokinetics of each formulation was evaluated in CD1 mice following intravenous
administration. An efficacy study was performed in immunocompromised mice bearing
established JIMT-1tumors. Autophagy markers in tumor tissue harvested after four weeks
of treatment were assessed by Western blot. Results: The liposomal formulations engen-
dered ~850-fold increases in total drug exposure over time relative to the free drug. Both
liposomal and free HCQ in combination with gefitinib provided comparable therapeutic
benefits (p > 0.05). An analysis of JIMT-1 tumor tissue indicated that the liposomal HCQ
and gefitinib combination augmented the inhibition of autophagy in vivo compared to the
free HCQ and gefitinib combination as demonstrated by increased LC3-1I and p62/SQSTM1
(p62) protein levels. Conclusions: The results suggest that liposomal HCQ has a greater
potential to modulate autophagy in vivo compared to free HCQ; however, this did not
translate to better therapeutic effects when used in combination with gefitinib to treat a
gefitinib-resistant tumor model.
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1. Introduction

The U.S. breast cancer statistics indicate that one in eight women will develop invasive
breast cancer during their lifetime [1]. While successes in the diagnosis and treatment of
breast cancer have led to dramatic improvements in survival rates over the last few decades,
advanced metastatic breast cancer still presents as an incurable disease with limited treat-
ment options due to intrinsic or acquired resistance to previously used therapies [2-5]. Over
the past decade, there has been a growing interest in macroautophagy (referred to herein
as autophagy), a crucial cell survival mechanism contributing to therapeutic resistance in
cancer, and pre-clinical studies have demonstrated that inhibiting autophagy augments the
efficacy of various anti-cancer therapeutics [6-14]. The physiological role of autophagy is
to remove dysfunctional cellular components and to withstand energy stress [15-17]. Itis a
dynamic process referred to as autophagic flux, which is initiated by the development of
phagophores engulfing defective cellular organelles and cytoplasmic constituents. These
structures mature into vesicular double-membrane autophagosomes that deliver their
cargo to the lysosome for degradation by hydrolytic enzymes, a process that generates re-
cyclable monomeric molecules (e.g., amino acids) and energy for the stressed cells [15-18].
Evidence provided by in vitro studies supports the notion that autophagy is exploited
by cancer cells to enhance survival during stress inflicted within the microenvironment
(e.g., hypoxia), as well as by anti-cancer treatments such as radiotherapy and chemother-
apy using conventional cytotoxics and targeted agents [11,19]. In breast cancer, targeted
agents have become important therapeutic tools; however, the development of resistance
to these agents presents a significant problem in the clinic [20,21]. This is exemplified by
the therapeutic antibody trastuzumab that interferes with human epidermal growth factor
receptor 2 (HER2) function, the dual epidermal growth factor receptor (EGFR) and the
HER? inhibitor lapatinib, as well as the EGFR inhibitor gefitinib [6,7,22]. In vitro studies
showed that resistance to EGFR and HER?2 inhibitors is, in part, attributed to cytoprotective
autophagy, and that inhibiting this process with genetic or pharmacological inhibitors,
such as hydroxychloroquine (HCQ), promotes the sensitization of breast cancer cells to
treatments [20,22].

HCQ is an approved anti-malarial drug that has the potential to be repurposed as an
autophagy inhibitor and is currently undergoing clinical trials for different cancer indica-
tions, including breast cancer [13,20,23-26]. HCQ inhibits the late stage of autophagic flux,
primarily by impairing autophagosome-lysosome fusion and by reducing the acidifica-
tion of the lysosomes needed for the activation of hydrolytic enzymes [15,27,28]. Various
preclinical studies showed that HCQ can sensitize breast cancer cells to classical chemother-
apeutics and targeted agents [7,10,29]; however, only a moderate tumor growth inhibition
was achieved in vivo. Results from phase I/1I clinical trials of oral HCQ in combination
with various anti-cancer modalities also did not report improved outcomes [13,25,30,31].
Perhaps this is not unexpected, since the HCQ concentration required to achieve a signif-
icant inhibition of autophagy in vitro was ~20 uM [7]. Further, this drug concentration
needed to be maintained over several days. It is unrealistic to expect that such levels could
be achieved over an extended time when using the currently approved oral HCQ dosage
form. Specifically, when HCQ is given orally in humans, the highest plasma concentra-
tions achievable are 1-3 uM [32]. To date, over 1000 studies have looked at HCQ as an
autophagy inhibitor, and this includes over 50 clinical trials, but only a dozen studies
have contemplated drug delivery approaches [33-35]. The potential for the reformulation
of HCQ for clinical applications is great, but this work is hindered by studies that have
been completed with HCQ given orally without therapeutic benefit and the challenges of
developing complicated formulations that may be better designed to address the ability for
HCQ to improve treatment outcomes.
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To increase the activity of HCQ in vivo, higher concentrations in plasma and tumor
tissue for extended periods are required, in addition to reconsidering the dosage form and
the route of administration. This could potentially be accomplished by utilizing a simple,
easy-to-manufacture liposomal formulation of HCQ that would increase plasma levels
of the drug over extended time periods and facilitate greater levels of HCQ delivery to
site(s) of tumor growth, while at the same time limiting the delivery of HCQ to cardiac
tissue. Numerous studies have shown that liposomal formulations of selected agents
alter the agents” pharmacokinetics (PK) characteristics following IV administration [36-40],
resulting in significant increases in the liposomal agent’s circulation time and concentration
in plasma. These changes also correlated with an increased accumulation of the associated
agents in sites that exhibit altered blood vessel structures, such as sites of tumor growth,
while reducing agent delivery to sites where toxicities are seen. In aggregate, liposomal
formulations, depending on the agent that has been formulated, can improve efficacy and
reduce toxicity [41-49].

For the studies reported here, liposomal HCQ formulations were prepared using
two different loading techniques to encapsulate HCQ into liposomes. Encapsulation
was achieved through the use of a transmembrane pH gradient (inside acid) [50] and /or
HCQ-metal complexation [23,51]. The liposomal HCQ formulations developed for this
study used preformed liposomes composed of ammonium sulfate or copper sulfate, and
the liposomal lipid composition was 1,2-Distearoyl-sn-glycero-phosphocholine (DSPC)
and cholesterol (Chol) (55:45 mol%). Following IV administration of the HCQ containing
liposomes, a pharmacokinetics analysis measuring the area under the curve from 0 to
infinity (AUCy.«) showed that the liposomal HCQ formulations engendered an ~850-fold
increase in total drug exposure over time compared to a free HCQ given IV. The method
of encapsulation made little difference in the plasma HCQ elimination results obtained;
however, the efficacy studies focused on the use of the copper complexation method, in
part because of recent results highlighting that copper can influence a number of cell death
mechanisms including apoptosis, autophagy and its own unique form of cell death referred
to as cuproptosis [52-58]. Intravenous liposomal HCQ or free HCQ given intraperitoneally
(IP) was assessed in combination with the autophagy-inducing EGFR inhibitor gefitinib
in immunocompromised mice bearing established gefitinib-resistant JIMT-1 breast cancer
xenografts. The results suggest that although autophagic markers in tumor tissue har-
vested after 4 weeks of treatment engendered a more potent inhibition of gefitinib-induced
autophagy in vivo by the selected liposomal HCQ formulation versus free HCQ, these
molecular changes did not result in a significant difference in treatment outcomes. It is
important to note that in the studies reported here, the free drug was given IP and was
dosed more frequently (due to the fact that IP administration can be given daily, but IV
administration can only be performed every other day); thus, the free drug was given at a
60% higher total cumulative dose when compared to the liposomal drug.

2. Materials and Methods
2.1. Chemicals

Hydroxychloroquine Sulfate (HCQ) was purchased from Acros Organic (Newark, NJ, USA).
1,2-Distearoyl-sn-glycero-phosphocholine (DSPC) and cholesterol (Chol) were obtained
from Avanti Polar Lipids (Alabaster, AL, USA). *H-cholesteryl hexadecyl ether (*H-CHE)
was purchased from Perkin-Elmer Life Sciences (Boston, MA, USA). Calcium Ionophore
A23187 (Calcimycin) was sourced from Sigma (Oakville, ON, Canada). All other chem-

icals used were of analytical grade. Gefitinib was purchased from LC Laboratories
(Woburn, MA, USA).
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2.2. Liposome Preparation

DSPC/Chol (55:45 mol:mol) liposomes were prepared using a thin-film hydration
technique as described previously [24]. Briefly, lipids were dissolved in chloroform at the
required molar ratio and labeled with the nonexchangeable and nonmetabolizable lipid
marker *H-CHE and dried to a thin film under N gas. The lipid film produced was further
dried under vacuum for 2 h to remove any residual solvent. The lipid films were hydrated
with 250 mM (NHy),SO;4 buffer (pH 5.1) or unbuffered 300 mM CuSOy (pH =3.5) at 65 °C
for three hours, followed by five freeze—thaw cycles in liquid nitrogen and a 65 °C water
bath. Finally, the resulting multilamellar liposomes were extruded (Extruder™, Evonik,
Burnaby, BC, Canada) through stacked 0.1 um and 0.08 pm polycarbonate filters 10 to
15 times at 65 °C to obtain unilamellar liposomes with a mean particle size of 100 & 20 nm,
as determined using the Phase Analysis Light-Scattering technique (ZetaPALS, Brookhaven
Instruments Corp., Holtsville, NY, USA). The external buffer of (NH4),SO4-liposomes was
exchanged to phosphate buffer saline (PBS, pH 7.4) using Sephadex G-50 size exclusion
chromatography. The CuSOjy-liposomes were first processed through a size exclusion
column prepared with Sephadex G-50 and equilibrated with SHE buffer (300 mM sucrose,
20 mM HEPES, 15 mM EDTA, pH 7.4) to remove unencapsulated copper. The external SHE
buffer was then exchanged to PBS (pH 7.4) using the same method.

2.3. Cu-Gluconate Liposomes and Sucrose—HEPES Liposomes

To determine the effect of the pH gradient on HCQ encapsulation, DSPC/Chol
(55:45 mol ratio) lipid films were hydrated with sucrose-HEPES (SH) buffer (pH 7.4) and
extruded as described above, with the final elution in SH buffer itself. The second set of
liposomes was prepared with 100 mM of copper gluconate solution (pH 7.4), such that any
encapsulation would be due to copper complexation.

2.4. Drug Loading

The HCQ loading rates were determined by incubating HCQ with preformed
DSPC/Chol liposomes at different temperatures at an initial HCQ-to-liposomal lipid molar
ratio of 0.25 unless indicated otherwise. At defined time points, an aliquot of 80 uL was
passed through 1 mL Sephadex G-50 spin columns equilibrated with an equal volume of
PBS bulffer to remove the encapsulated HCQ. The eluted fractions were analyzed for HCQ
and lipid concentrations. HCQ was determined by measuring UV absorbance at 330 nm
(Multiskan Spectrum, Thermo Scientific, Waltham, MA, USA), and lipid concentration was
estimated by measuring 3H-CHE using the liquid scintillation counting method (LS6500
Multipurpose Scintillation Counter; Beckman Coulter, Mississauga, ON, Canada).

