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Introduction: We previously identified niclosamide as a promising repurposed drug candidate for hepatocellular carcinoma (HCC)
treatment. However, it is poorly water soluble, limiting its tissue bioavailability and clinical application. To overcome these challenges,
we developed an orally bioavailable self-microemulsifying drug delivery system encapsulating niclosamide (Nic-SMEDDS).
Methods: Nic-SMEDDS was synthesized and characterized for its physicochemical properties, in vivo pharmacokinetics and
absorption mechanisms, and in vivo therapeutic efficacy in an orthotopic patient-derived xenograft (PDX)-HCC mouse model.
Niclosamide ethanolamine salt (NEN), with superior water solubility, was used as a positive control.

Results: Nic-SMEDDS (5.6% drug load) displayed favorable physicochemical properties and drug release profiles in vitro. In vivo,
Nic-SMEDDS displayed prolonged retention time and plasma release profile compared to niclosamide or NEN. Oral administration of
Nic-SMEDDS to non-tumor bearing mice improved niclosamide bioavailability and C,,x by 4.1- and 1.8-fold, respectively, compared
to oral niclosamide. Cycloheximide pre-treatment blocked niclosamide absorption from orally administered Nic-SMEDDS, suggesting
that its absorption was facilitated through the chylomicron pathway. Nic-SMEDDS (100 mg/kg, bid) showed greater anti-tumor
efficacy compared to NEN (200 mg/kg, qd); this correlated with higher levels (p < 0.01) of niclosamide, increased caspase-3, and
decreased Ki-67 in the harvested PDX tissues when Nic-SMEDDS was given. Biochemical analysis at the treatment end-point
indicated that Nic-SMEDDS elevated lipid levels in treated mice.

Conclusion: We successfully developed an orally bioavailable formulation of niclosamide, which significantly enhanced oral
bioavailability and anti-tumor efficacy in an HCC PDX mouse model. Our data support its clinical translation for the treatment of
solid tumors.

Keywords: niclosamide, self-microemulsifying drug delivery system, SMEDDS, oral bioavailability, drug repurposing, hepatocellular
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Introduction

We previously used a bioinformatics approach to identify drugs (that have been approved by the Food and Drug
Administration (FDA)), that can reverse the gene expression profiles of HCC cells to that of normal hepatocytes. Our
efforts revealed niclosamide as top repurposing drug candidate for HCC treatment.' Niclosamide is an FDA-approved
oral antiparasitic drug for treating tapeworm infection in humans.” In this capacity, it acts primarily by uncoupling
oxidative phosphorylation in the mitochondria to impede metabolism.? Recent evidence indicates that niclosamide has
a broad spectrum of action, including the inhibition of multiple signaling pathways that are critical in cancer cells.*
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Although in vitro data suggest encouraging anti-tumor effects in HCC,' colon cancer,” and prostate cancer,® subsequent
animal studies and clinical trials in these cancer types have not been unsuccessful (NCT02687009; NCT03123978;
NCT02807805; NCT02519582; NCT02532114). This is attributed to poor systemic exposure due to low water solubility
and, consequently low bioavailability, preventing niclosamide from reaching the solid tumor sites. In order to achieve
sufficiently high plasma concentrations required for anti-cancer effects, higher than approved doses of niclosamide are
needed, which may lead to dose-limiting toxicities.®’

Although niclosamide failed to achieve significant anti-HCC efficacy in mouse models, its more water-soluble
ethanolamine salt, niclosamide ethanolamine (NEN), significantly reduced the growth of an orthotopic HCC patient-
derived xenograft (PDX) in mice." This provided evidence that enhancing the water solubility of niclosamide is
a practical approach to enhancing its anti-tumor efficacy in HCC. However, NEN is not FDA-approved for human
use, prompting us to develop other means of enhancing water solubility and bioavailability of niclosamide. To overcome
the translational challenges of poorly water-soluble drugs, such as niclosamide, recent efforts have focused on designing
novel oral formulations and dosing strategies, for example, (1) modification with intestinal drug efflux inhibitory
materials, such as pharmaceutical excipients (Pluronic and Tweens), and polymers (polyethylene glycols and
derivatives);* (2) formulating with nanocarriers that may prolong retention time in the gastrointestinal tract (GIT),

11,12

and slow down GI transition and digestion;'® (3) by exploring more schedule-intensive treatment options, which aim

to shorten dosing schedules to expose tumor cells to therapeutic agents more frequently, thereby reducing the likelihood
of severe side effects while achieving maximum plasma levels.'*'

In this study, we report the development of an oral, lipid-based self-microemulsifying drug delivery system
(SMEDDS) formulation of niclosamide (Nic-SMEDDS), as well as the characterization of its in vitro physicochemical
and drug release properties, and its in vivo pharmacokinetic profiles and absorption mechanisms, organ biodistribution,

and anti-tumor efficacy in HCC PDX mouse models (Schematics).

Methods and Materials

Niclosamide and Tween80® were purchased from Sigma-Aldrich (St. Louis, MO). Cycloheximide and D-luciferin
potassium salt were from Thermo Fisher Scientific Inc. (Waltham, MA). PEG-8 CapRrylic/Capric glycerides
(Labrasol® ALF), Plurol isostearique, and Labrafac lipophile WL 1349 were from Gattesfosse (Paramus, NJ).

Preparation of Niclosamide-Encapsulated Self-Microemulsifying Drug Delivery System
The solubility of niclosamide was first tested in various oils, surfactants, and cosurfactants using the shaking flask
method."* An excess of niclosamide was added to each solution and vortexed for 30s. The mixtures were shaken for 48h
at 30°C, equilibrated for 24h, and centrifuged at 600xg for 10 min. The supernatants were collected and filtered through
a 0.45um pore-size membrane filter. The filtrates were dissolved in methanol, and niclosamide concentration was
detected with ultraviolet (UV) spectrometry at 290 nm. Selection of the surfactant and cosurfactant was based on
emulsion efficiency measurements as described previously.'

