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Abstract

Abnormal Wnt activity is a major mechanism responsible for many diseases, including cancer.
Previously, we reported that the anthelmintic drug Niclosamide (NIC) inhibits Wnt/B-catenin
signaling and suppresses colon cancer cell growth. Although the pharmacokinetic properties of
NIC are appropriate for use as an anthelmintic agent, its low solubility, low bioavailability and low
systemic exposure limit its usefulness in treating systemic diseases. To overcome these limitations,
we conjugated NIC to recombinant chimeric polypeptides (CPs), and the CP-NIC conjugate
spontaneously self-assembled into sub-100 nm near-monodisperse nanoparticles. CP-NIC
nanoparticles delivered intravenously act as a pro-drug of NIC to dramatically increase exposure
of NIC compared to dosing with free NIC. CP-NIC improved anti-tumor activity compared to NIC
in a xenograft model of human colon cancer. Because NIC has multiple biological activities, CP-
NIC could be used for treatment of multiple diseases, including cancer, bacterial and viral
infection, type Il diabetes, NASH and NAFLD.

Graphical abstract

Attachment of the hydrophobic drug NIC (purple triangles) to CP (black chains) triggers self-
assembly into cylindrical nanoparticles.
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1. Introduction

Whnt ligand binding to Frizzled/LRP receptors recruits Dishevelled to prevent the APC/Axin/
GSK3p-mediated phosphorylation, ubiquitination and destruction of B-catenin, allowing p-
catenin to accumulate and enter the nucleus to regulate specific gene activity. The Wnt
signalling pathway plays a key role in tissue development and homeostasis, but is also
dysregulated in many diseases [1-3]. Specifically, in colorectal cancer (CRC), more than
80% of all sporadic and hereditary cancers exhibit hyperactivation of this pathway due to
mutations in the adenomatous polyposis coli (APC) or B-catenin genes [1, 2]. Given the
importance of Wnt signalling activity in promoting tumor formation and metastasis,
therapies to target this pathway are medically needed. However, there is a lack of druggable
Wht signalling pathway drug targets downstream of APC and p-catenin, and because
protein-protein interactions have traditionally been difficult to target with small drug-like
molecules [1, 4], drug discovery targeting this pathway at the level of these proteins has
been problematic.

Recently, we and others have begun to provide insights into mechanisms and chemical
starting points to inhibit the Wnt pathway [5-19], although no drugs targeting this pathway
have been approved to date [20]. Using a high-throughput drug screening approach, we
found that Niclosamide (NIC), a drug approved by the FDA for human use as an
anthelmintic, promotes Frizzled internalization [5]. We subsequently found that NIC down-
regulates Dishevelled and p-catenin, and inhibits colon cancer cell growth in vitro and in
vivo [5, 7]. These findings have since been confirmed by studies from other laboratories
[21-23].

NIC is a multi-functional drug. It was used initially as an anthelmintic agent in livestock in
the early 1960s before being approved by the FDA for use in humans in 1982 to treat
tapeworm infections [24, 25]. NIC has been found to inhibit the proliferation of tumor cell
lines from multiple tumor types, e.g. breast, lung, prostate, lung, ovary, blood and pancreas,
in addition to colon cancer, over an IC50 range of 0.13 - 4 pM that overlaps with the 1C50 of
inhibition of Wnt/B-catenin signalling [26]. NIC also has anti-tumor activity in drug resistant
cancers [7, 27, 28]. NIC has been reported to inhibit key oncogenic signalling pathways [26]
in addition to Wnt [5, 7, 21, 22], including Notch [29], mTOR [30], NF-kB [31], and
STAT-3 [32].