2.5. Cryo-Transmission Electron Microscopy (Cryo-TEM)

For cryo-TEM images, non-radioactive liposomes were prepared as described before,
and HCQ was encapsulated by mixing free HCQ with the liposomes at 50 °C for 10 min.
Samples were then concentrated using tangential flow filtration. Subsequently, 1-2 uL of
the liposomal sample (~10 uM liposomal lipid) was placed onto a copper grid coated with
cellulose acetate butyrate polymer film and blotted using a filter paper to remove excess
liquid. The sample was then flash-frozen in liquid ethane and transferred to liquid N
to maintain the temperature below —165 °C. The samples were analyzed using a Zeiss
LIBRA-120 transmission electron microscope (Carl Zeiss Inc., Oberkochen, Germany) under
zero-loss bright-field mode and an accelerating voltage of 80 kV.
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2.6. In Vitro Liposomal Formulation Stability

An aliquot of 400 pL of liposomal HCQ formulations, prepared at a drug-to-lipid ratio
of 0.2:1 (mol/mol), was placed into dialysis bags (Spectra/Por®, MWCO 12-14 kD, Spec-
trum Laboratories, Piscataway, NJ, USA) and dialyzed against 1 L of PBS buffer maintained
at 37 °C. At the indicated time points, the dialysis bag was removed, and an aliquot of the
sample was eluted through 1 mL equilibrated Sephadex G-50 spin columns to remove un-
encapsulated HCQ. The drug release was quantified by measuring the HCQ-to-liposomal
lipid ratio in the sample at different time points. Liposome-associated HCQ was mea-
sured using UV-Vis spectroscopy, and the lipid concentration was measured using liquid
scintillation counting as described above.

2.7. High-Content Analysis of Viability and Autophagy

MCEF7 cells were stably transfected with the enhanced green fluorescent protein
(EGFP)-microtubule-associated protein 1 light chain 3B (MAP1LC3B) construct to generate
MCF7-GFPLCS3 cells as described previously [59]. The SKBR3 cells were from the American
Type Culture Collection (ATCC). MCF7-GFPLC3, SKBR3 and JIMT-1 cells were maintained
in RPMI, McCoy’s 5A and in DMEM, respectively, supplemented with 10% FBS. Cells were
seeded in 96-well plates in triplicate wells and, after overnight adhesion, treated for 24 to
72 h with the vehicle (PBS), free or liposomal HCQ and drug-free liposomes. Liposomal
HCQ or drug-free liposomes at equivalent liposomal lipid concentrations were diluted
to the desired HCQ concentration with PBS, and 10 x concentrated agents were added to
the cells in culture media supplemented with 10% FBS, such that the desired final HCQ
concentration could be achieved. At specified time points, the MCF7-GFPLC3 cells were
stained in situ with Hoechst 33,342 (stains the nuclei of viable and dead cells) and ethidium
homodimer-I (stains the nuclei of dead cells), and SKBR3 cells were stained with DRAQ5
(stains the nuclei of viable and dead cells), ethidium homodimer-I and monodansylca-
daverine (MDC) (stains autolysosomes). The plates were then imaged with an IN Cell
Analyzer 1000 (GE Healthcare, Chicago, IL, USA), and the imaging data were analyzed with
high-content analysis (HCA) Investigator ™ software v 1.0 (GE Healthcare), permitting a
quantitative analysis of viability, along with the GFP- or MDC-positive cellular organelle
content expressed as the total organelle area/cell (TOA).

2.8. Western Blot Analysis

Cells were seeded in 6 cm diameter dishes and treated as described above. Cell
lysates were obtained by scraping cultured cells in RIPA buffer containing protease
inhibitors (Complete-Mini protease inhibitor tablets, Boehringer Mannheim GmBH,
Mannheim, Germany) and phosphatase inhibitors (PhosSTOP tablets: Roche, Basel,
Switzerland). Tumor and organ tissues harvested from animals were homogenized over
two 30 s cycles with the MP-Fastprep Homogenizer (MP Biomedicals, Santa Ana, CA, USA)
in cold RIPA buffer (see above). The cell and tissue lysates were then incubated on ice for
5 min and centrifuged at 15,000 x g for 20 min, and the supernatants were stored in —80 °C.
The protein content in the lysates was determined using the Bicinchoninic Acid (BCA)
Assay (Pierce™ BCA Protein Assay Kit, Thermo Fisher Scientific). Equivalent amounts
of protein from each tumor or organ tissue were pooled for each treatment group. For
cell and tissue lysates, 17-30 ug and 50 pg of total protein per sample, respectively, was
separated on 4-12% Bis-Tris gels (Novex, Life Technologies, Carlsbad, CA, USA) and then
transferred onto nitrocellulose membranes (BioRad, Hercules, CA, USA, trans-blot turbo
mini 0.2 um nitrocellulose membranes). The membranes were blocked with 5% skim
milk for 1 h at room temperature. Before staining with the corresponding antibodies, the
membranes were cut according to the molecular weight of the proteins of interest, and
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the corresponding membrane strips were stained overnight in their respective antibody
solutions at 4 °C. The following antibodies were used: LC3B (Abcam, Cambridge, UK,
cat#48394), SQSTM1/P62 (Cell Signaling Technology, Danvers, MA, USA, cat#5114; Santa
Cruz Biotechnology, Dallas, TX, USA, cat#sc-28359), $-actin (Sigma-Aldrich, cat#A5441)
and 3-tubulin (Abcam, cat#6046). The horseradish peroxidase-conjugated secondary anti-
body was from Promega, and the prestained protein ladder was from GeneDireX BLUeye,
Hsinchu, Taiwan (cat#PM007-0500). Protein bands were detected by enhanced chemilu-
minescence (Clarity Western ECL Substrate, Bio-Rad) and visualized with the ChemiDoc
MP System (Bio-Rad). Images were saved in SCN format using Image Lab 5.1 software
(Bio-Rad). A densitometric analysis was performed on non-saturated protein bands using
the Image Lab 5.1 software to approximate the relative protein expression across various
samples normalized to the respective loading control. Each Western blot analysis was
repeated 2-3 times for consistency for each set of samples.

2.9. HCQ and Liposomal HCQ PK Study

PK studies were conducted in female CD1 mice (18-23 g; 6-8 weeks; n = 4 per time
point per group). Selected liposomal HCQ formulations or free HCQ dissolved in saline
were administered at 25 mg/kg. A single intravenous bolus injection was administered
via the tail vein, and blood was collected by cardiac puncture after euthanizing the mice.
Plasma was separated by centrifugation (2500 rpm for 15 min) and stored at —80 °C
for subsequent analysis. HCQ was measured using a Waters Alliance HPLC Module
2695 (Milford, CT, USA) and a multi-wavelength fluorescence detector 2475 (Milford, CT,
USA) at Aex = 335 nm and Aem = 450 nm. A Waters Symmetry RP Cig column (5 pm,
100 A, 4.6 mm x 250 mm) was used to separate HCQ using a mixture of mobile-phase
methanol/phosphate buffer (10 mM, pH 7.4) at 45:55%. The chromatography column was
heated to 50 °C while samples were maintained at 4 °C. Plasma samples were mixed with
methanol and centrifuged at 14,000 rpm for 10 min to remove precipitated plasma proteins.
Then, sample supernatants were appropriately diluted and injected into the column. A
flow rate of 1.2 mL/min was used for a total run time of 9.5 min.

2.10. Efficacy Study

For efficacy studies, 7.5 x 10° JIMT-1 (gefitinib-resistant) cells from the German Collec-
tion of Microorganisms and Cell Culture (Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH (DSMZ), Braunschweig, Germany) were cultured in DMEM 10% FBS
and injected subcutaneously (s.c.) on the back of female 12956/SvEvTac-Rag2/™F®® im-
munocompromised mice. Animals with established tumors (~100 mm?) were then random-
ized to different treatment groups (6-8 animals per group). Mice were left untreated or
dosed with the indicated agents for 4 weeks. Gefitinib was prepared in 0.5% Tween-80 in
sterile milli-Q water and administered at 100 mg/kg as an oral gavage QDx5 (Monday to
Friday) divided into two doses given 30-60 min apart. Since gefitinib was dosed orally;, it
was not possible to consider giving HCQ orally under the animal care protocol approved
at that time. While this was done previously (dosing separated by 4 h), the animal care
committee and care staff were very concerned about damage to the esophagus caused by
twice daily oral gavage. As an alternative, free HCQ), prepared in saline, was administered
IP at 60 mg/kg QDx5 (Monday to Friday). The liposomal HCQ formulation used (the one
based on the copper complexation method) was administered IV at a dose of 60 mg/kg. The
liposomal formulation was designed to provide a formulation suitable for IV administration
and was expected to increase HCQ blood and tissue levels when compared to free HCQ
given by other administration routes. Due to potential tail vein damage caused by repeat
dosing, the liposomal formulation was only dosed 3 times per week (Monday, Wednesday
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and Friday). From a cumulative dosing perspective, this study was biased against the
liposomal HCQ formulation as it was administered at a 40% lower total cumulative dose
when compared to free HCQ. In the groups treated with two drugs, gefitinib was dosed
first, followed 1 h later by free HCQ (IP) or liposomal HCQ (IV). All formulations were
prepared weekly and kept at 4 °C prior to administration. Tumor volume was calculated by
the formula (L x W?)/2 and expressed as a change in tumor volume relative to the volume
measured on the first day of treatment, expressed as 100%. This step was applied to account
for different tumor volumes when treatment was initiated. Four hours after the last dose,
tumors and livers were harvested, flash-frozen in liquid nitrogen and stored at —80 °C
for later processing with Western blotting. During the study, animals were monitored
for body weight loss and other signs of sickness due to treatment-related side effects or
tumor burden.

2.11. Ethics Statement

All animal studies and procedures were performed following protocols (A22-0274)
approved by the Institution Animal Care Committee at the University of British Columbia
(Vancouver, BC, Canada). These studies met the guidelines of the Canadian Association of
Animal Care.

2.12. Statistics

The statistical analyses were performed using GraphPad Prism 6. Statistical analyses
comparing tumor volumes on the last day of treatment were performed using a two-way
analysis of variance (ANOVA) followed by Holm Sidak’s multiple comparisons test. A
p-value < 0.05 was considered statistically significant.

3. Results
3.1. HCQ Loading into Liposomes Depends on Transmembrane pH Gradient

Based on the presence of a protonizable amine group as well as the presence of copper-
coordinating atoms in its chemical structure (Figure 1), two methods were suitable to
encapsulate HCQ into liposomes. The first method involved adding HCQ to liposomes
prepared in (NH4),SO4 buffer (pH 5.1) to generate a transmembrane pH gradient (see
Section 2.2) [46,47,60], and the second method involved adding HCQ to liposomes prepared
in unbuffered CuSO, (pH 3.5), where HCQ encapsulation was facilitated through formation
of Cu(II)-HCQ complexes [23,61]. The results summarized in Figure 2A show that adding
HCQ to the preformed (NH4),5SO4-containing liposomes resulted in an efficient (>98% of
the added drug) encapsulation of HCQ achieved in 40 min at 20 °C. When the incubation
temperature was increased to 40 °C or 50 °C, the encapsulation was complete by 3 min.
For formulations prepared using preformed liposomes with unbuffered CuSOy (pH 3.5)
(Figure 2B), the loading efficiency achieved at 20 °C was only about 60% even after 60 min
of incubation. The rate of HCQ loading increased when the incubation temperature was
elevated to 40 °C or 50 °C. At these temperatures, the encapsulation of HCQ was rapid, and
>98% of the added HCQ was encapsulated within 3 min (Figure 2B). Control liposomes
were prepared: (i) liposomes prepared in SH buffer (pH 7.4) or (ii) liposomes prepared with
100 mM copper gluconate (pH 7.4). These liposomes were mixed with HCQ and incubated
for 60 min at 40 °C (Figure 2C). The liposomes prepared with SH buffer (pH 7.4) (see /)
exhibited HCQ-to-lipid ratios indicating <5% encapsulation efficiency even after 60 min.
Liposomes prepared with Cu-gluconate (pH 7.4) also showed <10% HCQ association after
a 60 min incubation at 40 °C (see V). It should be noted that CuSO, solutions cannot be
prepared at a neutral pH due to the formation of copper hydroxide precipitates. For many
copper complexing compounds, liposomes with 100 mM of encapsulated copper gluconate
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(adjusted to pH 7.4) can serve as a control to demonstrate that encapsulation is due to
copper complexation. However, this approach was not appropriate for a weak copper
binder. The results suggest that HCQ was not able to displace gluconate from copper in
these studies. Thus, while the liposomes with unbuffered CuSO4 (pH 3.5) could be used
to efficiently encapsulate HCQ, it was not possible to distinguish between the role of the
internal pH (3.5) and internal Cu. In aggregate, these studies demonstrate that HCQ can be
encapsulated efficiently inside liposomes containing (NH4)>,SO4 or CuSOy. The presence of
a transmembrane pH gradient is an important factor driving the encapsulation of HCQ.

pKa=8 J\/\/I\’:\OH
+
H,N H>
N pKa=10

Cl N~ pKa<4

Cu?*
Figure 1. Chemical structure of hydroxychloroquine. Dash line indicates where the Cu®* ion
coordinates with the compound to form a Cu(Il)-HCQ complex.
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Figure 2. Remote loading of HCQ into preformed liposomes containing (NH4),SO4 or CuSO4
depends on a transmembrane pH gradient (A) HCQ loading into (NH4),SO4-containing liposomes
(pH 5.1) at 20 °C (e), 40 °C (W) and 50 °C (A). (B) HCQ loading into CuSO4-containing liposomes
(pH 3.5) at 20 °C (), 40 °C (M) and 50 °C (A). (C) HCQ loading into liposomes with internal SH
buffer pH 7.4 (57) or 100 mM Cu-gluconate pH 7.4 (¥) at 40 °C. Data are plotted as mean + SEM
(n = 3). If error bars are not indicated; it is because the error was within the size of the symbol used.