A ternary phase diagram of the selected oil, surfactant, and co-surfactant was constructed. The portion of oil and
surfactant ranged from 30—70%, and the cosurfactant ranged from 0-30%.'¢ A total of 20 mixtures were prepared; the oil
phase was blended with a surfactant/cosurfactant mixture, and the final mixture was then stirred in a shaking water bath at
50°C for 10 min. For each sample, 50 mg of the mixture was diluted with 50 mL water. Only transparent or slightly
yellowish dispersions with particle size lower than 200 nm were considered in the emulsion region of the diagram.'” The
particle size was measured using the Dynamic Light Scattering (DLS) instrument (Zetasizer Pro, Marvel Panalytical, UK).

Based on the ternary diagram method as described previously,'® a SMEDDS formulation based on 66.94% Labrasol
ALF, 13.36% Plural oleique, and 14.09% Labrafac lipophile WL1349 was selected for niclosamide loading and further
characterization. Niclosamide (300 mg) was dissolved in the surfactant/cosurfactant (Labrasol® ALF/Labrafac lipophile
WL 1349) mixture and the dispersion was shaken at 50°C for 5 min. Then, the oil phase (Plurol isostearique) was added
to the mixture and shaken for another 30 min at 50°C. The final, clear Nic-SMEDDS dispersion was obtained and sealed
in a dark glass bottle at room temperature until further use.
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Characterization of Physicochemical Properties of the Self-Microemulsifying

Niclosamide Formulation
The Nic-SMEDDS dispersion was diluted with water to reach the appropriate particle concentration (approximately
0.05 mL of SMEDDS in 5 mL of water), and all characterizations were based upon this diluted dispersion. The mean
particle size, polydispersity index, and zeta potential were then determined by the DLS method (Malvern Instruments NS
ZEN 3600, Worcestershire, UK) at 90° fixed angle for 180 s, at 25°C. Measurements were performed in triplicates. The
density of the dispersion was determined by a glass pycnometer (n = 3), and its pH was determined with a potentiometer
(Philips Harris model E3039018G/K, Cheshire, UK) equipped with an electrode (model P43-120). All measurements
were performed in triplicates. Its viscosity was determined using a Brookfield viscosimeter (LVT, Middleboro, MA). To
determine the niclosamide loading ratio, the prepared Nic-SMEDDS was centrifuged at 30,000 rpm, 4°C for 3 h, and the
sediment obtained was washed with water and dried for 24 h to 48 h at room temperature. Niclosamide-loading efficiency
was determined by UV spectrophotometry at 290 nm after dissolving the dried sediment in methanol. Methanol was used
as blank control. Niclosamide quantification was measured by comparing the absorbance of 290 nm of niclosamide
sample to a calibration curve (R2= 0.0005). The niclosamide loading efficiency in SMEDDS was calculated by:

Drug loading efficiency (%) = (experimental drug payload/initial drug) x 100%.

The “experimental drug payload” was the measured drug in the dried sediment and the “initial drug” was the total
amount of drug used for Nic-SMEDDS preparation.

The Analysis of Niclosamide Release from lIts Self-Microemulsifying System Under

in vitro Conditions

Niclosamide release profiles from Nic-SMEDDS formulations were evaluated by dialysis. Nic-SMEDDS (100 pL) was
pre-diluted with deionized water (1:2 v/v%), equivalent to about 5.6 mg niclosamide, and added to the dialysis tube
(D-TubeTM Dialyzer, MWCO 6-8 kDa, Novagen”, Merck KGaA, Billerica, MA), which was then placed in Dissolution
Medium (0.2 M phosphate buffer at a pH of 7.4 and a 0.2M HCI/KCI buffer at a pH of 1.2). Dialysis was done in
a shaker water bath equipped with a thermostat set at 37°C and 100 rotations per minute. Samples (100 uL) were
collected from a 400 mL release media at pre-determined time points of 0, 0.5, 4, 8, and 24 h. An equal volume of
Dissolution Medium was immediately added to each sample after collection. The collected samples were centrifuged at
3000xg for 5 min, and the released niclosamide concentration was measured by a validated liquid chromatography and
tandem mass spectrometry (LC-MS/MS) method'® (Integrated Analytical Solutions, Berkeley, CA).

The Analysis of in vivo Pharmacokinetics of Niclosamide Released from lIts
Self-Microemulsifying System

All animal studies were performed strictly according to the guidelines and rules concerning laboratory animal care, and
were approved by the Institutional Animal Care and Use Committee (IACUC) at Stanford University (Protocol number:
APLAC-20167). Healthy, non-gender biased, NOD.Cg-Prkdcscid 112rgtm1W;jl/SzJ (NSG) mice (8 ~10 weeks old, with
body weight 30 ~ 35 g) were used for in vivo pharmacokinetic (PK) study. Mice were randomized into seven groups (n =
3 in each group), and the following single doses were administered by oral gavage to each group: saline (100 pL),
niclosamide (40 mg/kg, equivalent to NEN), NEN (40 mg/kg), or multiple Nic-SMEDDS dosages (equivalent to 40 mg/
kg, 60 mg/kg, 100 mg/kg or 140 mg/kg NEN). For administration of Nic-SMEDDS, the formulation was diluted with
deionized water (1:2%v/v dilution) immediately prior to oral gavage. The dosing volume in each treatment group was
calibrated to be no more than 10 mL/kg of the mouse body weight. Blood samples (50-80 puL) were collected from each
mouse at 0.5, 1, 4, and 24 h post-administration in heparin-coated tubes (Tubes with K2E, Microtainer™, BD, NJ), and
immediately centrifuged at 3000xg for 5 min to obtain plasma samples, which were transferred to a new tube and stored
at —80°C for further analysis of niclosamide concentration using LC-MS/MS (Integrated Analytical Solutions,
Berkeley, CA).
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The Analysis of in vivo Biodistribution of Niclosamide Self-Microemulsifying System in