While the pharmacodynamic properties of NIC are appropriate for use in the gut lumen as an
anthelmintic agent, its low solubility, low bioavailability and poor pharmacokinetic profile
result in low plasma exposure when dosed orally [25, 33-36]. Efforts to improve its
solubility have included the preparation of salt forms and of derivatives containing
hydrophilic groups [25, 37, 38]. In the search for STAT-3 inhibitors with improved solubility
to treat cancer, water-solubilizing amine groups were incorporated into NIC [39]. Recently,
efforts to identify nanoparticle formulations of NIC for use in cancer therapy have been
reported, but these formulations did not result in significant improvement of
pharmacological properties [35, 40]. In one study in which the pharmacokinetic parameters
of a nanocrystal formulation of NIC was evaluated in vivo, the nanocrystal formulation did
not significantly change the plasma concentration vs. time profile when administered
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intravenously (i.v.) to rats, though an increased tissue concentration at 2 hours was noted
[35].

Here, we have taken advantage of a new nanotechnology platform we have developed in
which NIC is covalently conjugated to a genetically-encoded elastin-based chimeric
polypeptide (CP)[41]. The CP consists of an elastin-like polypeptide (ELP), a disordered
and highly water soluble recombinant peptide polymer[41], fused to a short (Cys-Gly-Gly)8
peptide segment that provides thiol reactive sites for chemical conjugation of
chemotherapeutic drugs of interest. ELPs are biopolymers composed of a Val-Pro-Gly-Xaa-
Gly pentapeptide repeat (where the “guest residue “Xaa” is any amino acid except Pro)
derived from a structural motif found in mammalian elastin [41]. Attachment of multiple
copies of a hydrophobic drug to the carboxyl terminus of the CP triggers self-assembly of
the CP-drug conjugate into spherical nanoparticles. We showed previously that CP
nanoparticles incorporating hydrophobic chemotherapeutics such as doxorubicin (DOX) and
paclitaxel (PTX) show significantly better tumor regression compared to the free drug, and
in the case of paclitaxel, lead to a better outcome in multiple mouse tumor models compared
to Abraxane, a clinically approved nanoparticle formulation of paclitaxel [42-44].

While CP-drug nanoparticles have been used successfully to improve the pharmacokinetics
and pharmacodynamics of drugs, the parent ELPs that CPs are derived from have presented
a good safety profile in multiple clinical trials as fusions to peptide drugs such as glucagon-
like peptide, vasoactive intestinal peptide-1 and insulin [41]. ELP drug carriers for treatment
of diabetes and heart disease are successfully progressing toward clinical use, as clinical
trials have demonstrated that ELPs are well tolerated in humans and do not induce a
significant immune response in most individuals [41].

Here we show that conjugation of multiple copies of NIC to CP can trigger self-assembly of
the conjugate into nanoparticles in aqueous solution. When injected intravenously, CP-NIC
nanoparticles are better tolerated than free NIC, allowing use of a higher maximum tolerated
dose in a form that leads to increased plasma concentration as a function of time and to
longer duration of exposure, compared to free NIC. CP-NIC exhibits greater anti-cancer
activity than NIC in a colon cancer xenograft model, with no observable adverse effects over
two weeks of intravenous dosing. The ability of CP-NIC to increase the tissue exposure of
NIC when dosed intravenously may provide a valuable preclinical research tool to study the
effectiveness of NIC in preclinical models of cancer and other diseases known to be affected
by NIC.

2. Experimental

Additional methods can be found in Supplementary Information.

2.1 Static and Dynamic Light Scattering

Dynamic light scattering (DLS) was used to measure the particle size at 25 °C and at 10 uM
concentration (n=3) in PBS after filtration through an Anotop syringe filter with 0.22 pm
size pores (Whatman; Florham Park, NJ) using a DynaPro Plate Reader (Wyatt Technology;
Santa Barbara, CA). To obtain size histograms, regularization fits were used to determine the
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hydrodynamic radius (Rh) as weighted by the percent by mass. Static and dynamic light
scattering (SLS/DLS) measurements were performed on an ALV/CGS-3 goniometer system
(Langen, Germany). Samples for the goniometer were prepared in PBS and filtered through
0.22 um Millex-GV filters into a 10 mm disposable borosilicate glass tube (Fisher).
Simultaneous SLS and DLS measurements were obtained at 22°C for angles between
30°-150° at 5° increments, with measurements at each angle consisting of 3 runs for 15
seconds. The differential refractive index (dn/dc) was determined by measuring the
refractive index at five different concentrations using an Abbemat 500 refractometer (Anton
Paar, Graz, Austria). DLS data were analyzed by fitting the autocorrelation function to a
biexponential decay using the HDRC software package (Germany). Rh was plotted against
angle and extrapolated to zero. SLS data were analyzed by partial Zimm plots using ALV/
Dynamic and Static FIT and PLOT software in order to determine the radius of gyration and
molecular weight.