3.2. Characterization of Liposomes with Encapsulated HCQ

The HCQ liposome formulations prepared were characterized to assess liposome
size and appearance. Cryo-transmission electron microscopy images of the (NH4)>,SO4
and CuSOy liposomes were taken prior to HCQ encapsulation (Figure 3A,B, left images)
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and after HCQ encapsulation (Figure 3A,B, right images). These images show that the
liposomes appeared similar regardless of whether the HCQ was encapsulated or not. Table 1
summarizes the characteristics of the liposomes before and after HCQ encapsulation.
The particle size and polydispersity of the formulations did not change as a function
of HCQ encapsulation. The stability of the liposomal HCQ formulations was assessed
over 24 h in vitro by dialyzing the HCQ formulations against a 1000-fold excess of PBS
at 37 °C and quantifying the drug release. After 24 h, the (NH4),SO4 and CuSO4 HCQ
liposomal formulations retained >95% of the loaded HCQ), as determined by measurements
of the HCQ-to-lipid ratio (Figure 3C). Further, if the liposomal formulations were stored
for 30 days at 4 °C, there would be no change in liposome size, polydispersity index or
HCQ-to-lipid ratio.

A HCQ-Loaded
(NH,),SO, Liposomes (NH,),SO, Liposomes

QY
\\.4 el '

a6 ~ tonm | 100 nm

B HCQ-Loaded
CuSO, Liposomes CuSO, Liposomes

100 nm

[T

0.14

HCAQ to Lipid ratio
(mol/mol)

0.0

0 6 12 18 24
Time (h)

Figure 3. Characterization of HCQ liposomes loaded by (NH4),SO; or CuSOy4 gradients.
(A,B) Cryo-TEM images of empty (left) and HCQ-loaded (right) liposomes using pH transmembrane
gradients formed by 250 mM (NH;),SO4 (A) or 300 mM CuSOy (B). (C) Retention of HCQ in CuSO4
(M) or (NH4)2SO4 (e)—loaded liposomes assessed at 37 °C (see Section 2). The (C) data are plotted as
mean + SEM (n = 3). If error bars are not indicated; it is because the error was within the size of the
symbol used.
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Table 1. Characteristics of HCQ-encapsulated DSPC/Chol liposomes.

Formulation Particle Size (nm) Polydispersity
(NH4)2S04 Liposomes 124 £ 0.8 0.122
HCQ-(NH4)2504 114+ 1.5 0.09
CuSOy4 Liposomes 101 £1.5 0.038
HCQ-CuSOy4 106 + 0.7 0.126

3.3. In Vitro Inhibition of Autophagy as a Surrogate Measure of HCQ Release from Liposomes

To gain insight into whether the HCQ release from liposomes at 37 °C was functionally
significant, an in vitro cell-based assay was performed in culture media supplemented
with 10% FBS. For these studies, MCF7 cells expressing the GFPLC3 fluorescent protein
(MCF7-GFPLC3) that incorporates into the autophagosomal membrane [7,15,16,62] and
SKBR3 cells were used. The cells were treated for up to 72 h with free or liposomal HCQ up
to 40 uM. When cells were treated with 80 uM free HCQ, significant cell toxicity was noted.
Before imaging, the SKBR3 cells were labeled with acidotropic MDC dye that accumulates
in autophagy-associated organelles [7,15]. The cells were then imaged in situ with the IN
Cell 1000 HCA platform (see Section 2). The average total GFP- or MDC-positive organelle
area per cell (TOA) was measured in the MCF7-GFPLC3 and SKBR3 cells, respectively.
The data show that free HCQ triggered a dose- and time-dependent accumulation of
autophagic organelles in the cells (Figure 4A,B,D,E). Twenty-four hours incubation with
HCQ formulated in (NHy),SO4 or CuSOy liposomes engendered only a minor increase in
TOA in the MCF7-GFPLC3 cells and did not increase TOA in the SKBR3 cells (Figure 4A,D)
versus the significantly higher (p < 0.05) TOA present in cells incubated with free HCQ.
After 72 h, a modest, dose-dependent increase in TOA was observed in MCF7-GFPLC3 and
SKBR3 cells treated with liposomal HCQ, suggesting that there was some release of HCQ
from the liposomes in culture (Figure 4B,E); however, these effects were significantly lower
(p < 0.05) in MCF7-GFPLC3 cells for all tested concentrations of liposomal HCQ (Figure 4B)
and for 2040 uM HCQ in SKBR3 cells (Figure 4E) compared to the effects noted following
treatment with free HCQ. Control liposomes prepared with (NH4),SO4 or CuSO4 did not
engender any noteworthy autophagy modulation (Figure 4C,F) when added at a lipid
concentration that was equivalent to what was used with the formulated HCQ.

The effects of HCQ on autophagy in MFC7-GFPLC3 cells were also monitored by
Western blot analysis of LC3B-II and sequestrome 1 (p62/SQSTM1 (p62)) protein levels.
During the process of autophagy, LC3B protein is cleaved to generate LC3B-I and then
conjugated to phosphatidylethanolamine (PE), resulting in the formation of lipidated
LC3B-II [15]. The LC3B-II form is an integral part of the autophagosomal membrane, and
its levels can be considered proportional to autophagosome content in cells [15]. The
p62 protein is known to facilitate the autophagic degradation of ubiquitinated protein
aggregates, and its levels serve as an indication of autophagic flux activity [15]. As both the
induction and inhibition of autophagy may result in higher levels of autophagosomes, an
analysis of the autophagic substrate p62 in parallel to LC3B-II levels is used to help resolve
which process takes place. In general, an accumulation of LC3B-II and degradation of p62
reflects active autophagic flux due to an increased production of autophagosomes and
greater rates of degradation of p62 in the autolysosome. Therefore, an accumulation of both
LC3B-1II and p62 reflects an inhibition of autophagic flux due to a failure in autophagosomal
clearance and compromised lysosomal activity [15]. Figure 4G,H show that after a 72 h
exposure to 40 uM HCQ), there was a much greater increase in LC3B-II and p62 levels
in cells exposed to free HCQ compared to the moderate increase in cells treated with
the liposomal formulations of HCQ. These changes were not observed when using the
liposomal formulation with no encapsulated HCQ. In aggregate, the data shown in Figure 4



Pharmaceutics 2025, 17,42

11 of 23

demonstrate that HCQ is effectively inhibiting autophagic flux, and the liposomal HCQ
formulations appear to maintain HCQ in the liposomal form under the conditions used in
these in vitro studies.
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Figure 4. Inhibition of autophagy as a surrogate measure of HCQ release from (NHy),SO4 and
CuSO;4-loaded liposomes in vitro. (A-F) Autophagy levels measured by high-content analysis (HCA)
in MCF7-GFPLC3 (A—C) and SKBR3 (D-F) breast cancer cells in the presence of free or liposomal
HCQ. Cells were treated with the indicated agents for 24 (A,D) or 72 h (B,C,E,F) and then stained in
situ with Hoechst33342 (MCF7-GFPLC3) or DRAQ5 and MDC (SKBR3). An increase in GFPLC3- or
MDC-positive vesicles measured as total organelle area per cell (TOA) indicates the accumulation
of autophagy-associated organelles. The TOA increase in treated cells was normalized to the TOA
in untreated cells expressed as 1. Data (A-F) are plotted as mean =+ SD (n = 3). Statistical analysis
was performed via two-way ANOVA with Tukey multiple test corrections. * p < 0.05, ** p < 0.01,
***p <0.001, *** p < 0.0001. The asterisks indicate statistically significant differences between the
free HCQ and the two liposomal HCQ groups in (A,B,E). The asterisks in (D) represent statistically
significant differences between free HCQ and Cu-LH groups. (G) Western blot analysis of LC3B-1/1I
levels in lysates derived from MCF7-GFPLCS3 cells treated with free or liposomal HCQ. An increase
in LC3B-II and p62 indicates an accumulation of autophagic organelles. (3-Actin was used as a
loading control. V: vehicle (PBS); H: free HCQ; Cu-LH: HCQ-loaded CuSOj4 liposomes; Cu-L: drug-
free CuSOy liposomes; NH4-LH: HCQ-loaded (NHy4);SO4 liposomes; NHy-L: drug-free (NH4)>,SO4
liposomes. The line between the vehicle (V) and HCQ (H) lanes indicates the spliced fragments
originating from the same gel. Representative images of Western blots are shown. (H) The expression
levels of LC3B-II and p62 proteins, as shown in (G), were measured by densitometry and normalized
to the vehicle control expressed as 1.
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3.4. PK of Liposomal HCQ

The development of a liposomal formulation of HCQ was based on the idea that the
liposomes would increase the circulation lifetime of the encapsulated HCQ. It was expected
that over time and following the accumulation of the liposomes in sites of therapeutic
interest (such as tumors), the encapsulated HCQ would be slowly released. The released
HCQ would be at a concentration higher than what could be achieved with free HCQ,
and this, in turn, would modulate autophagy in vivo more effectively than free HCQ.
The pharmacokinetic (PK) behavior of liposomal HCQ was assessed in CD1 mice dosed
IV one time with free HCQ and HCQ-loaded liposomes using the (NH,),SO4 or CuSOy4
based methods.

The PK data presented in Figure 5 show that free HCQ dosed IV was eliminated
rapidly from the plasma compartment, with >98% of the injected dose removed within
30 min post-injection (assuming that a 22 g mouse has a plasma volume of 1 mL). The
amount of HCQ in plasma after 4 h was <0.25 ug/mL. Following IV administration
of the liposomal HCQ formulations, HCQ remained in circulation for extended time
periods, likely as encapsulated HCQ in liposomes. It should be noted that based on the
injected dose and average total plasma volume [63], about 50% of the injected HCQ was
eliminated by the first time point, yet only about 12% of the injected liposomal lipid dose
was eliminated. This would suggest a burst HCQ release from the liposomes within 1 h after
IV injection. After 24 h, the plasma HCQ concentrations were >50 ng/mL, suggesting that
about 90% of the injected HCQ was eliminated. It was estimated the liposomes remaining
in the plasma compartment at this time had an HCQ-to-liposomal lipid ratio of about
0.05 (mol:mol), suggesting that 75% of the encapsulated HCQ was dissociated from the
liposome 24 h after administration. Under the conditions used, the estimated AUC., of the
free HCQ was 5.1 pg-h/mL while the (NH4);S50O4 and CuSO4 HCQ formulations exhibited
estimated plasma AUCy., values of 4360 and 4337 ug-h/mL, respectively. This reflects
at least an 850-fold increase in drug exposure when using the liposomal formulations
relative to free HCQ. The liposomal lipid elimination rates were essentially identical for the
two formulations. It can be suggested that the release of HCQ from the different liposome
formulations in vivo were comparable.
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Figure 5. Pharmacokinetics of free HCQ and liposomal HCQ loaded in preformed (NH,),SO4
or CuSOy liposomes. Plasma concentration versus time profiles of free HCQ (o), HCQ in
(NH4)2504-loaded liposomes (M) or HCQ in CuSOj4-loaded liposomes (A) administered IV at
25 mg/kg in CD-1 mice. Inset represents free HCQ using a smaller concentration scale for com-
parison. Plasma HCQ was measured by HPLC.