the Gastrointestinal Tract

We used a 3D-fluorescence imaging computed tomography technique to monitor the passage of Nic-SMEDDS in vivo in
non-tumor bearing mice, using the vivoTag680® dye (Perkin Elmer LLC, Waltham, MA).?° To prepare the dye stock
solution, 10 mg of the dye was dissolved in 1 mL of dimethylsulfoxide (per the manufacturer’s protocol). For nine mice,
we prepared the control dye mixture consisting of 405 pL of stock dye, 225 pL of buffer solution (50 mM NaHCO3), and
720 pL of water. A total of 1.35 mL PBS (pH 7.2) was added, vortexed, and centrifuged for 10 min at 2000xg. The
resulting dye solution was washed three times according to the protocol, and the supernatant was discarded after each
wash. In a similar manner, another mixture was prepared by adding 720 puL Nic-SMEDDS in place of water. The
fluorescence-labeled Nic-SMEDDS solution or control dye solution (150 uL each) was then orally administered to two
groups of non-tumor-bearing NSG mice (n = 6 per group). Mice were anesthetized with 5% isoflurane prior to imaging at
pre-determined time points (0.5, 4-, and 24 h post-administration), using the LAGO X imaging system (Spectral
Instruments Imaging, Tucson, AZ). VivoTag680® signal distribution was measured at excitation and emission wave-
lengths of 640 and 710 nm, respectively. An average radiance of the Nic-SMEDDS was measured during imaging to
determine the concentration of fluorescence dye in the target tissues (based on the region of interest, ROI). Mice were
sacrificed after image acquisition, and their GITs were removed for the measurement of fluorescent dye concentrations.
Aura software (XQuarts 2.8.5) was used for image analysis.

Evaluation of the Influence of Chylomicron Flow on the Absorption of Niclosamide

from lIts Self-Microemulsifying System

Non-tumor-bearing NSG mice (n=15) were randomly divided into three groups of five each. Group 1 was orally gavaged
with Nic-SMEDDS (equivalent to 60 mg/kg of NEN); Groups 2 and 3 were pre-treated (0.5 h or 2 h, respectively) with
intraperitoneal (i.p.) cycloheximide (3 mg/kg, dissolved in saline at 15 pg/ul), before mice were orally gavaged with
Nic-SMEDDS (equivalent to 60 mg/kg of NEN). Blood samples (n = 3) from each group were collected through the
saphenous vein at 0.5, 4, 8, and 24 h after administration of Nic-SMEDDS, and centrifuged immediately at 2000xg for 5
min. Plasma was collected and immediately stored at —80°C before being analyzed by LC-MS/MS (Michigan State
University, East Lansing, MI).

Evaluation of in vivo Efficacy of Niclosamide Self-Microemulsifying System in
Orthotopic Patient-Derived Xenograft Animal Models

Patient-derived HCC tissues were obtained with written consent from HCC patients prior to tumor resection. The use of
human subjects was approved by accordance with the Institutional Review Board at Stanford University, and complies
with the Declaration of Helsinki. Orthotopic PDX was established as described previously.'? Briefly, luciferase-labeled
patient tumor cells were suspended in complete culture medium DMEM, containing 50% Matrigel matrix (Corning™,
NY), and injected subcutaneously to NSG mice to generate donor xenografts (6 ~ 8 weeks, non-gender biased, 20 ~ 25
g body weight). The growth of subcutaneous donor xenografts was monitored daily by visual inspection and harvested
once they reached ~1.7 cm in diameter. These xenografts were then cut into 1~2 mm® pieces before being surgically
implanted into the left lobe of the liver of another batch of mice (NSG, male, 6~8 weeks old, 25 ~ 30 g body weight) to
establish the orthotopic PDX model for subsequent treatment.

Five to seven days following orthotopic implantation, mice were randomly assigned into five treatment groups (n = 6
each) for oral gavage of: 1). saline control, 200 uL, once a day (qd); 2). NEN control, at a dose of 200 mg/kg, in 200 uL.
of 0.5% Methylcellulose, qd; 3). Nic-SMEDSS at the dose of 60 mg/kg, qd; 4). Nic-SMEDDS at the dose of 60 mg/kg,
twice-a-day (bid), and 5). Nic-SMEDDS at the dose of 100 mg/kg, bid. All dosages were calibrated to be equivalent to
the molecular weight of NEN. The treatments were administered over the course of four weeks. During the treatment
period, the PDX growth was monitored weekly by bioluminescence imaging using LagoX in vivo imaging system
(Spectral Instruments Imaging, Tucson, AZ). Luciferase imaging was acquired 10 min after i.p. administration of
D-Luciferin (150 mg/kg), at 30s exposure time. The total bioluminescence (in ventral position) in photon units
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(photons/s/cm?) was measured to estimate the tumor burden. Mice were monitored for body weight three times a week
until the end of the study. Tissues including livers and xenografts of the mice were harvested at the end of the treatment
period for further histological and tumor volume evaluations. The ex vivo tumor size was measured using digital calipers,
and the volume of the tumor was calculated using the formula /6 x larger diameter x [smaller diameter]”.

Evaluation of Blood Biochemistry and Tissue Distribution of Niclosamide in Treated
Mice

At the end of the treatment study described above, blood was collected, and tumor tissues and all major organs were
harvested from each treated mouse (n = 6 per treatment group). The blood samples were centrifuged at 3000xg for 5 min,
and plasma was isolated and transferred to fresh tubes and stored at —80°C for further biochemical analysis. The
harvested tissues and organs were immediately frozen at —80°C. For each 100 mg of tissue, 0.1% sodium lauryl sulfate
(SLS) solution (1 mL) was added and mixed thoroughly with the tissue sample. A 1 mL internal standard solution of
niclosamide in acetonitrile (20 ng/mL) was added and thoroughly mixed with each tissue sample. The samples were
vortexed for 30s, centrifuged at 18,000xg for 10 min at 4°C, and the supernatant was transferred to fresh tubes for further
analysis of niclosamide concentrations using LC-MS/MS (Integrated Analytical Solutions, Berkeley, CA).