2.2 Cryogenic Transmission Electron Microscopy

Cryogenic transmission electron microscopy (cryo-TEM) was performed at Duke
University’s Shared Materials Instrumentation Facility (Durham, NC). Lacey holey carbon
grids (Ted Pella, Redding, CA) were glow discharged in a PELCO EasiGlow Cleaning
System (Ted Pella, Redding, CA). A 3 ul drop of a sample was deposited onto the grid,
blotted for 3 s with an offset of —3 mm, and vitrified in liquid ethane using the Vitrobot
Mark 111 (FEI, Eindhoven, Netherlands). Prior to vitrification, the sample chamber was
maintained at 22 °C and 100% relative humidity to prevent sample evaporation. Grids were
transferred to a Gatan 626 cryoholder (Gatan, Pleasanton, CA) and imaged on a FEI Tecnai
G2 Twin TEM (FEI, Eindhoven, Netherlands).

2.3 Atomic-force Microscopy (AFM)

Samples for AFM imaging were prepared by placing a drop of sample solution (~0.2 mg/ml)
onto a freshly cleaved mica surfaces and incubating for 15 minutes. Then, the sample was
gently rinsed with Milli-Q H20O and dried under a N, stream. All AFM images were
acquired with Tapping Mode under ambient conditions using a MultiMode AFM (Bruker).
TappingMode silicon cantilever was used for all the AFM images (kF = 40 N/m, fres = 300
kHz).

2.4 Western blot

Western blots were performed following a procedure similar to that reported previously [7].
Briefly, HCT-116 cells were grown to about 80% confluency on poly-D-lysine coated six-
well plates for 48 and then incubated with 2.5 uM NIC in DMSO, molar equivalent CP-NIC
or DMSO control for 18 hours in growth medium. After treatment, the cytosolic fraction was
isolated as described [5]. Immunoblot was used to detect the B-catenin, c-myc and cyclin D1
protein levels in cytosol, with B-actin immunoblots used for loading control.

2.5 Pharmacokinetic analysis of CP-NIC

CP-NIC was dissolved in PBS at a concentration of 40 mg/ml and injected i.v. in the tail
vein of CD1 mice at a dose of 128 mg/kg of body weight. Blood samples were obtained at
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30 min prior to the dosing and at 5, 10, 20 and 40 min, and 1.5, 4, 8, 12, and 24 h after drug
administration. Quantification of free NIC in mouse plasma was done by LC/MS-MS using
methods similar to those previously published [7].

2.6 In vitro cell proliferation

HCT116 human colon carcinoma cells were purchased from American Type Culture
Collection (Manassas, VA, USA) and maintained in McCoy’s 5A medium supplemented
with 10% fetal bovine serum (FBS, Atlanta Biologicals, Lawrenceville, GA, USA), 200
U/ml penicillin, and 50 ng/ml streptomycin (Invitrogen, Grand island, NY, USA). Cells were
grown at 370C in 5% CO2. The cells were plated at 5,000 cells per well into 96 well plates
and treated with compounds (nh=3) for 48 hours, at which point the cell proliferation was
measured using the colorimetric MTS assay (Promega, Madison, W1, USA). Values were
normalized as a percentage of DMSO treated cells. The dose response data were fit with
sigmoidal dose-response using Graphpad Prism.