Pharmaceutics 2025, 17,42

13 of 23

3.5. Efficacy of Liposome HCQ Formulations

Previously, we reported that gefitinib, a clinically relevant EGFR inhibitor, induces
autophagy in various models of breast cancer in vitro [7]. These studies also showed
that gefitinib in combination with HCQ engendered tumor growth inhibition in mice
bearing subcutaneous HER2-overexpressing gefitinib-resistant JIMT-1 breast cancer tumor
xenografts to a greater extent than either drug alone [7]. Based on the PK data presented in
Figure 5 suggesting that the liposomal HCQ formulation can extend the circulation lifetime
of HCQ, an efficacy study was initiated to assess if liposomal HCQ may further augment
the therapeutic activity of gefitinib in vivo. The maximum feasible dose of liposomal HCQ
in vivo was defined as 60 mg/kg, and at this dose, the HCQ formulation selected was well
tolerated, with no sign of toxicity when given three times IV (Monday, Wednesday and
Friday). The HCQ formulation selected for these in vivo studies was the one where HCQ
was encapsulated in copper-containing liposomes. While the use of copper to complex
HCQ made no difference in the HCQ encapsulation or HCQ release, it was postulated
that the presence of copper might induce a number of different cell death mechanisms,
including autophagy [52,55,57,58].

The efficacy study was completed in immunocompromised Rag2M mice bearing
established JIMT-1 tumors. The animals were treated for 4 weeks with gefitinib, a liposomal
CuSOy-based HCQ formulation and the combination of gefitinib and free or liposomal
HCQ. Free HCQ was dosed IP five times a week at 60 mg/kg for a total cumulative dose of
300 mg/kg, and liposomal HCQ was dosed IV three times a week at 60 mg/kg for a total
cumulative dose of 180 mg/kg. All treatments were well tolerated, and treatment-related
body weight loss was less than 10% in all treatment groups. At the end of the study, neither
gefitinib alone nor the liposomal HCQ formulation alone resulted in a change in tumor
growth rate (Figure 6). Gefitinib in combination with free or liposomal HCQ engendered a
significant decrease in tumor volume compared to untreated controls (p < 0.05 and p < 0.01,
respectively; Figure 6). The efficacy of the liposomal HCQ formulation versus free HCQ
when used in combination with gefitinib was not statistically different (p > 0.05), although
the total dose of HCQ given when using the liposomal formulation was significantly
lower, since it was neither feasible nor ethical to perform daily IV administration of the
liposomal formulation. The results of this study were confused by the results showing
that HCQ alone caused a significant increase in tumor growth when compared to the
untreated mice. This enhanced tumor growth rate caused by HCQ alone has been observed
in other tumor models [64]. Regardless, the results obtained for those mice treated with
gefitinib and free HCQ are consistent with our previously published data and suggested
significant therapeutic benefits as noted on Day 29. The combination of the liposomal HCQ
formulation with gefitinib also showed therapeutic benefits, albeit the results obtained with
the liposomal combination were not statistically different from the data associated with
free HCQ. It can be suggested that there is a trend towards improved benefits when using
the liposomal formulation, particularly when one considers that the cumulative liposomal
HCQ dose was 40% lower than the cumulative free HCQ dose.
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Figure 6. Invivo efficacy of free and liposomal HCQ in combination with gefitinib in Rag2M
immunocompromised mice bearing gefitinib-resistant JIMT-1 tumors. Change in tumor volume
(%) during the 4 weeks of treatment is plotted relative to the volume on the first day of treatment
expressed as 0%. Data represent the mean + SEM (n = 5-7 animals per group). U: untreated; G:
gefitinib; LH: liposomal HCQ; H: free HCQ; ** p < 0.01, *** p < 0.001, *** p < 0.0001.

A Western blot analysis of LC3B and p62 levels in tumor tissue harvested four hours
following the final dosing (Figure 7A,B, left panels) of the free HCQ (H) and gefitinib (G)
alone treatment groups showed negligible changes in LC3B-II and p62 levels compared
to untreated tumors. In tumors treated with the combination of gefitinib and free HCQ
(G + H), there was a 1.3-fold increase in LC3B-II and a 1.4-fold increase in p62 over the
controls. In tumors obtained from animals treated with the liposomal HCQ formulation
alone, there was a 1.9-fold and 1.2-fold increase in LC3B-II and p62, respectively. When the
tumors were obtained from animals treated with the combination of gefitinib and liposomal
HCQ (G + LH) there was a 3.2- and a 2.6-fold increase in LC3B-II and p62 levels, respectively.
These data suggest that liposomal HCQ may be an effective inhibitor of gefitinib-induced
autophagy in vivo, unlike free HCQ, which exhibited gefitinib-induced autophagy protein
changes at much lower levels (a 1.3- and 1.2-fold increase in LC3B-II and p62, respectively).
Liposomal HCQ administration alone also increased LC3B-II (2.3-fold increase) and p62
(3.4-fold increase) levels in the liver compared to the controls (Figure 7A,B, right panels).
Gefitinib in combination with free HCQ (G + H) caused only a 1.4-fold increase in LC3B-1I
and no increase in p62 levels in the liver compared to the untreated controls. In contrast,
the use of liposomal HCQ and gefitinib in combination (G + LH) resulted in a 3.1-fold
and a 2.9-fold increase in LC3B-II and p62 levels in liver tissue, respectively, relative to the
controls. Therefore, while the Western blot assessment of LC3B-1I and p62 levels in the
tumor and liver suggest that the liposomal HCQ formulation in combination with gefitinib
was more effective at inhibiting autophagy in vivo, the efficacy data could suggest that
autophagy inhibition did not engender significantly improved therapeutic effects.
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Figure 7. Western blot analysis of autophagy markers in JIMT-1 tumor and liver tissue derived from
Rag2M mice after 4 weeks of treatment. (A) Western blot analysis of autophagy markers in lysates
derived from tumors and livers harvested from animals four hours past the last dosing on the final
day of treatment. Lysates from organs derived from 5-6 animals per group were pooled. (B) The
expression levels of LC3B-II and p62 proteins, as shown in (A), were measured by densitometry
and normalized to the vehicle control expressed as 1. -actin was used to control for loading. U:
untreated; G: gefitinib; LH: liposomal HCQ; H: free HCQ.

4. Discussion

A growing body of evidence suggests that autophagy supports cancer cell survival
during metabolic and therapeutic stress, and blocking this process using genetic or pharma-
cological inhibitors sensitizes cancer cells to various anti-cancer agents in vitro [6,7,19,22,65].
Lysosomotropic compounds such as chloroquine (CQ) and its derivative HCQ are clinically
approved anti-malarial drugs [45,48,66] that are being repurposed as autophagy inhibitors
for cancer [62], with the less toxic HCQ being a preferred drug for use in humans [67,68].
Numerous clinical phase I/1I trials investigating the use of HCQ in combination with
various anti-cancer treatments have to date only achieved limited success. There has been
no consistent treatment outcome within defined groups of patients and no noteworthy
clinical gain [25,31,69]. The reasons behind these results may be due to the fact that the
regulation of autophagy in different stages of cancer is not well understood, and there is
no clinically validated biomarker to select patients that might be responsive to autophagy
inhibition [31,69,70]. Another important factor limiting the activity of HCQ, when used



Pharmaceutics 2025, 17,42

16 of 23

as an inhibitor of autophagy, is the effective concentration that can be achieved in the
blood and/or tumor site. Previously, we showed that the concentration of HCQ required
to achieve a significant inhibition of autophagy in various breast cancer cells in vitro is
~20 uM, and this concentration must be maintained for several days [7]. Thus, HCQ is not
very potent as an agent to inhibit autophagy, and the concentration needed in vivo is not
achievable at the oral doses used as a prophylactic for malaria [71]. Pharmacokinetic studies
in humans often show peak drug levels (Cpiax) of less than 2 uM. Higher levels of HCQ
can be achieved by increasing the drug dose, but these higher doses produce significant
adverse events and dose-limiting toxicities such as retinopathy, myopathy, cardiomyopathy
and neuromyopathy [72]. When HCQ is used as an anti-malarial agent, the reported ICsg
values are 0.021 & 0.002 and 2.2 £ 0.9 uM in chloroquine-sensitive (T966) and -resistant
(K1) Plasmodium falciparum, respectively [73]. Thus, while there is a significant interest in
repurposing HCQ in the clinic as part of combination regimens for the treatment of various
cancer indications, its translation to clinical practice is challenging owing to differences in
potency when different therapeutic targets are considered.

Since liposomes have been extensively used to enhance drug exposure, decrease
plasma elimination and increase delivery to disease sites, such as tumors, all with the
potential to reduce toxicity and to enhance efficacy [41,45,48,74], we investigated whether
a liposomal HCQ formulation would enhance autophagy inhibition in vivo. Such a for-
mulation was used in combination with an autophagy-promoting anti-cancer treatment,
specifically gefitinib, to improve therapeutic efficacy. Others have shown that liposomes
with a transmembrane pH gradient (inside acid) can be used to encapsulate HCQ through
a process that is referred to as remote loading. This process has been described before for
many drugs that have protonizable amine functions [50,60,75]. HCQ contains a protoniz-
able amine (Figure 1), and the pH gradient loading method was efficient at trapping HCQ
inside liposomes. HCQ has also been reported to interact with copper(Il) [61]; therefore,
a copper-based loading method that has been described for other drugs was also consid-
ered [23,76]. Using both (NH4),SO4- and CuSOy-containing liposomes, the HCQ loading
was efficient (>95%) and rapid, with an optimal loading temperature of 40 °C. The resulting
HCQ-loaded liposomes exhibited no structural changes as assessed by cryo-EM analysis
(Figure 3). In vitro studies showed that the liposomal formulations of HCQ were stable in
PBS at 37 °C over 24 h, and in vitro cell-based assays completed in media supplemented
with 10% FBS showed that the liposomes were not releasing sufficient levels of HCQ within
24 h to exert any significant modulation of autophagy. When the incubation time was
increased to 72 h, effects were noted, albeit at lower levels than observed when using
comparable concentrations of free HCQ (Figure 4). This result is consistent with the view
that HCQ was stably entrapped in liposomes even in the presence of 10% serum, but these
in vitro data do not predict HCQ dissociations from liposomes in vivo.