Histological Examination of Tumor Tissues After Treatment with Niclosamide

Self-Microemulsifying System

For hematoxylin and eosin (H&E) staining, harvested organs were fixed using 10% Formalin (Formaldehyde, 50-00-0,
Fisher Scientific, MA) at room temperature for 24 h, immersed in 70% ethanol prior to paraffin embedding, and sectioned
at a thickness of 5 um using a Leica cryo-microtome (RM2255, Leica, IL). Slides were stained with hematoxylin (Sigma-
Aldrich, MO) for 2 min, washed in water, then immersed in 1% HCI acid/alcohol solution for 30s. The sections were then
washed, subjected to bluing solution (Thermo Fisher Scientific, MA) for 1 min, rinsed in water, and treated with 10 drops
of 95% ethanol. Eosin counterstaining was done by briefly immersing the slides into a solution of ethanol: eosin at 1:5
ratio (Thermo Fisher Scientific, MA). Slides were dehydrated by sequential immersion in 95% alcohol and xylene for 5
min each, then mounted using a xylene-based mounting medium (Permount, Sigma-Aldrich, MO). Images were taken
using a Nanozoomer system (Hamamatsu, Japan).

Immunostaining was done the proliferation marker Ki-67, the apoptotic marker cleaved caspase-3, and P-glycoprotein
(P-gp). Harvested tissues were formalin-fixed and paraffin-embedded, then sectioned at 3 ~5 um, and stained according
to the manufacturer’s instructions using streptavidin-biotin peroxidase complexes, using primary monoclonal antibody
against Ki-67 (1:20 dilution) (MA5-14520, Invitrogen™, Waltham, MA), polyclonal antibodies against caspase-3 (1:300
dilution) (700182, Invitrogen), and polyclonal antibodies against P-gp (1:500 dilution) (22336-1-AP, Proteintech®™, IL)
using 3,3'-diaminobenzidine (DAB) as the chromogen. A freely available software Fiji (Image J, version 2.9.0) was used

for quantitative analysis of protein expression from IHC.*'-*

Western Blot Analysis of P-Gp and Cleaved Caspase-3

For P-gp analysis, approximately 3x10° Huh7 or HepG2 cells were seeded into each well of six-well plates, and were
treated with 1 uM of niclosamide for 48 h. Total cell lysates were then extracted from the cells. For cleaved Caspase-3,
total cell lysates were extracted from frozen PDX tissues (10 mg per sample) from different treatment conditions. Protein
(50 pg) from cells or PDX tissues were heat denatured with 5% B-mercaptoethanol (Thermo Fisher Scientific, MA) in 4 x
NuPAGE LDS loading buffer (Invitrogen, CA), and resolved in a 4 —12% SDS-PAGE gradient gel (Invitrogen, Carlsbad,
CA) at 80 V for 2 h. Resolved proteins were electrotransferred onto nitrocellulose membrane (pore size —0.2 um,
Schleicher & Schuell, NH), and blocked with 5% non-fat milk in tris-buffered saline containing 0.01% Tween-20 (TBST,
pH 7.6) for 30 min and incubated at 4°C on a rocking platform overnight, with the primary antibodies against rabbit anti-
P-gp antibody (catalog number 22,336-1-AP, dilution 1:1000; Proteintech, IL), or rabbit anti-cleaved caspase-3 antibody
(catalog number 96618, dilution 1:1000; Cell Signaling Technology, MA). The internal loading control used was
GAPDH, detected using mouse anti-GAPDH (catalog number 60,004-1-Ig, dilution 1: 50,000; Proteintech, IL). After
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the primary antibody incubation, the membrane was washed three times with TBST buffer for 10 minutes each.
Subsequently, the membrane was incubated with an IR Dye-conjugated goat anti-rabbit or anti-mouse IgG secondary
antibody (IRDye®™ 680RD, LI-COR Biosciences, NE) for 1 h at room temperature on a rocking platform. The membranes
were washed three times with TBST buffer, 10 min per wash, and then imaged using Odyssey DLx imager (LI-COR
Biosciences, NE).

Statistical Methods and Software
Data were evaluated using one-way ANOVA with Tukey’s multiple comparisons test unless otherwise stated, and
calculated by the Prism software (Version 9.0, GraphPad Software, Inc. CA).

Results
Physicochemical Properties and in vitro Drug Release Profile of Niclosamide

Self-Microemulsifying System

Our optimized Nic-SMEDDS formulation contained niclosamide at a concentration of 5.61% wt/wt (Table 1). This
formulation has a density of 1.05 g/cm?, a viscosity of 133.3 cp, a pH of 3.96, and a mean particle size of ~150 nm
(Figure Sla), carrying a negative surface charge of —6.8mV (Figure S1b). In vitro release profiles of Nic-SMEDDS
formulation in different release media (PBS at pH 7.4, or 0.2 M HCI/KCI buffer at pH 1.2) indicated gradual release
(reaching >75% of drug load after 24 h) that was independent of pH of the release media (concentration released depicted
in Figure S2a, percentage released depicted in Figure S2b).

Oral Administration of Niclosamide Self-Microemulsifying System Enhanced the

Bioavailability and Absorption of Niclosamide in Non-Tumor Bearing Mice
When Nic-SMEDDS was orally administered to non-tumor-bearing NSG mice, the resulting plasma levels of niclosa-
mide was higher (both the averaged value and the values at individual time points) than that achieved by oral
administration of dose equivalents of niclosamide or NEN (Figure la and b). There was a ~ 4.1-fold and ~1.8-fold
increase in the area under the plasma concentration-time curve (AUC) and the C,,,, value, respectively, resulting from
oral administration of Nic-SMEDDS compared to niclosamide (Table 2). When compared to NEN which had greater
AUC (and hence bioavailability) than niclosamide, Nic-SMEDDS achieved 2.5-fold greater AUC than NEN (Table 2),
suggesting that Nic-SMEDDS further enhanced the bioavailability of niclosamide to beyond that achieved by NEN.