2.7 Dose Escalation and Tumor Inhibition

3. Results

Prior to in vivo implantation, HCT116 cells were washed twice in Minimum Essential
Media (MEM) (51200-038; Invitrogen; Carlsbad, CA). HCT116 cells were implanted in the
right flank of male nude mice by subcutaneous injection of 1-2x106 cells in 50 pL. All
animals were treated in accordance with National Institute of Health Guide for the Care and
Use of Laboratory Animals under protocols approved by the Duke University Institutional
Animal Care and Use Committee.

Male nude mice (6—8 weeks old) bearing subcutaneous HCT116 tumors were treated when
the mice had a tumor volume of 75-100 mm3. Controls or drugs were administered by tail
vein infusion (50 uL/min) of 500 L. Dose escalation was performed with CP-NIC at 5, 10,
15, 20, and 25 mg/kg BW (BW: body weight). Mice were treated 3 days/week for 2 weeks
with either 5 mg/kg BW unconjugated NIC, or 20 mg/kg BW CP-NIC, the maximum
tolerated doses, respectively. Tumor dimensions and BW were measured 3-4 times a week,
and the tumor volume was calculated according to Volume [mm?3] = length x width x depth
x 1/2.

Mice were monitored for BW loss, and euthanized upon exceeding 15% loss in BW or if
their tumors grew to a volume greater than 1000 mm3. The maximum tolerated dose (MTD)
was determined in mice with tumors. Cumulative survival curves were compared using
Kaplan-Meier analysis, and the Sidak test, Tukey Test and Wilcoxon test were calculated
using GraphPad Prism 6 software.

3.1 Synthesis of CP-NIC conjugate

In our previous studies, we demonstrated that conjugation of multiple copies of doxorubicin
or paclitaxel to CP can trigger self-assembly into nanoparticles, and that these drug-loaded
nanoparticles show greatly improved anti-tumor efficacy compared to the parent drug [42].
Here we sought to explore the advantage of this nano-formulation technology to deliver a
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targeted therapeutic —NIC— to improve its pharmacodynamic properties (Figure 1). The
amino acid sequence of CP is shown in Figure 1a. The CP was expressed from a plasmid-
borne synthetic gene in E. coli and purified by inverse transition cycling (ITC), using
temperature-dependent self-assembly phase shift [45-46]. Three rounds of ITC yielded 100
mg of purified monodisperse CP from 1 L of culture. Matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-MS) (Figure 2a, and Table 1) and
SDS-PAGE analysis (Supplementary Figure 2) showed that the molecular weight of the CP
is 62550 Da.

A terminal maleimide [42, 43] was added to NIC via a substituted hexanoic acid to enable
conjugation of NIC to the polypeptide. Treatment of NIC with 6-Maleimidohexanoic acid
and N,N’-dicyclohexylcarbodiimide(DCC) produced the 6-Maleimidohexanoic ester
derivative of NIC (1), which was covalently attached to the Cys residues of the CP (Figure 1
a, b, Supplementary Figure 1). Purified CP-NIC conjugate (Supplementary Figure 2) has ~4
drug molecules per CP, as determined from the mass difference between the conjugate and
the parent CP (Table 1) measured by MALDI-TOF MS (Figure 2a) [43]. The drug loading
efficiency is 2 wt. % of the conjugate and is consistent with our previous CP-drug conjugates
[42, 43]. In principle, up to 7 drug molecules can be conjugated per CP molecule. However,
in our previous studies with CP-DOX and CP-PTX, where we conjugated DOX or PTX to
the same CP, we found 4 and 2 drugs respectively per CP [42, 43], and the 2 wt. % loading
suggests an average of 4 NIC molecules per CP. Because CP-NIC does not ionize well in
MALDI, it is difficult to determine the poly-dispersity of CP-NIC from the peak width as the
[M+H]*1 peak for the CP-NIC conjugate has relatively low intensity and the low signal-to
noise precludes deconvolution of the peak into components that represent CP-NIC
conjugates with distinct stoichiometry.