A pharmacokinetic study of the liposomal HCQ formulations demonstrated that the li-
posomal formulations extended the circulation lifetime of HCQ, resulting in approximately
an 850-fold increase in approximate AUCy_, (Figure 5) relative to free HCQ, which was
rapidly eliminated. One has to keep in mind that the plasma concentrations calculated
for HCQ following the administration of liposomal HCQ are not a measure of free, but
rather, total HCQ, which would include the liposomal-associated drug plus the drug that
was released from the liposomes. Since free HCQ is rapidly eliminated from the plasma
compartment, it can be suggested that most of the drug in the plasma compartment is
liposome-associated. If there is a gradual release in HCQ from the liposomes in vivo over
time, then it would be anticipated that tumor cells could be potentially exposed to higher
levels of HCQ over time. The results suggest that about 75% of the liposome-associated
HCQ was released over 24 h after intravenous administration.
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To determine whether the liposomal HCQ formulation exhibited autophagy inhibition
in vivo, studies in mice bearing tumors that arose following the subcutaneous injection of
JIMT-1 breast cancer cells were completed. Previously, we showed that the in vivo treatment
of HER2-overexpressing gefitinib-resistant JIMT-1 breast cancer xenografts with free HCQ
and gefitinib (in combination) resulted in a 58% reduction in tumor volume compared to
vehicle-treated controls [7]. If we were to evaluate the preclinical efficacy of this treatment
in accordance with RECIST criteria (Response Evaluation Criteria in Solid Tumors) [77],
then the treatment outcome from this previous study would fall under the category of
progressive disease. Thus, it can be suggested that the treatment outcome would not be
clinically relevant. The studies reported here were designed to determine if a liposomal
formulation that extended the circulation lifetime of HCQ could augment the efficacy of
gefitinib chemotherapy in this model. The results of this study showed that liposomal
HCQ inhibited tumor growth to a similar degree to free HCQ when used in combination
with gefitinib (p > 0.05) (Figure 6), although there was a trend to improved activity, and the
liposomal drug cumulative dose was 40% lower than the free HCQ cumulative dose. It
was acknowledged in the Methods that it is hard to compare the results since free HCQ
was administered IP (allowing daily administration) and the liposomal formulation was
given IV on a Monday, Wednesday, Friday schedule. Having indicated this, the results
in Figure 6 are consistent with previous results suggesting the combination only delayed
tumor progression. Another observation from the efficacy study is the unexpected increase
in tumor volume with free HCQ treatment alone. While treatment with liposomal HCQ had
little to no impact on tumor growth relative to the untreated controls, daily IP treatment
with free HCQ was associated with worse outcomes than the untreated group. In this
study, it is challenging to understand the rationale behind this observation, as free HCQ
and liposomal HCQ were dosed differently. In our previous studies, free HCQ was given
by oral gavage and did not accelerate tumor growth [7]. In a study completed by Wabitsch
et al., HCQ treatment via oral gavage was associated with accelerated tumor growth in
the MC38 colon adenocarcinoma model [64]. In that study, the authors characterized
the anti-inflammatory properties of HCQ, which outweighed its speculated anti-cancer
benefits in an immune-competent tumor model. Considering its interplay with the immune
system, the anti-cancer mechanisms and benefits should be evaluated along with its anti-
inflammatory properties if free HCQ is to be considered as part of a treatment regimen in
future studies.

In the context of autophagy inhibition, the liposomal HCQ enhancement of autophagy
inhibition in vivo was confirmed by an increased expression of both of the autophagic
markers (LC3-1IB and p62) in tumor tissue (Figure 7A,B, left panels). In addition, there
was an exceptional inhibition of autophagy in liver tissue harvested from animals at the
end of treatment, a sign of efficient systemic delivery of HCQ when in a liposomal form
(Figure 7A,B, right panels). Liposomes are eliminated hepatically [71,78,79], so one can
expect the concentration of the liposomal drug in the liver to be much greater than that in
the tumor. The modulation of autophagy in vivo is not a well-understood process, but the
autophagic flux data and the PK data would suggest that exposure to HCQ released from
liposomes over time is a more potent way to inhibit autophagy than exposure to a much
higher HCQ concentration over a short time, as in the case of oral HCQ treatment.

One potential reason for the modest in vivo activity of the liposomal HCQ formulation
used here may be due to the mildly acidic microenvironment of a tumor [80]. A lower pH
would decrease the rate of HCQ release from the liposomes. To overcome this problem,
Wang et al. used a targeted approach by encapsulating HCQ in liposomes coated with a pH-
sensitive cationic cell-penetrating TH peptide and an RGD peptide (HCQ/Lip-TR). They
showed that this formulation, in combination with liposomal doxorubicin, significantly
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reduced tumor growth in a B16F10 syngeneic tumor model [33]. These studies were com-
pleted in immunocompetent animals where doxorubicin is known to induce immunogenic
cell death (ICD), activating an anti-tumor immune response [81,82]; thus, it is uncertain to
what extent the inhibition of autophagy contributed to the overall therapeutic gain.

Based on molecular data, liposomal HCQ in combination with gefitinib appeared to
inhibit autophagy in vivo more effectively than the free HCQ and gefitinib combination
(Figure 6); however, these differences did not translate to improved efficacy when using
liposomal HCQ in combination with gefitinib. As already indicated, the experiments were
designed in a manner where the free drug was given at a total cumulative dose higher
than what was used with the liposomal formulation. It would be worthwhile to enhance
the dose intensity and explore different lipid compositions of the HCQ formulation, to
assess how HCQ release rate from the liposomes following administration may affect the
inhibition of autophagy in vivo and therapeutic activity when used in combination with
autophagy-inducing agents. The results in Figure 6 clearly indicate that at the liposomal
HCQ dose used, there was no impact on tumor progression when used alone. If this
approach were pursued clinically, it does raise an interesting development question. If
the new agent (liposomal HCQ) has no single-agent activity for a cancer indication, then
it would be ethical to use it as a clinical candidate in a phase I dose escalation study in
cancer patients.

This research suggests that a liposomal formulation of HCQ could be used to inhibit
autophagy in vivo. The formulation, when used in combination with gefitinib, did reduce
the rate of tumor growth, and the effects were better, albeit not significantly, to what
was observed when using free HCQ. The molecular data did suggest that autophagic
flux was inhibited more when using the liposomal HCQ formulation. Together, the re-
sults highlight the complexity of the molecular mechanisms responsible for modulating
autophagy in vivo and whether an effective modulation of autophagy will improve the
anti-cancer activity of autophagy-promoting agents. HCQ is not a specific inhibitor of
autophagy, and many questions remain unanswered regarding the mechanistic interactions
between autophagy-inducing drugs and HCQ, especially in the context of tumor-specific
molecular pathways and the off-target effects of HCQ that are contributing to the overall
pharmacological activity of this drug [25,72,83-86]. The results presented here encourage
further research focusing on optimizing liposomal formulations of HCQ for in vivo use.
Liposomal formulations of new potent autophagy inhibitors that target autophagosome
formation such as verteporfin, autophagy-related 4 cysteine peptidase (ATG4) inhibitors or
ULKT1 inhibitors should be considered [31,62,87-89]. As autophagy has been implicated in
supporting ICD-inducing anti-cancer immune responses [25,90,91], careful consideration
should also be given to completing efficacy studies in immune-competent mice.

Author Contributions: Conceptualization, WH.D., ].S., SM.G., M.B.B. and A.W.Y.L.; Methodology,
WH.D,, ]S, M.A. and K.E,; Investigation, ].S., M.A. and K.E.; Formal Analysis, WH.D.,].S.,, M.W.,
M.A., KEE. and AW.Y.L.; Resources, K.E., SM.G. and M.B.B.; Visualization, WH.D,, ].S., M.W.,,
M.B.B. and A.W.Y.L.; Writing—Original Draft Preparation, WH.D. and ].S.; Writing—Review and
Editing, WH.D., M.W., SM.G., M.B.B. and A.W.Y.L; Supervision, WH.D., K.E., SM.G., M.B.B. and
AW.Y.L,; Validation: WH.D., ].5., M.W., M.A., M.B.B. and A.W.Y.L.; Funding Acquisition, S.M.G. and
M.B.B.; Project Administration, WH.D., M.B.B. and A.W.Y.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was funded by Canadian Cancer Society (Grant Number 705290) and Canadian
Institutes of Health Research (Grant Number PJT-153132, PJT-159536).



Pharmaceutics 2025, 17, 42 19 of 23

Institutional Review Board Statement: All animal studies and procedures were performed following
protocols (A22-0274) approved by the Institution Animal Care Committee at the University of British
Columbia (Vancouver, BC, Canada). These studies met the guidelines of the Canadian Association of
Animal Care.

Informed Consent Statement: Not Applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Acknowledgments: A.W.Y. Leung acknowledges financial support from the Mitacs Elevate Program.
We thank Jonny Ericksson (Department of Physical Chemistry, Uppsala University, Sweden) for help
with the TEM analysis. We thank Nancy Dos Santos and Dana Masin for directing animal studies
and Maryam Osooly for performing animal studies. We also thank Jenna Rawji, Norman Chow
and Masouma Javari for their technical contributions, and Xu Xin Sun, Kent T.J. Chen and Roger
Gilbert-Oriol for reviewing the manuscript.

Conflicts of Interest: Marcel B. Bally and Ada W. Y. Leung were employed by Cuprous Pharma-
ceuticals Inc. The remaining authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as potential conflicts of interest.

References

1.  Breastcancer.org U.S. Breast Cancer Statistics. Available online: http://www.breastcancer.org/symptoms/understand_bc/
statistics (accessed on 1 November 2024).

2. Al-Mahmood, S.; Sapiezynski, J.; Garbuzenko, O.B.; Minko, T. Metastatic and Triple-Negative Breast Cancer: Challenges and
Treatment Options. Drug Deliv. Transl. Res. 2018, 8, 1483-1507. [CrossRef] [PubMed]

3. Piccart, M. Circumventing de Novo and Acquired Resistance to Trastuzumab: New Hope for the Care of ErbB2-Positive Breast
Cancer. Clin. Breast Cancer 2008, 8 (Suppl. S3), S100-5113. [CrossRef] [PubMed]

4. Tevaarwerk, A.J.; Gray, R.J.; Schneider, B.P.; Smith, M.L.; Wagner, L.I; Fetting, ].H.; Davidson, N.; Goldstein, L.J.; Miller, K.D.;
Sparano, J.A. Survival in Patients with Metastatic Recurrent Breast Cancer after Adjuvant Chemotherapy: Little Evidence of
Improvement over the Past 30 Years. Cancer 2013, 119, 1140-1148. [CrossRef]

5. Miglietta, F.; Bottosso, M.; Griguolo, G.; Dieci, M.V.; Guarneri, V. Major Advancements in Metastatic Breast Cancer Treatment:
When Expanding Options Means Prolonging Survival. ESMO Open 2022, 7, 100409. [CrossRef]

6. Chen, S.; Li, X,; Feng, J.; Chang, Y.; Wang, Z.; Wen, A. Autophagy Facilitates the Lapatinib Resistance of HER2 Positive Breast
Cancer Cells. Med. Hypotheses 2011, 77, 206-208. [CrossRef]

7. Dragowska, W.H.; Weppler, S.A.; Wang, ].C.; Wong, L.Y.; Kapanen, A.L; Rawji, ].S.; Warburton, C.; Qadir, M.A.; Donohue, E.;
Roberge, M.; et al. Induction of Autophagy Is an Early Response to Gefitinib and a Potential Therapeutic Target in Breast Cancer.
PLoS ONE 2013, 8, €76503. [CrossRef]

8. Han, W,; Pan, H.; Chen, Y.; Sun, ].; Wang, Y; Li, J.; Ge, W,; Feng, L.; Lin, X.; Wang, X.; et al. EGFR Tyrosine Kinase Inhibitors
Activate Autophagy as a Cytoprotective Response in Human Lung Cancer Cells. PLoS ONE 2011, 6, e18691. [CrossRef]

9.  Sun, WL, Chen, J.; Wang, Y.P.; Zheng, H. Autophagy Protects Breast Cancer Cells from Epirubicin-Induced Apoptosis and
Facilitates Epirubicin-Resistance Development. Autophagy 2011, 7, 1035-1044. [CrossRef] [PubMed]

10. Chittaranjan, S.; Bortnik, S.; Dragowska, W.H.; Xu, J.; Abeysundara, N.; Leung, A.; Go, N.E.; DeVorkin, L.; Weppler, S.A;
Gelmon, K.; et al. Autophagy Inhibition Augments the Anticancer Effects of Epirubicin Treatment in Anthracycline-Sensitive and
-Resistant Triple-Negative Breast Cancer. Clin. Cancer Res. 2014, 20, 3159-3173. [CrossRef] [PubMed]

11.  Rubinsztein, D.C.; Codogno, P.; Levine, B. Autophagy Modulation as a Potential Therapeutic Target for Diverse Diseases. Nat.
Rev. Drug Discov. 2012, 11, 709-730. [CrossRef]