A prolonged GIT emptying rate was observed in vivo when vivoTag680®-labeled Nic-SMEDDS (compared to control
dye) was orally administered to mice, especially at the 30 min and 4 h time points at the jejunum (the main absorption site of
vivoTag680™) (Figure 1c). This prolonged retention time of vivoTag680™-Nic-SMEDDS within the GIT suggests that more

niclosamide may be available for systemic absorption,?*~**

thereby leading to the enhanced plasma niclosamide levels in mice
treated with Nic-SMEDDS compared to those treated with niclosamide (Figure la). Whole mice imaging showed that
vivoTag680®-Nic-SMEDDS produced stronger fluorescence signal compared to vivoTag680™ controls (Figure S3a, b), with

accumulation of vivoTag680®-Nic-SMEDDS in the liver when assessed by ex vivo fluorescence imaging (Figure S3c, d).

Cycloheximide Blocked the Absorption of Niclosamide by Inhibiting Lymphatic

Transport of Niclosamide Self-Microemulsifying System
To investigate the mechanism of Nic-SMEDDS transportation in the intestines, we pre-administered cycloheximide, a protein
synthesis inhibitor that is known to inhibit chylomicron flow through the lymphatic system.?>*® In the absence of cycloheximide,

Table | Characterization of Nic-SMEDDS

Formulation Size PDI Zeta Potential pH Density Viscosity Loading Efficiency
(nm) (mV) (g/lcm3) (cp) (wtiwt%)
Nic-SMEDDS 1547 £ 12.3 031 £0.1 —68+ 1.3 3.96 £0.14 1.0547 £ 0.0012 133.3 5.61

Notes: The Nic-SMEDDS formulation was diluted to 1:1000 (%v/v) with deionized water before measurements of size, PDI, and zeta potential using DLS, mean + SD, n = 3.
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Figure | Pharmacokinetics and absorption properties of Nic-SMEDDS. (a) Plasma niclosamide concentration over time after administration of free niclosamide (Free Nic),
Nen, or Nic-SMEDDS. (b) The area under the curve (AUC) analysis shows significantly enhanced bioavailability of niclosamide when administered as Nic-SMEDDS. (c) Ex
vivo fluorescence imaging of GIT from mice at multiple time points following oral administration of Nic-SMEDDS. Nic-SMEDDS was labeled with vivoTag680® dye (Ex/Em
Channel: 640/710), showing biodistribution of Nic-SMEDDS in the GIT. (d) Niclosamide absorption from Nic-SMEDDS was inhibited by pre-administration of cycloheximide.
Plasma niclosamide concentration-time characteristics from mice administered with Nic-SMEDDS (60 mg/kg equivalent of Nen) in the absence of cycloheximide, or with 0.5
h or 2 h pre-administration of cycloheximide. n = 3 per group; data were plotted as mean + SEM). One-way ANOVA with Tukey’s multiple comparisons test was performed
for analysis; * represents p < 0.05, and ****represents p < 0.0001.

plasma levels of niclosamide increased sharply within the first 30 min post oral gavage of Nic-SMEDDS (equivalent to 60 mg/kg
of NEN) (Figure 1d). When cycloheximide was given 0.5 h prior to oral gavage of Nic-SMEDDS, we observed a delayed peak of
niclosamide at 1 h post-administration, which decreased to near zero levels after 2 h post-administration. When cycloheximide
was given 2 h prior to Nic-SMEDDS, the absorption of niclosamide was completely blocked. Our data suggest that cyclohex-
imide inhibited the absorption of niclosamide, implying that Nic-SMEDDS transportation was facilitated by chylomicrons
through the lymphatic system.

Table 2 Comparison of in vivo Pharmacokinetic Parameters of Niclosamide, NEN, and
Nic-SMEDDS Formulation Following Oral Administration in Non-Tumor-Bearing Mice

Formulation Cmax (ng/mL) Cmax ng/mL Tmax (hr) AUC

per mg dose (h.ng/mL)
Niclosamide 273.0 £ 24.1 6.8 £ 0.6 0.5 376.7 £ 1557
NEN 346.7 + 18.6 8705 0.5 6183 £ 284
Nic-SMEDDS 495.3 + 48.6 124+ 1.2 2 1541 + 76.0

Notes: Data for each parameter were reported as mean + SEM following oral gavage of 40 mg/kg molecular weight
equivalent to NEN in fasted non-tumor bearing NSG mice, n = 3. Nic-SMEDDS vs Niclosamide: ***p < 0.0001,
Nic-SMEDDS vs NEN: ***¥p < 0.0001. Two-way ANOVA with Tukey’s multiple comparisons tests were used for
analysis, *p < 0.05 is considered significant.
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Niclosamide Self-Microemulsifying System Induced Greater in vivo Growth Inhibition

of Patient-Derived Xenografts Than Niclosamide Ethanolamine Salt

To determine the optimal dose(s) of Nic-SMEDDS to be used for subsequent anti-tumor efficacy study in mice, we first
evaluated the PK and bioavailability parameters of four different doses of Nic-SMEDDS — 40, 60, 100, or 140 mg/kg (all
at molecular weight equivalent to NEN, given as a single oral dose), based upon previous studies on NEN."*” Analysis of
the niclosamide AUC (0-24) achieved by these different doses of Nic-SMEDDS demonstrated that the three higher doses
achieved comparatively high AUCs. The highest level was achieved by the 100 mg/kg dose, while the 60 and 140 mg/kg
doses achieved similar (Figure S4). In order to minimize toxicities, we selected the lower doses, 60 mg/kg and 100 mg/
kg, for subsequent in vivo efficacy study of Nic-SMEDDS in mice bearing orthotopic HCC PDX.