3.2 Characterization of CP-NIC conjugate

Upon conjugation with NIC, the CP-NIC conjugate spontaneously self-assembled into near-
monodisperse cylindrical micelles (Figure 1b). As NIC is a hydrophobic drug with a logD of
4.48 at pH 7, these results are consistent with our previous observation that conjugation of
multiple copies of a hydrophobic small molecule drug with a logD > 1.5 to one end of a
hydrophilic polypeptide (CP) impart sufficient amphiphilicity to trigger the self-assembly of
CP into nanoparticles [47]. The radius of gyration (Rg), and hydrodynamic radius (Rh) of
CP-NIC conjugate were determined by static and dynamic light scattering (SLS/DLS). The
Ry, of CP-NIC conjuagte measured by fixed angle DLS using a DynaProTM Plate Reader
(Wyatt Technology; Santa Barbara, CA) at 25 °C. To obtain histograms, regularization fits
were used to determine the hydrodynamic radius (Ry,) as weighted by the percent by mass
and the Rh of CP-NIC conjugate was calculated as 30 nm (Figure 2b, Figure S3, Figure S7).
However, the Ry, calculated from the SLS/DLS measurement with ALV instrument was 49.3
nm (Table 1). This discrepancy is likely due to the fact that the SLS and DLS measurement
on the ALV instrument are carried out simultaneously in the angular range of 30°-150° at 5°
increments, and the Ry, was calculated from the inflection point at 0°, whereas the DLS
measurement in the Whyatt instrument is at a fixed angle of 145°. Analysis of the partial
Zimm plot obtained from SLS showed that the radius of gyration (Rg) of the CP-NIC
nanoparticles was 81.5 nm, and that the aggregation number of the nanoparticles was 90
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(Figure 2 b, c and Table 1). The experimentally determined form factor (p)—calculated as
Rg/Rhy—was 1.65, which is close to the theoretical value for cylindrical particles with high
aspect ratio [48].

The size and rod-like morphology of the CP-NIC nanoparticles were confirmed by cryo-
TEM, which allows for the direct visualization of self-assembled structures in a near-native,
hydrated state (Figure 2e, Figure S4). Only the hydrophobic core of CP-NIC nanoparticles is
visualized by cryo-TEM, due to the low electron density and high degree of hydration of the
ELP chains in the corona of the nanoparticles. However, gaining better contrast in cryo-TEM
is experimentally close to impossible. This is because contrast in cryo-TEM is generated
from differences in electron density between the sample and the vitreous ice layer, and
unfortunately, the contrast for our polypeptide materials in cryo-TEM is fundamentally
limited by two factors. First, because they are composed of relatively light atoms,
polypeptides have lower electron density than many synthetic polymers, and thus exhibit low
contrast. Second, the hydrophobic core of our assembled nanoparticles likely remain quite
hydrated [50-51], further limiting the difference in electron density between the core and the
solvent. This is in contrast to synthetic diblock copolymers where the core-forming domain
is typically much less hydrated, and hence provides good contrast in cryo-TEM. The core’s
low electron density and its likely high degree of hydration combine to limit the contrast
achievable by cryo-TEM.

It is possible to obtain greater contrast, and thus more easily interpretable images, through
negative staining and conventional TEM, but this comes at the cost of potential major
changes to the sample size and morphology during the sample preparation process. Our
judgment is that despite the low contrast images, cryo-TEM, which captures images of the
micelles in their near-native state, combined with light scattering is the best approach to
characterize polypeptide self-assembly. The average length of the cylindrical nanoparticle
determined by cryo-TEM (Lygm) was measured as 74210 nm (n = 10), and the average
diameter (Dtep) Was measured as 12.5£3.5 nm. The micellar morphologies were further
verified by atomic force microscopy (AFM) under ambient condition (Figure 2f, Figure S5).
The AFM images show distinct particles with a rod or worm-like morphology. The observed
width of the worm-like micelle is much larger than their heights, which is likely attributed to
the spreading of the micelles on the mica surface during sample preparation and because of
the tip—induced broadening effect inherent to AFM.