12.  Sui, X.; Chen, R.; Wang, Z.; Huang, Z.; Kong, N.; Zhang, M.; Han, W.; Lou, F; Yang, J.; Zhang, Q.; et al. Autophagy and
Chemotherapy Resistance: A Promising Therapeutic Target for Cancer Treatment. Cell Death Dis. 2013, 4, e838. [CrossRef]
[PubMed]

13.  Amaravadi, RK.; Kimmelman, A.C.; Debnath, J. Targeting Autophagy in Cancer: Recent Advances and Future Directions. Cancer
Discov. 2019, 9, 1167-1181. [CrossRef]

14. Cocco, S.; Leone, A.; Piezzo, M.; Caputo, R.; Lauro, V.D.; Rella, ED.; Fusco, G.; Capozzi, M.; Gioia, G.D.; Budillon, A.; et al.
Targeting Autophagy in Breast Cancer. Int. J. Mol. Sci. 2020, 21, 7836. [CrossRef] [PubMed]

15. Klionsky, D.].; Abdelmohsen, K.; Abedin, M.].; Abe, A. Guidelines for the Use and Interpretation of Assays for Monitoring

Autophagy (3rd Edition). Autophagy 2016, 12, 1-222. [CrossRef] [PubMed]


http://www.breastcancer.org/symptoms/understand_bc/statistics
http://www.breastcancer.org/symptoms/understand_bc/statistics
https://doi.org/10.1007/s13346-018-0551-3
https://www.ncbi.nlm.nih.gov/pubmed/29978332
https://doi.org/10.3816/CBC.2008.s.006
https://www.ncbi.nlm.nih.gov/pubmed/18777949
https://doi.org/10.1002/cncr.27819
https://doi.org/10.1016/j.esmoop.2022.100409
https://doi.org/10.1016/j.mehy.2011.04.013
https://doi.org/10.1371/journal.pone.0076503
https://doi.org/10.1371/journal.pone.0018691
https://doi.org/10.4161/auto.7.9.16521
https://www.ncbi.nlm.nih.gov/pubmed/21646864
https://doi.org/10.1158/1078-0432.CCR-13-2060
https://www.ncbi.nlm.nih.gov/pubmed/24721646
https://doi.org/10.1038/nrd3802
https://doi.org/10.1038/cddis.2013.350
https://www.ncbi.nlm.nih.gov/pubmed/24113172
https://doi.org/10.1158/2159-8290.CD-19-0292
https://doi.org/10.3390/ijms21217836
https://www.ncbi.nlm.nih.gov/pubmed/33105796
https://doi.org/10.1080/15548627.2015.1100356
https://www.ncbi.nlm.nih.gov/pubmed/26799652

Pharmaceutics 2025, 17, 42 20 of 23

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Yoshii, S.R.; Mizushima, N. Monitoring and Measuring Autophagy. Int. J. Mol. Sci. 2017, 18, 1865. [CrossRef]

Dikic, I.; Elazar, Z. Mechanism and Medical Implications of Mammalian Autophagy. Nat. Rev. Mol. Cell Biol. 2018, 19, 349-364.
[CrossRef] [PubMed]

Tooze, S.A.; Yoshimori, T. The Origin of the Autophagosomal Membrane. Nat. Cell Biol. 2010, 12, 831-835. [CrossRef]

Choi, K.S. Autophagy and Cancer. Exp. Mol. Med. 2012, 44, 109-120. [CrossRef] [PubMed]

Masoud, V.; Pages, G. Targeted Therapies in Breast Cancer: New Challenges to Fight against Resistance. World . Clin. Oncol.
2017, 8, 120-134. [CrossRef] [PubMed]

Aveic, S.; Tonini, G.P. Resistance to Receptor Tyrosine Kinase Inhibitors in Solid Tumors: Can We Improve the Cancer Fighting
Strategy by Blocking Autophagy? Cancer Cell Int. 2016, 16, 62. [CrossRef] [PubMed]

Vazquez-Martin, A.; Oliveras-Ferraros, C.; Menendez, J.A. Autophagy Facilitates the Development of Breast Cancer Resistance to
the Anti-HER2 Monoclonal Antibody Trastuzumab. PLoS ONE 2009, 4, e6251. [CrossRef] [PubMed]

Wehbe, M.; Anantha, M.; Backstrom, I.; Leung, A.; Chen, K.; Malhotra, A.; Edwards, K.; Bally, M.B. Nanoscale Reaction Vessels
Designed for Synthesis of Copper-Drug Complexes Suitable for Preclinical Development. PLoS ONE 2016, 11, e0153416. [CrossRef]
Hope, M.].; Bally, M.B.; Webb, G.; Cullis, PR. Production of Large Unilamellar Vesicles by a Rapid Extrusion Procedure:
Characterization of Size Distribution, Trapped Volume and Ability to Maintain a Membrane Potential. Biochim. Biophys. Acta
(BBA) Biomembr. 1985, 812, 55-65. [CrossRef]

Verbaanderd, C.; Maes, H.; Schaaf, M.B.; Sukhatme, V.P; Pantziarka, P.; Sukhatme, V.; Agostinis, P.; Bouche, G. Repurposing
Drugs in Oncology (ReDO)-Chloroquine and Hydroxychloroquine as Anti-Cancer Agents. ecancermedicalscience 2017, 11, 781.
[CrossRef]

Raghavendra, A.S.; Kwiatkowski, D.; Damodaran, S.; Kettner, N.M.; Ramirez, D.L.; Gombos, D.S.; Hunt, K.; Shen, Y,;
Keyomarsi, K.; Tripathy, D. Phase I Safety and Efficacy Study of Autophagy Inhibition with Hydroxychloroquine to Aug-
ment the Antiproliferative and Biological Effects of Preoperative Palbociclib plus Letrozole for Estrogen Receptor-Positive,
HER2-Negative Metastatic Breast Cancer (MBC). J. Clin. Oncol. 2021, 39, 1067. [CrossRef]

Boya, P.; Gonzalez-Polo, R.A.; Poncet, D.; Andreau, K.; Vieira, H.L.; Roumier, T.; Perfettini, ].L.; Kroemer, G. Mitochondrial
Membrane Permeabilization Is a Critical Step of Lysosome-Initiated Apoptosis Induced by Hydroxychloroquine. Oncogene 2003,
22,3927-3936. [CrossRef]

Mauthe, M.; Orhon, I.; Rocchi, C.; Zhou, X.; Luhr, M.; Hijlkema, K.J.; Coppes, R.P.; Engedal, N.; Mari, M.; Reggiori, F. Chloroquine
Inhibits Autophagic Flux by Decreasing Autophagosome-Lysosome Fusion. Autophagy 2018, 14, 1435-1455. [CrossRef] [PubMed]
You, L,; Shou, J.; Deng, D.; Jiang, L.; Jing, Z.; Yao, J.; Li, H.; Xie, ].; Wang, Z.; Pan, Q.; et al. Crizotinib Induces Autophagy through
Inhibition of the STAT3 Pathway in Multiple Lung Cancer Cell Lines. Oncotarget 2015, 6, 40268-40282. [CrossRef] [PubMed]
Onorati, A.V.;; Dyczynski, M.; Ojha, R.; Amaravadi, R.K. Targeting Autophagy in Cancer. Cancer 2018, 124, 3307-3318. [CrossRef]
[PubMed]

Chude, C.I.; Amaravadi, R.K. Targeting Autophagy in Cancer: Update on Clinical Trials and Novel Inhibitors. Int. ]. Mol. Sci.
2017, 18, 1279. [CrossRef] [PubMed]

Bristol, M.L.; Emery, S.M.; Maycotte, P.; Thorburn, A.; Chakradeo, S.; Gewirtz, D.A. Autophagy Inhibition for Chemosensitization
and Radiosensitization in Cancer: Do the Preclinical Data Support This Therapeutic Strategy? J. Pharmacol. Exp. Ther. 2013, 344,
544-552. [CrossRef]

Wang, Y.; Shi, K.; Zhang, L.; Hu, G.; Wan, J.; Tang, J.; Yin, S.; Duan, J.; Qin, M.; Wang, N.; et al. Significantly Enhanced Tumor
Cellular and Lysosomal Hydroxychloroquine Delivery by Smart Liposomes for Optimal Autophagy Inhibition and Improved
Antitumor Efficiency with Liposomal Doxorubicin. Autophagy 2016, 12, 949-962. [CrossRef]

Yin, S.; Xia, C.; Wang, Y.; Wan, D.; Rao, J.; Tang, X.; Wei, J.; Wang, X; Li, M.; Zhang, Z.; et al. Dual Receptor Recognizing Liposomes
Containing Paclitaxel and Hydroxychloroquine for Primary and Metastatic Melanoma Treatment via Autophagy-Dependent and
Independent Pathways. J. Control. Release 2018, 288, 148-160. [CrossRef] [PubMed]

Stevens, D.M.; Crist, R.M.; Stern, S.T. Nanomedicine Reformulation of Chloroquine and Hydroxychloroquine. Molecules 2020, 26,
175. [CrossRef] [PubMed]

Allen, TM.; Hansen, C.B.; de Menezes, D.E.L. Pharmacokinetics of Long-Circulating Liposomes. Adv. Drug Deliv. Rev. 1995, 16,
267-284. [CrossRef]

Mayer, L.D.; Reamer, J.; Bally, M.B. Intravenous Pretreatment with Empty PH Gradient Liposomes Alters the Pharmacokinetics
and Toxicity of Doxorubicin through In Vivo Active Drug Encapsulation. J. Pharm. Sci. 1999, 88, 96-102. [CrossRef]

Embree, L.; Gelmon, K.; Tolcher, A.; Hudon, N.; Heggie, J.; Dedhar, C.; Logan, P.; Bally, M.B.; Mayer, L.D. Pharmacokinetic
Behavior of Vincristine Sulfate Following Administration of Vincristine Sulfate Liposome Injection. Cancer Chemother. Pharmacol.
1998, 41, 347-352. [CrossRef] [PubMed]

Santos, N.D.; Mayer, L.D.; Abraham, S.A.; Gallagher, R.C.; Cox, K.A; Tardi, P.G.; Bally, M.B. Improved Retention of Idarubicin
after Intravenous Injection Obtained for Cholesterol-Free Liposomes. Biochim. Biophys. Acta (BBA) Biomembr. 2002, 1561, 188-201.
[CrossRef]


https://doi.org/10.3390/ijms18091865
https://doi.org/10.1038/s41580-018-0003-4
https://www.ncbi.nlm.nih.gov/pubmed/29618831
https://doi.org/10.1038/ncb0910-831
https://doi.org/10.3858/emm.2012.44.2.033
https://www.ncbi.nlm.nih.gov/pubmed/22257886
https://doi.org/10.5306/wjco.v8.i2.120
https://www.ncbi.nlm.nih.gov/pubmed/28439493
https://doi.org/10.1186/s12935-016-0341-2
https://www.ncbi.nlm.nih.gov/pubmed/27486382
https://doi.org/10.1371/journal.pone.0006251
https://www.ncbi.nlm.nih.gov/pubmed/19606230
https://doi.org/10.1371/journal.pone.0153416
https://doi.org/10.1016/0005-2736(85)90521-8
https://doi.org/10.3332/ecancer.2017.781
https://doi.org/10.1200/jco.2021.39.15_suppl.1067
https://doi.org/10.1038/sj.onc.1206622
https://doi.org/10.1080/15548627.2018.1474314
https://www.ncbi.nlm.nih.gov/pubmed/29940786
https://doi.org/10.18632/oncotarget.5592
https://www.ncbi.nlm.nih.gov/pubmed/26384345
https://doi.org/10.1002/cncr.31335
https://www.ncbi.nlm.nih.gov/pubmed/29671878
https://doi.org/10.3390/ijms18061279
https://www.ncbi.nlm.nih.gov/pubmed/28621712
https://doi.org/10.1124/jpet.112.199802
https://doi.org/10.1080/15548627.2016.1162930
https://doi.org/10.1016/j.jconrel.2018.08.015
https://www.ncbi.nlm.nih.gov/pubmed/30099017
https://doi.org/10.3390/molecules26010175
https://www.ncbi.nlm.nih.gov/pubmed/33396545
https://doi.org/10.1016/0169-409X(95)00029-7
https://doi.org/10.1021/js980202h
https://doi.org/10.1007/s002800050750
https://www.ncbi.nlm.nih.gov/pubmed/9523729
https://doi.org/10.1016/S0005-2736(02)00345-0