The study regimen is represented in Figure 2a. Besides the 60 mg/kg, qd dose, we chose a bid regimen for the 60 mg/
kg and 100 mg/kg doses to maximize exposure of the tumor to niclosamide, since our PK study revealed a short plasma
half-life of ~1.5 h (Figure S4). Oral NEN at 200 mg/kg, qd, was used as the positive treatment control.' Based on
bioluminescence intensity, we observed that the PDX increased in size in the saline-treated control group, starting from
Day 6 after tumor implantation. The treatment groups (different dosages of Nic-SMEDDS, or NEN), showed different
extents of tumor suppression up to 28 days post-tumor implantation (Figure 2b). Among the treatment groups, Nic-
SMEDDS at 60 mg/kg, bid, and at 100 mg/kg, bid showed greater tumor inhibition than the 60 mg/kg, qd group, with
significant inhibition of tumor volume observed with the 100 mg/kg, bid dose (Figure 2c). While NEN also achieved
significant tumor inhibition, the effect seen with Nic-SMEDDS at 100 mg/kg, bid, was greater than that with NEN at
200 mg/kg, qd (Figure 2c).

On the last day of the treatment period, blood samples were collected from mice, and the liver and PDX tissues were
harvested for measurement of niclosamide levels in these samples. We observed higher levels of niclosamide achieved by
oral delivery of Nic-SMEDDS in all sample types, especially at the 60 mg/kg, bid, and 100 mg/kg, bid doses (Figure 2d-2f).
Consistent with the greatest growth inhibitory activity seen with 100 mg/kg, bid dose, the niclosamide levels were highest in
PDX tissues treated at this dose (Figure 2f). H&E staining of harvested PDX tissues indicated that, in the saline-treated
group, tumor cells were tightly packed, and had a higher ratio of nuclear/cytoplasm than those in the Nic-SMEDDS- or NEN-
treated groups. In mice treated with Nic-SMEDDS or NEN, the tumor cells displayed a dispersed arrangement, fragmenta-
tion, shrinkage, and chromatin destruction, indicative of multifocal necrosis and apoptosis (Figure 2g).

Body weight changes over the treatment period revealed a 19% drop in average body weight in the saline-treated
group, primarily due to the increasing tumor burden and accompanying cachexia. In contrast, the Nic-SMEDDS or NEN-
treated groups exhibited a decrease in body weight not exceeding 10%, with no statistical difference among the treatment
groups (Figure S5). Additionally, H&E staining of excised major organs showed no discernable tissue damage caused by
any of the Nic-SMEDDS dosing regimens (Figure S6), indicating their safety and tolerability.

Niclosamide Self-Microemulsifying System Induced Caspase-3 and Inhibited Ki-67

Expression in Treated Xenograft Tissues

Staining of proliferative marker Ki-67>* showed high intensity of positively stained (dark brown) HCC cells in the saline-treated
group, indicating active cell proliferation. Treatment with various doses of Nic-SMEDDS and NEN reduced the expression of
Ki-67, with significant reductions seen in the Nic-SMEDDS 60 mg/kg, bid, and 100 mg/kg, bid groups, and in the NEN treatment
group. The most efficacious dose of Nic-SMEDDS, 100 mg/kg, bid, induced the greatest Ki-67 reduction, suggesting greatest
inhibition of tumor cell proliferation (Figure 3a and b). Correlating with Ki-67 staining, treatment with all doses of Nic-SMEDDS
and NEN increased the levels of activated Caspase-3 protein® in PDX tissues, indicating an increased number of activated
apoptotic cells; the greatest effect was similarly seen with the most efficacious dose of Nic-SMEDDS at 100 mg/kg, bid
(Figure 3c and d). We additionally detected cleaved Caspase-3 protein levels in the PDX tissues, harvested at the treatment
endpoint. Consistent with increased Caspase-3 observed on IHC, we observed increased expression of cleaved Caspase-3 in all
treatment doses of Nic-SMEDDS and in the NEN treated groups, with the greatest induction caused by the most efficacious dose
of Nic-SMEDDS 100mg/kg, bid (Figure S9). Our data demonstrated that Nic-SMEDDS reduced HCC PDX cell proliferation
while increasing apoptotic activity.
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Figure 2 Evaluation of therapeutic efficacy of Nic-SMEDDS in orthotopic PDX-HCC mouse model. (a) Schematic outline of the animal study design including dosing and
bioluminescent imaging schedules. (b) Whole animal bioluminescence images were acquired at various time points throughout the treatment period to assess tumor burden.
(€) Ex vivo tumor volume (mm?) was calculated and compared between each treatment group on Day 28. (d) Niclosamide levels in plasma, and in the (e) liver, and (f) tumor
tissue following 28 days of treatment (n = 3). (g) Histologic H&E-stained sections of HCC tissues of mice from each treatment group. Data were plotted as median + SEM,
and One-way ANOVA with Tukey’s multiple comparisons test was performed for analysis; *p < 0.05; *p < 0.01; **p < 0.001 and ***p < 0.0001; “ns” represents not
significant.