CPs are thermally responsive and display lower critical solution temperature (LCST) phase
transition behaviour, in which the protein goes from a soluble state to an insoluble
coacervate phase upon raising the solution temperature above its cloud point, also called the
inverse transition temperature (Tt). We measured the thermal responsiveness of the CP-NIC
nanoparticles as a function of the CP concentration in mouse serum to model the
physiological milieu that the CP-NIC nanoparticles would be in after i.v. injection (Figure
29). In serum, the Tt of the CP-NIC nanoparticles was independent of the CP-NIC
concentration in the range of 5-50 UM (45 °C at 25 pM), which is in sharp contrast to
unconjugated CP, where Tt varied significantly with concentration (ranging from 48 °C for
50 pm to 65 °C for 5 uM) (Figure S6). This result is consistent with our previous studies of
other drug conjugates (e.g., CP-Paclitaxel and CP-Doxorubicin [42, 43]) that form
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nanoparticles, and suggests that the high local polypeptide concentration in the CP-NIC
nanoparticles make the Tt nearly independent of its overall solution concentration [47].

CP-NIC nanoparticles were further characterized by fluorescence spectroscopy using pyrene
as a probe of local hydrophobicity, which enables measurement of the critical aggregation
concentration (CAC) of the self-assembled nanoparticles [49]. The ratio of the first
fluorescence emission peak (I370.373) to the third peak (I3g1-3g4) Was plotted over a range of
CP concentrations (Figure 2f). The sigmoid of best fit was used to calculate the CAC,
defined as the inflection point of the curve, giving the CAC of the CP-NIC nanoparticles of
~3 uM (Figure 2f).

3.3 In vitro anti-cancer efficacy

Having demonstrated that we can package NIC in the core of the CP-NIC nanoparticles, we
next turned our attention to verify that this formulation retains activity of the drug. Prior
SAR studies indicated that the ester attachment did not affect NIC activity [19]. We chose
the human colon carcinoma HCT116 cell line to evaluate the in vitro cytotoxicity of the CP-
NIC conjugate, as NIC has been proposed for clinical use in human colon carcinoma [7, 21].
After 72 h exposure to CP-NIC nanoparticles, HCT116 cell proliferation was significantly
inhibited (Figure 3a). The IC50, defined as the concentration of NIC (or NIC equivalent for
the CP-NIC nanoparticles) needed to inhibit the proliferation of cells by 50%, was found to
be 0.94 uM for CP-NIC and 0.85 uM for free NIC.

We also determined the efficacy of CP-NIC to inhibit Wnt signalling in HCT116 cells. Wnt
signalling was quantified as cytosolic p-catenin level by Western blot, an assay routinely
used for Wnt signalling activity measurement [19]. Upon treatment of HCT116 cells with
CP-NIC at doses ranging from 0.25 to 5 pM (NIC equivalent) for 18 h, B-catenin levels were
significantly decreased in HCT116 cells (Fig 3b), similar to the inhibition observed for the
same equivalent dose of free NIC [5]. Levels of the Wnt target proteins c-myc and cyclin D1
were also similarly reduced by treatment with NIC, as shown by western blotting. These
data, together with data from the cell proliferation assay, clearly demonstrate that the CP-
NIC nanoparticles inhibit the in vitro proliferation of HCT116 cells and the Wnt signalling
pathway, and that conjugation of NIC to CP does not significantly decrease the activity of
the drug.