Pharmaceutics 2025, 17, 42 21 of 23

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Hare, J.I; Neijzen, RW.; Anantha, M.; Santos, N.D.; Harasym, N.; Webb, M.S.; Allen, T.M.; Bally, M.B.; Waterhouse, D.N.
Treatment of Colorectal Cancer Using a Combination of Liposomal Irinotecan (Irinophore C™) and 5-Fluorouracil. PLoS ONE
2013, 8, 62349. [CrossRef] [PubMed]

Balazsovits, J.A.; Mayer, L.D.; Bally, M.B.; Cullis, PR.; McDonell, M.; Ginsberg, R.S.; Falk, R.E. Analysis of the Effect of Liposome
Encapsulation on the Vesicant Properties, Acute and Cardiac Toxicities, and Antitumor Efficacy of Doxorubicin. Cancer Chemother.
Pharmacol. 1989, 23, 81-86. [CrossRef]

Prabhakar, U.; Maeda, H.; Jain, R.K.; Sevick-Muraca, E.M.; Zamboni, W.; Farokhzad, O.C.; Barry, S.T.; Gabizon, A.; Grodzinski, P;
Blakey, D.C. Challenges and Key Considerations of the Enhanced Permeability and Retention Effect for Nanomedicine Drug
Delivery in Oncology. Cancer Res. 2013, 73, 2412-2417. [CrossRef] [PubMed]

Danhier, E; Feron, O.; Preat, V. To Exploit the Tumor Microenvironment: Passive and Active Tumor Targeting of Nanocarriers for
Anti-Cancer Drug Delivery. J. Control. Release 2010, 148, 135-146. [CrossRef] [PubMed]

Fang, J.; Nakamura, H.; Maeda, H. The EPR Effect: Unique Features of Tumor Blood Vessels for Drug Delivery, Factors Involved,
and Limitations and Augmentation of the Effect. Adv. Drug Deliv. Rev. 2011, 63, 136-151. [CrossRef]

Batist, G.; Ramakrishnan, G.; Rao, C.S.; Chandrasekharan, A.; Gutheil, J.; Guthrie, T.; Shah, P.; Khojasteh, A.; Nair, M.K;
Hoelzer, K.; et al. Reduced Cardiotoxicity and Preserved Antitumor Efficacy of Liposome-Encapsulated Doxorubicin and
Cyclophosphamide Compared with Conventional Doxorubicin and Cyclophosphamide in a Randomized, Multicenter Trial of
Metastatic Breast Cancer. J. Clin. Oncol. 2001, 19, 1444-1454. [CrossRef]

Li, C; Cui, J.; Wang, C.; Li, Y.; Zhang, H.; Wang, ].; Li, Y.; Zhang, L.; Zhang, L.; Guo, W,; et al. Encapsulation of Mitoxantrone into
Pegylated SUVs Enhances Its Antineoplastic Efficacy. Eur. |. Pharm. Biopharm. 2008, 70, 657-665. [CrossRef] [PubMed]

Oh, YK; Nix, D.E,; Straubinger, R.M. Formulation and Efficacy of Liposome-Encapsulated Antibiotics for Therapy of Intracellular
Mycobacterium Avium Infection. Antimicrob. Agents Chemother. 1995, 39, 2104-2111. [CrossRef]

Rahman, Y.E.; Hanson, W.R.; Bharucha, J.; Ainsworth, E.J.; Jaroslow, B.N. Mechanisms of Reduction of Antitumor Drug Toxicity
by Liposome Encapsulation. Ann. N. Y. Acad. Sci. 1978, 308, 325-342. [CrossRef] [PubMed]

Ramsay, E.; Alnajim, J.; Anantha, M.; Zastre, J.; Yan, H.; Webb, M.; Waterhouse, D.; Bally, M. A Novel Liposomal Irinotecan
Formulation with Significant Anti-Tumour Activity: Use of the Divalent Cation Ionophore A23187 and Copper-Containing
Liposomes to Improve Drug Retention. Eur. |. Pharm. Biopharm. 2008, 68, 607-617. [CrossRef] [PubMed]

Madden, T.D.; Harrigan, PR.; Tai, L.C.L.; Bally, M.B.; Mayer, L.D.; Redelmeier, T.E.; Loughrey, H.C.; Tilcock, C.P.S.; Reinish, L.W.,;
Cullis, PR. The Accumulation of Drugs within Large Unilamellar Vesicles Exhibiting a Proton Gradient: A Survey. Chem. Phys.
Lipids 1990, 53, 37-46. [CrossRef] [PubMed]

Wehbe, M.; Chernov, L.; Chen, K.; Bally, M.B. PRCosomes: Pretty Reactive Complexes Formed in Liposomes. J. Drug Target. 2016,
24,787-796. [CrossRef]

Cobine, P.A.; Brady, D.C. Cuproptosis: Cellular and Molecular Mechanisms Underlying Copper-Induced Cell Death. Mol. Cell
2022, 82, 1786-1787. [CrossRef]

Li, S.-R.; Bu, L.-L.; Cai, L. Cuproptosis: Lipoylated TCA Cycle Proteins-Mediated Novel Cell Death Pathway. Signal Transduct.
Target. Ther. 2022, 7, 158. [CrossRef] [PubMed]

Shen, L.; He, Y,; Fang, C.; Qiu, H.; Chen, Q.; Huang, F.; Wu, Z. Cuproptosis-Associated Genes and Immune Microenvironment
Characterization in Breast Cancer. Medicine 2022, 101, €32301. [CrossRef]

Tang, D.; Chen, X.; Kroemer, G. Cuproptosis: A Copper-Triggered Modality of Mitochondrial Cell Death. Cell Res. 2022, 32,
417-418. [CrossRef]

Wang, Y.; Zhang, L.; Zhou, F. Cuproptosis: A New Form of Programmed Cell Death. Cell. Mol. Immunol. 2022, 19, 867-868.
[CrossRef]

Xue, Q.; Kang, R.; Klionsky, D.J.; Tang, D.; Liu, J.; Chen, X. Copper Metabolism in Cell Death and Autophagy. Autophagy 2023, 19,
2175-2195. [CrossRef]

Jiang, Y.; Huo, Z.; Qi, X.; Zuo, T.; Wu, Z. Copper-Induced Tumor Cell Death Mechanisms and Antitumor Theragnostic Applications
of Copper Complexes. Nanomedicine 2022, 17, 303-324. [CrossRef] [PubMed]

Balgi, A.D.; Fonseca, B.D.; Donohue, E.; Tsang, T.C.; Lajoie, P; Proud, C.G.; Nabi, .R.; Roberge, M. Screen for Chemical Modulators
of Autophagy Reveals Novel Therapeutic Inhibitors of MTORC1 Signaling. PLoS ONE 2009, 4, e7124. [CrossRef]

Fritze, A.; Hens, F.; Kimpfler, A.; Schubert, R.; Peschka-Siiss, R. Remote Loading of Doxorubicin into Liposomes Driven by a
Transmembrane Phosphate Gradient. Biochim. Biophys. Acta (BBA) Biomembr. 2006, 1758, 1633-1640. [CrossRef]

Manning, T.J.; Leggett, T.; Jenkins, D.; Furtado, I.; Phillips, D.; Wylie, G.; Bythell, B.J.; Zhang, F.L. Structural and Some Medicinal
Characteristics of the Copper(Il)-Hydroxychloroquine Complex. Bioorg. Med. Chem. Lett. 2013, 23, 4453—4458. [CrossRef]
[PubMed]

Shi, T.T,; Yu, X.X.; Yan, L.]J.; Xiao, H.T. Research Progress of Hydroxychloroquine and Autophagy Inhibitors on Cancer. Cancer
Chemother. Pharmacol. 2017, 79, 287-294. [CrossRef] [PubMed]


https://doi.org/10.1371/journal.pone.0062349
https://www.ncbi.nlm.nih.gov/pubmed/23626804
https://doi.org/10.1007/BF00273522
https://doi.org/10.1158/0008-5472.CAN-12-4561
https://www.ncbi.nlm.nih.gov/pubmed/23423979
https://doi.org/10.1016/j.jconrel.2010.08.027
https://www.ncbi.nlm.nih.gov/pubmed/20797419
https://doi.org/10.1016/j.addr.2010.04.009
https://doi.org/10.1200/JCO.2001.19.5.1444
https://doi.org/10.1016/j.ejpb.2008.05.019
https://www.ncbi.nlm.nih.gov/pubmed/18582570
https://doi.org/10.1128/AAC.39.9.2104
https://doi.org/10.1111/j.1749-6632.1978.tb22033.x
https://www.ncbi.nlm.nih.gov/pubmed/279296
https://doi.org/10.1016/j.ejpb.2007.08.011
https://www.ncbi.nlm.nih.gov/pubmed/17904831
https://doi.org/10.1016/0009-3084(90)90131-A
https://www.ncbi.nlm.nih.gov/pubmed/1972352
https://doi.org/10.1080/1061186X.2016.1186169
https://doi.org/10.1016/j.molcel.2022.05.001
https://doi.org/10.1038/s41392-022-01014-x
https://www.ncbi.nlm.nih.gov/pubmed/35562341
https://doi.org/10.1097/MD.0000000000032301
https://doi.org/10.1038/s41422-022-00653-7
https://doi.org/10.1038/s41423-022-00866-1
https://doi.org/10.1080/15548627.2023.2200554
https://doi.org/10.2217/nnm-2021-0374
https://www.ncbi.nlm.nih.gov/pubmed/35060391
https://doi.org/10.1371/journal.pone.0007124
https://doi.org/10.1016/j.bbamem.2006.05.028
https://doi.org/10.1016/j.bmcl.2013.05.041
https://www.ncbi.nlm.nih.gov/pubmed/23777781
https://doi.org/10.1007/s00280-016-3197-1
https://www.ncbi.nlm.nih.gov/pubmed/27889812

Pharmaceutics 2025, 17, 42 22 of 23

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Bally, M.B.; Mayer, L.D.; Hope, M.].; Nayar, R. Pharmacodynamics of Liposomal Drug Carriers: Methodological Considerations.
In Liposome Technology, 2nd ed.; CRC Press, Inc.: Boca Raton, FL, USA, 1993; Volume 3, pp. 27-42.

Wabitsch, S.; McVey, ].C.; Ma, C.; Ruf, B.; Kamenyeva, O.; McCallen, ].D.; Diggs, L.P.; Heinrich, B.; Greten, T.F. Hydroxychloroquine
Can Impair Tumor Response to Anti-PD1 in Subcutaneous Mouse Models. iScience 2021, 24, 101990. [CrossRef] [PubMed]
Qadir, M.A.; Kwok, B.; Dragowska, WH.; To, K.H.; Le, D.; Bally, M.B.; Gorski, S.M. Macroautophagy Inhibition Sensitizes
Tamoxifen-Resistant Breast Cancer Cells and Enhances Mitochondrial Depolarization. Breast Cancer Res. Treat. 2008, 112, 389—-403.
[CrossRef] [PubMed]

Simonyan, A.; Gitsov, I. Linear-Dendritic Supramolecular Complexes as Nanoscale Reaction Vessels for “Green” Chemistry.
Diels-Alder Reactions between Fullerene C-60 and Polycyclic Aromatic Hydrocarbons in Aqueous Medium. Langmuir 2008, 24,
11431-11441. [CrossRef]

Finbloom, D.S.; Silver, K.; Newsome, D.A.; Gunkel, R. Comparison of Hydroxychloroquine and Chloroquine Use and the
Development of Retinal Toxicity. J. Rheumatol. 1985, 12, 692—694.