Niclosamide Self-Microemulsifying System Decreased Glucose Levels but Increased
Lipid Levels in vivo

Non-significant changes in blood parameters such as white blood cell (WBC), red blood cell (RBC), hemoglobin (HbG),
and platelet counts were observed after treatment with Nic-SMEDDS or NEN (Figure 4a—4d). Specifically, WBC counts
were reduced in a dose-dependent manner in the Nic-SMEDDS treatment groups, as well as in the NEN-treated group;

RBC and HbG counts were increased in all treatment groups. However, all parameters remained within acceptable
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Figure 3 Immunohistochemical (IHC) staining and analysis of cell proliferation and apoptosis in PDX tissues from different treatment groups. (a) IHC staining for Ki-67
nuclei protein, a tumor cell proliferation and growth marker. (b) Quantitative analysis of Ki-67 staining using Image ] method, (mean area detected: 120,212, threshold 0/100,
n = 3, data were plotted as mean + SEM, One-way ANOVA with Tukey’s multiple comparisons test was performed for analysis;*p < 0.05). (c) IHC staining for cleaved
caspase-3 protein (an apoptosis biomarker). (d) Quantitative analysis of positively stained caspase-3 protein from (c) was performed using the Image ] software. (The mean
area detected was 120,117, threshold 0/100, n = 3, and the data were plotted as mean + SEM. Statistical analysis using one-way ANOVA with Tukey’s multiple comparisons
tests, *p < 0.05 represents significant, *** represents p < 0.001, and “ns” represents not significant. Magnification: 40x, Scale: 100 um (upper row), and 25 um (lower row).

clinical limits despite these treatment-induced changes. Analysis of biochemical parameters suggests that blood glucose
levels were significantly reduced in both Nic-SMEDDS and NEN-treated groups compared to saline-treated mice
(Figure 4e), with dose-dependent decreases observed within the Nic-SMEDDS treatment groups. AST and ALT levels
were significantly reduced in niclosamide or NEN treatment groups (Figure 4f and g), indicating preserved liver function
in response to the treatments; other parameters studied (such as albumin, BUN, and creatinine) were not significantly
altered (Figure 4h—4j). Additionally, triglycerides and high-density lipoprotein (HDL) were found to be increased in all
Nic-SMEDDS- treated groups in a dose-dependent manner, but not observed with NEN treatment (Figure 4k), suggesting
that the lipid components of Nic-SMEDDS led to the observed increases in blood lipid levels.

Discussion
Niclosamide has attracted growing interest in its repurposed therapeutic applications for multiple diseases, including
cancer, COVID-19, and Alzheimer’s disease.’* > However, its low water solubility and resulting poor oral bioavail-
ability have limited its efficacy in clinical applications. In this study, we developed an orally bioavailable lipid-based
microemulsion system loaded with niclosamide, Nic-SMEDDS, and evaluated its absorption, bioavailability, and
therapeutic efficacy in an orthotopic PDX-HCC mouse model.

Lipid-based SMEDDS formulations have been proven to be effective in enhancing the therapeutic profiles of poorly
water-soluble drugs. Indeed, we observed enhanced plasma levels and bioavailability of niclosamide when it was
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Figure 4 Biochemical analysis of blood at treatment endpoint. (a) White blood cell (WBC) counts, (b) Red blood cell (RBC) counts, (c) Hemoglobin (HbG) concentrations,
(d) Platelet counts, (e) Glucose levels, (f) Aspartate aminotransferase (AST) levels, (g) Alanine transaminase (ALT), (h) Albumin concentrations, (i) Blood urea nitrogen
levels, (j) Creatinine, and (k) Lipids levels were analyzed from mice in each treatment group at the end of the 28-day treatment period. Data were plotted as mean + SEM (n
= 3), in (a—j), one-way ANOVA with Tukey’s multiple comparisons test was performed for analysis, *represents p < 0.05. For (k), two-way ANOVA with Tukey’s multiple
comparisons test was used for analysis. In the cholesterol subgroup, no significance was found in treatment groups; in the triglycerides subgroup, GI vs G2 = ns, G| vs G3:
*p =0.0328, Gl vs G4: ¥*p = 0.0002, G4 vs G5 **p = 0.0038 in the HDL subgroup, in LDL subgroup, no significance was observed between all treatment groups; *p < 0.05,
*p < 0.0, #*p < 0.001, and ****p < 0.0001; “ns” represents not significant.

administered as a SMEDDS formulation; these enhancements were superior to that observed with the more water-soluble
NEN salt. Upon dispersion in water, SMEDDS formulations create greatly enhanced interfacial area which allows the
easy partition of drugs from the oil phase into the aqueous phase. This may be one of several mechanisms by which an
SMEDDS enhance the absorption of poorly water-soluble drugs.®® Secondarily, commonly used surfactants in the
formulation of SMEDDS, such as cremophors and pluronics, are reported to inhibit drug efflux transporters such as
P-gp, thereby improving the bioavailability of drugs which are substrates of the efflux pumps.*® Other possible
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mechanisms by which an SMEDDS increases drug bioavailability may be due to prolonged retention of the formulation
within the GIT, and the promotion of lipoprotein turnover within enterocytes, consequently promoting lymphatic
transportation of the drug.>*?

We observed that Nic-SMEDDS was retained for a prolonged time within the GIT, especially in the jejunum from 0.5
to 4 h after oral administration; this may in turn allow a greater time window for niclosamide to be absorbed, thus
achieving enhanced plasma levels and bioavailability of niclosamide when administered as a SMEDDS. Additionally, our
study used optimized levels of medium-chain lipids and high-potency surfactants (at levels of 60—80%) that are known to
enhance intestinal lymphatic triglyceride secretion and drug transport.***®* When we used cycloheximide as a chemical

inhibitor of chylomicron flow,?**

we observed complete blockade of niclosamide absorption when cycloheximide was
administered to mice 2 h prior to Nic-SMEDDS administration. This suggests that the absorption of niclosamide when
given as a SMEDDS occurred through the lymphatic transport system. It is possible that niclosamide micelles entering
enterocytes as a result of SMEDDSylation may be processed similarly as chylomicrons.***' Chylomicrons are formed in
the intestines and released into the lymphatic system, where they are further metabolized in the bloodstream to deliver
fatty acids to the liver and other organs. Thus, the lipidized niclosamide may be recognized as a lipid particle and
subsequently transported by lipoproteins, such as HDL. The lipoproteinated niclosamide micelles that are exocytosed
from enterocytes may be primarily taken up by the mesenteric lymphatic system and subsequently enter the systemic
circulation.*” This hypothesis may partially explain our observation that Nic-SMEDDS administration in mice increased
HDL levels in a dose-independent manner.