3.4 Pharmacokinetic analysis of CP-NIC

To compare the plasma exposure to NIC from CP-NIC nanoparticles versus NIC, CP-NIC
nanoparticles or NIC were administered intravenously and the plasma NIC concentration
was measured as a function of time post-injection (Figure 4). We employed LCMS-MS
analysis to determine the in vivo concentration of NIC as free drug liberated from CP-NIC
nanoparticles. The mechanism of cleavage of NIC from the particle has not been defined, but
is thought to involve protease cleavage and/or aqueous hydrolysis. The pharmacokinetic
parameters were calculated using a non-compartment pharmacokinetic approach using the
WinNonlin software, yielding a terminal half-life of NIC derived from the CP-NIC
nanoparticles of 4.2 £ 1.34 h and a plasma AUC of 36.9 + 7.34 pg/mL/h (Supplementary
Table 1). In contrast, the terminal half-life and AUC for NIC in mice (treated at the same
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dose of unconjugated NIC) are only 1.0 £ 0.22 h and 3.3 = 1.3 pg/mL/h respectively
(Supplementary Table 1).

In fact, the plasma levels of NIC obtained by dosing CP-NIC at 128 mg CP-NIC Equiv/kg
BW remained above the ICsq of inhibition of Wnt signalling by NIC in the TOPFlash assay
for nearly 24 h (Figure 4), whereas the reported plasma levels of NIC dosed as a free drug
solution at 200 mg/kg BW were only above the ICgq for Wnt inhibition for less than 1 h [7].

3.5 In vivo anti-tumor activity

To compare the therapeutic effect of CP—NIC nanoparticles versus free NIC, CP-NIC
formulations were administered in a dose escalation study. The maximum deliverable dose
(MDD) of CP-NIC due to solution viscosity was 20 mg NIC Equiv/kg BW (Figure S8). We
believe that the maximum tolerated dose (MTD) of CP-NIC nanoparticles is greater than 20
mg/kg, but we were unable to increase the dose beyond this due to viscosity of the solution.

Next, we evaluated the tumor inhibition efficacy of the maximum deliverable/tolerated dose
of CP-NIC versus free NIC in the HCT-116 cell xenograft model. Mice with HCT-116
tumors were treated every third day for two weeks intravenously with PBS, unconjugated
NIC (5 mg/kg), or CP-NIC nanoparticles (20 mg/kg of NIC-equivalent) (Figure 5a). The 5
mg/kg dose of free NIC was chosen because in a pilot study with NIC formulated in a
mixture of N-dimethylacetamide (DMA) and Polyethylene Glycol 400 (1:2 v/v), the LD50
of NIC in nude mice was found to be 5 mg/kg BW (unpublished data). Body-weight loss
was also measured throughout the treatment of free NIC and CP-NIC conjugate. All
treatments were tolerated for the period of the study (Figure S8). Ten days after the start of
the treatment, CP-NIC treated mice had a mean tumor volume of 339 mm?3 (n=8) versus 661
mm?3 (n=8) for NIC-treated (Tukey; p=0.001), compared to 1111 mm3 (n=8) for PBS-treated
controls (Tukey; p=0.0001). The CP-NIC formulation outperforms free drug in reducing
growth in tumor volume, which correlated with extended animal survival (Figure 5b, Figure
S9). The median survival time for mice treated with PBS (n = 8) was 13 days, and treatment
with the free NIC (n= 8) slightly increased survival to 16 days (Kaplan—Meier, log-rank test,
p<0.0001) (see Methods). Treatment with CP-NIC (n= 8) further increased survival to 26
days (Kaplan—Meier, log-rank test, p<0.0001). In this study the presumed mechanism of
action of NIC released from nanoparticles is expected to be same as free NIC, which we
have already characterized [7], so we did not further analyze samples. We did not treat mice
with CP alone, because we have shown in a previous study that CP alone is indistinguishable
from PBS vehicle [43]. These results demonstrate that treatment with CP-NIC nanoparticles
improved the survival of mice bearing a subcutaneous HCT-116 cell tumor, compared to
treatment with free NIC drug.