Manic, G.; Obrist, F.; Kroemer, G.; Vitale, I.; Galluzzi, L. Chloroquine and Hydroxychloroquine for Cancer Therapy. Mol. Cell.
Oncol. 2014, 1, €29911. [CrossRef]

Gewirtz, D.A. The Challenge of Developing Autophagy Inhibition as a Therapeutic Strategy. Cancer Res. 2016, 76, 5610-5614.
[CrossRef]

Guo, S.; Pridham, KJ.; Virbasius, C.M.; He, B.; Zhang, L.; Varmark, H.; Green, M.R; Sheng, Z. A Large-Scale RNA Interference
Screen Identifies Genes That Regulate Autophagy at Different Stages. Sci. Rep. 2018, 8, 2822. [CrossRef] [PubMed]

Lim, H.S.; Im, ].S.; Cho, ].Y;; Bae, K.S.; Klein, T.A.; Yeom, J.S.; Kim, T.S.; Choi, J.S.; Jang, L].; Park, J.W. Pharmacokinetics
of Hydroxychloroquine and Its Clinical Implications in Chemoprophylaxis against Malaria Caused by Plasmodium Vivax.
Antimicrob. Agents Chemother. 2009, 53, 1468-1475. [CrossRef] [PubMed]

Al-Bari, M.A.A. Chloroquine Analogues in Drug Discovery: New Directions of Uses, Mechanisms of Actions and Toxic Manifes-
tations from Malaria to Multifarious Diseases. |. Antimicrob. Chemother. 2015, 70, 1608-1621. [CrossRef] [PubMed]

Warhurst, D.C; Steele, J.C.; Adagu, LS.; Craig, J.C.; Cullander, C. Hydroxychloroquine Is Much Less Active than Chloroquine
against Chloroquine-Resistant Plasmodium Falciparum, in Agreement with Its Physicochemical Properties. ]. Antimicrob.
Chemother. 2003, 52, 188-193. [CrossRef]

Johnston, M.].; Semple, S.C.; Klimuk, S.K.; Ansell, S.; Maurer, N.; Cullis, PR. Characterization of the Drug Retention and
Pharmacokinetic Properties of Liposomal Nanoparticles Containing Dihydrosphingomyelin. Biochim. Biophys. Acta (BBA)
Biomembr 2007, 1768, 1121-1127. [CrossRef]

Abraham, S.A.; Edwards, K.; Karlsson, G.; Hudon, N.; Mayer, L.D.; Bally, M.B. An Evaluation of Transmembrane Ion Gradient-
Mediated Encapsulation of Topotecan within Liposomes. J. Control. Release 2004, 96, 449-461. [CrossRef] [PubMed]

Wehbe, M.; Leung, A.W.Y.; Abrams, M.].; Orvig, C.; Bally, M.B. A Perspective—Can Copper Complexes Be Developed as a Novel
Class of Therapeutics? Dalton Trans. 2017, 46, 10758-10773. [CrossRef] [PubMed]

Eisenhauer, E.A.; Therasse, P.; Bogaerts, J.; Schwartz, L.H.; Sargent, D.; Ford, R.; Dancey, J.; Arbuck, S.; Gwyther, S,;
Mooney, M.; et al. New Response Evaluation Criteria in Solid Tumours: Revised RECIST Guideline (Version 1.1). Eur. J.
Cancer 2009, 45, 228-247. [CrossRef]

Allen, T.M.; Cullis, P.R. Liposomal Drug Delivery Systems: From Concept to Clinical Applications. Adv. Drug Deliv. Rev. 2013, 65,
36—48. [CrossRef] [PubMed]

Scherphof, G.L.; Kamps, J.A. The Role of Hepatocytes in the Clearance of Liposomes from the Blood Circulation. Prog. Lipid Res.
2001, 40, 149-166. [CrossRef] [PubMed]

Pellegrini, P.; Strambi, A.; Zipoli, C.; Hagg-Olofsson, M.; Buoncervello, M.; Linder, S.; Milito, A.D. Acidic Extracellular PH
Neutralizes the Autophagy-Inhibiting Activity of Chloroquine: Implications for Cancer Therapies. Autophagy 2014, 10, 562-571.
[CrossRef] [PubMed]

Bezu, L.; Gomes-de-Silva, L.C.; Dewitte, H.; Breckpot, K.; Fucikova, J.; Spisek, R.; Galluzzi, L.; Kepp, O.; Kroemer, G. Combinato-
rial Strategies for the Induction of Immunogenic Cell Death. Front. Immunol. 2015, 6, 187. [CrossRef]

Casares, N.; Pequignot, M.O.; Tesniere, A.; Ghiringhelli, F.; Roux, S.; Chaput, N.; Schmitt, E.; Hamai, A.; Hervas-Stubbs, S.; Obeid,
M.; et al. Caspase-Dependent Immunogenicity of Doxorubicin-Induced Tumor Cell Death. J. Exp. Med. 2005, 202, 1691-1701.
[CrossRef] [PubMed]

Rahim, R.; Strob], ].S. Hydroxychloroquine, Chloroquine, and All-Trans Retinoic Acid Regulate Growth, Survival, and Histone
Acetylation in Breast Cancer Cells. Anti-Cancer Drugs 2009, 20, 736-745. [CrossRef]

Ben-Zvi, I; Kivity, S.; Langevitz, P.; Shoenfeld, Y. Hydroxychloroquine: From Malaria to Autoimmunity. Clin. Rev. Allergy
Immunol. 2012, 42, 145-153. [CrossRef] [PubMed]

Kinsey, C.G.; Camolotto, S.A.; Boespflug, A.M.; Guillen, K.P.; Foth, M.; Truong, A.; Schuman, S.S.; Shea, J.E.; Seipp, M.T,;
Yap, ].T.; et al. Protective Autophagy Elicited by RAF+MEK—ERK Inhibition Suggests a Treatment Strategy for RAS-Driven
Cancers. Nat. Med. 2019, 25, 620-627. [CrossRef] [PubMed]


https://doi.org/10.1016/j.isci.2020.101990
https://www.ncbi.nlm.nih.gov/pubmed/33490900
https://doi.org/10.1007/s10549-007-9873-4
https://www.ncbi.nlm.nih.gov/pubmed/18172760
https://doi.org/10.1021/la801593y
https://doi.org/10.4161/mco.29911
https://doi.org/10.1158/0008-5472.CAN-16-0722
https://doi.org/10.1038/s41598-018-21106-5
https://www.ncbi.nlm.nih.gov/pubmed/29434216
https://doi.org/10.1128/AAC.00339-08
https://www.ncbi.nlm.nih.gov/pubmed/19188392
https://doi.org/10.1093/jac/dkv018
https://www.ncbi.nlm.nih.gov/pubmed/25693996
https://doi.org/10.1093/jac/dkg319
https://doi.org/10.1016/j.bbamem.2007.01.019
https://doi.org/10.1016/j.jconrel.2004.02.017
https://www.ncbi.nlm.nih.gov/pubmed/15120901
https://doi.org/10.1039/C7DT01955F
https://www.ncbi.nlm.nih.gov/pubmed/28702645
https://doi.org/10.1016/j.ejca.2008.10.026
https://doi.org/10.1016/j.addr.2012.09.037
https://www.ncbi.nlm.nih.gov/pubmed/23036225
https://doi.org/10.1016/S0163-7827(00)00020-5
https://www.ncbi.nlm.nih.gov/pubmed/11275265
https://doi.org/10.4161/auto.27901
https://www.ncbi.nlm.nih.gov/pubmed/24492472
https://doi.org/10.3389/fimmu.2015.00187
https://doi.org/10.1084/jem.20050915
https://www.ncbi.nlm.nih.gov/pubmed/16365148
https://doi.org/10.1097/CAD.0b013e32832f4e50
https://doi.org/10.1007/s12016-010-8243-x
https://www.ncbi.nlm.nih.gov/pubmed/21221847
https://doi.org/10.1038/s41591-019-0367-9
https://www.ncbi.nlm.nih.gov/pubmed/30833748

Pharmaceutics 2025, 17, 42 23 of 23

86.

87.

88.

89.

90.

91.

Bryant, K.L.; Stalnecker, C.A.; Zeitouni, D.; Klomp, J.E.; Peng, S.; Tikunov, A.P; Gunda, V.; Pierobon, M.; Waters, A.M.;
George, S.D.; et al. Combination of ERK and Autophagy Inhibition as a Treatment Approach for Pancreatic Cancer. Nat. Med.
2019, 25, 628-640. [CrossRef] [PubMed]

Martin, K.R.; Celano, S.L.; Solitro, A.R.; Gunaydin, H.; Scott, M.; O’'Hagan, R.C.; Shumway, S.D.; Fuller, P.; MacKeigan, J.P.
A Potent and Selective ULK1 Inhibitor Suppresses Autophagy and Sensitizes Cancer Cells to Nutrient Stress. iScience 2018, 8,
74-84. [CrossRef]

Dower, C.M.; Bhat, N.; Gebru, M.T.; Chen, L.; Wills, C.A.; Miller, B.A.; Wang, H.G. Targeted Inhibition of ULK1 Promotes
Apoptosis and Suppresses Tumor Growth and Metastasis in Neuroblastoma. Mol. Cancer Ther. 2018, 17, 2365-2376. [CrossRef]
[PubMed]

Bosc, D.; Vezenkov, L.; Bortnik, S.; An, J.; Xu, J.; Choutka, C.; Hannigan, A.M.; Kovacic, S.; Loo, S.; Clark, PG.K,; et al. A New
Quinoline-Based Chemical Probe Inhibits the Autophagy-Related Cysteine Protease ATG4B. Sci. Rep. 2018, 8, 11653. [CrossRef]
[PubMed]

Pietrocola, F; Pedro, ] M.B.-S.; Galluzzi, L.; Kroemer, G. Autophagy in Natural and Therapy-Driven Anticancer Inmunosurveil-
lance. Autophagy 2017, 13, 2163-2170. [CrossRef]

Ma, Y,; Galluzzi, L.; Zitvogel, L.; Kroemer, G. Autophagy and Cellular Inmune Responses. Immunity 2013, 39, 211-227. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41591-019-0368-8
https://www.ncbi.nlm.nih.gov/pubmed/30833752
https://doi.org/10.1016/j.isci.2018.09.012
https://doi.org/10.1158/1535-7163.MCT-18-0176
https://www.ncbi.nlm.nih.gov/pubmed/30166400
https://doi.org/10.1038/s41598-018-29900-x
https://www.ncbi.nlm.nih.gov/pubmed/30076329
https://doi.org/10.1080/15548627.2017.1310356
https://doi.org/10.1016/j.immuni.2013.07.017
https://www.ncbi.nlm.nih.gov/pubmed/23973220

	Introduction 
	Materials and Methods 
	Chemicals 
	Liposome Preparation 
	Cu-Gluconate Liposomes and Sucrose–HEPES Liposomes 
	Drug Loading 
	Cryo-Transmission Electron Microscopy (Cryo-TEM) 
	In Vitro Liposomal Formulation Stability 
	High-Content Analysis of Viability and Autophagy 
	Western Blot Analysis 
	HCQ and Liposomal HCQ PK Study 
	Efficacy Study 
	Ethics Statement 
	Statistics 

	Results 
	HCQ Loading into Liposomes Depends on Transmembrane pH Gradient 
	Characterization of Liposomes with Encapsulated HCQ 
	In Vitro Inhibition of Autophagy as a Surrogate Measure of HCQ Release from Liposomes 
	PK of Liposomal HCQ 
	Efficacy of Liposome HCQ Formulations 

	Discussion 
	References