When in vivo anti-tumor efficacy of Nic-SMEDDS was compared in orthotopic PDX mice at 60 mg/kg, bid, and at
100 mg/kg, bid, we observed anti-tumor efficacy in a dose-dependent manner, with significant tumor inhibition at the
higher dose. Importantly, a 100 mg/kg bid dose of Nic-SMEDDS (at a dose equivalent to NEN) achieved greater tumor
inhibition than 200 mg/kg of NEN, qd. Correspondingly, niclosamide levels were highest in the PDX tissues of mice
treated with the most efficacious dose of Nic-SMEDDS at 100 mg/kg, bid. We infer that the higher niclosamide levels
achieved in PDX tissues (as a result of delivery via Nic-SMEDDS) led to its observed superior anti-tumor efficacy.
Biologically, the greatest decrease of Ki-67/cell proliferation and the greatest increase of Caspase-3/cell apoptosis were
observed in the most efficacious dose of 100 mg/kg, bid of Nic-SMEDDS. The bid treatment of a lowered dose of
niclosamide via the SMEDDS formulation (100 mg/kg) was superior to the equivalent once-daily dose of NEN (200 mg/
kg). This may result from increased total exposure time from the bid regimen since niclosamide has a short plasma half-
life. The bid regimen allows treatment at a reduced dose, which lowers the C,,, and reduces the incidence of potential
side effects from higher doses.'*

The mechanism of anti-tumor action of niclosamide has been widely reported, and largely attributed to the inhibition of
signaling pathways that are critical in maintaining tumor growth, as well as the inhibition of mitochondrial function.>****** We
therefore did not perform an exhaustive study of its mechanism of action in our mouse model. However, when evaluating
whether P-gp might be involved in Nic-SMEDDS absorption, we observed a significant decrease in immunopositivity of P-gp
in PDX tissues from Nic-SMEDDS- or NEN-treated mice (Figure S7a, ¢). We did not observe any treatment-induced changes
in P-gp expressions in the small intestines, a major site for drug/nutrients absorption (Figure S7a, b). To further examine our
novel finding of P-gp reduction caused by niclosamide treatment, we detected the protein expression of P-gp in two HCC cell
lines treated with niclosamide. While we observed a significant decrease in P-gp expression in niclosamide-treated Huh7 cells,
this effect was not seen in HepG2 cells (Figure S8). It has been reported that P-gp is commonly expressed in HCC, and is
inversely associated with chemotherapy response in inoperable HCC patients.*>*’ The ability of niclosamide to reduce the
expression of P-gp might therefore offer additional clinical benefits of enhancing chemotherapy response and therefore
survival outcome. Our preliminary findings on P-gp modulation by niclosamide warrant further in-depth studies as
a potentially novel and clinically relevant mechanism of action of niclosamide.

Despite the encouraging preclinical data, and promising mechanisms of anti-tumor action of niclosamide in HCC and other
cancers (such as colon and prostate cancers), early clinical trials (NCT02687009; NCT03123978; NCT02807805;
NCT02519582; NCT02532114) using free oral niclosamide have failed to achieve the expected efficacy. These failures are
attributed to the inability of niclosamide to reach the solid tumor sites, as well as the dose-limiting toxicities.*’” For example,
a Phase I clinical trial evaluating the efficacy of niclosamide in prostate cancer determined that the dose could not be increased
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beyond 500 mg PO, three-times-daily (tid) due to toxicity concerns.® However, in another trial of reformulated orally-
bioavailable niclosamide/PDMX1001 in combination with abiraterone and prednisone in men with castration-resistant
prostate cancer (CRPC), patients were treated with escalating doses of niclosamide/PDMX1001 and standard doses of
abiraterone and prednisone, and no dose-limiting toxicities were observed, even at the dose of 1200 mg oral niclosamide/
PDMX1001 three times daily (plus abiraterone 1000 mg PO once daily and prednisone 5 mg PO twice daily).*® This was
despite high trough and peak niclosamide concentrations exceeding the therapeutic threshold of > 0.2 uM. The use of Nic-
SMEDDS and other similar approaches to enhance tissue bioavailability of niclosamide (while minimizing toxicities with
potentially higher achievable C . levels) will likely increase the success rates of future clinical trials. In our animal studies,
we observed no overt signs of toxicities in mice treated with Nic-SMEDDS (100 mg/kg, bid) within the four-week treatment
period. However, blood analysis revealed reduced glucose levels and increased triglyceride levels in these mice. Further
optimization of dose and dosing regimen, as well as adjustment of SMEDDS composition may be necessary to achieve the
balance of safety and efficacy in human cancer patients. We are encouraged by the current use of several FDA-approved
SMEDDS formulations, containing drugs such as ritonavir, cyclosporin A, or saquinavir,*” that achieved improvements in
bioavailability while minimizing side effects. Other SMEDDS-based systems for delivering non-water-soluble drugs,
docosahexaenoic acid, and eicosapentaenoic acid have also been recently tested to be effective in clinical trials
(NCT03592251, NCT03559361, NCT02661698) for improving the bioavailability,** further validating our approach.

Conclusion

We successfully demonstrated that the formulation of niclosamide as a SMEDDS enhanced niclosamide bioavailability
and its resulting anti-tumor efficacy. A significant reduction in the dose of niclosamide was able to achieve an efficacious
tumor level of niclosamide. Individually, niclosamide and the SMEDDS formulation are each well-documented for their
safety in humans;’® this will facilitate the clinical translation of our Nic-SMEDDS formulation. Given the broad
mechanism of anti-tumor action reported for niclosamide, our successful development and validation of Nic-SMEDDS
in HCC would enable its use in other forms of solid tumors, especially those that are dependent on signaling pathways
that are regulated by niclosamide, and in which bioavailability to the tumor site would otherwise be an impediment to the
use of niclosamide. A major focus of our future work is expected to include additional pre-clinical studies, and first-in-
human clinical trials, for safety and toxicity evaluations of Nic-SMEDDS following FDA guidelines.
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