4. Discussion

NIC, an FDA-approved anthelmintic drug, is also a potential cancer chemotherapeutic
because it inhibits Wnt/p-catenin signalling, a signalling pathway that is implicated in tumor
progression and metastasis in colon cancers [19].
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Previously, we demonstrated that NIC exerted anti-proliferative effects in human colon
cancer cell lines by inhibiting Wnt/p-catenin pathway activation, down-regulating DvI2 and
reducing downstream {-catenin signalling [5]. When administered orally in mice bearing a
human colorectal cancer xenograft, NIC inhibited tumor growth [7]. Because NIC is poorly
absorbed and metabolizes rapidly in vivo [7], we recently designed and synthesized a
prodrug of NIC that metabolizes to NIC in vivo. Oral administration of this prodrug
improved the plasma exposure and extended the duration of therapeutic exposure of NIC
drug in mice [19]. In previous anti-tumor studies of NIC in vivo, NIC was formulated for
oral administration in organic solvents such as 90% PEG300 and 10% 1-methyl-2-
pyrrolidone that may generate additional solvent-related side effects [7]. Recently, NIC was
encapsulated using the co-assembly of diblock copolymer (polystyrene-block-polyacrylic
acid) in a micellar suspension of polyethylene glycol cetyl ether [52]. Treatment with these
NIC-loaded nanocells showed anti-proliferative effects against MDA-MB-231 and MCF-7
cells in culture. However, the in vivo pharmacological properties and anti-tumor effect of
this formulation have not been reported. In contrast to these studies, here we show that
conjugation of multiple copies of NIC to a CP triggers self-assembly of the CP-NIC
conjugate into cylindrical nanoparticles that are highly water soluble. These nanoparticles
show comparable inhibition of B-catenin expression and growth of HCT-116 cells as free
drug, and when administered intravenously, liberate NIC with better systemic NIC
distribution and better anti-tumor in vivo efficacy compared to direct dosing with free NIC.

In an alternative approach, hydrophobic drugs can be physically encapsulated into polymeric
micelles, such as poly(d,I-lactide-co-glycolide) (PLL-PLG), poly(ethylene glycol)-poly(y-
benzyl-I-glutamate) (PEG-PBLG) poly(ethylene glycol)-poly(d,I-lactide) (PEG-PLL),
methoxy-poly(ethylene glycol)-co-poly(paclitaxel) (MPEG-PTX) and methoxy-
poly(ethylene glycol)-co-poly trimethylene carbonate (paclitaxel) (MPEG-TMC-PTX) [53-
56]. Drugs such as DOX, camptothecin and PTX respectively were encapsulated into these
micelles ranging from ~1-12 % loading efficiency. Though our 2 wt. % loading of the CP-
NIC conjugate is low, direct conjugation to the carrier enables precise control over the
location of drug release in endosomes, as compared to physically encapsulated drugs,
leading to excellent /n vivo tumor regression efficacy of CP-drug conjugates [42, 43]. We
also note that this issue of drug loading was recently addressed by Stenzel and coworkers,
who demonstrated that a polymer micelle with low loading of cis-platinate showed better
tumor cell uptake and greater tumor cytotoxicity than a similar micelle with high drug
loading [57].

The CMC of the CP-NIC conjugate of ~3 uM is comparable to other polymer micelles, such
as mPEG-polyPTX and mPEG-poly(TMC-PTX) that we recently reported, whose CMCs
were 2 and 0.3 uM respectively [56]. Similarly, the CMC of a PEG-PLA copolymer was
reported in the range of ~0.6-0.8 uM [55].

Beyond its efficacy, the CP-NIC nanoparticle formulation has several other useful
characteristics compared to synthetic polymeric micelles and polymer conjugates that
require complicated multistep procedures to synthesize. Because CPs are recombinant
polypeptides, they can be synthesized in E. coli (or other expression systems) with high
yield and purified readily using phase-shift coacervation, allowing complete control of their
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molecular weight and polydispersity. They are biodegradable and self-assemble in aqueous
buffer into nearly monodisperse nanoparticles upon conjugation with NIC or other small
hydrophobic drugs [58-59]. Attachment of hydrophobic drugs solely at the chain end
ensures that the drug is sequestered within the nanoparticle core, unlike other nanoparticle
drug carriers, such as dendrimers [60], metal nanoparticles [61] or carbon nanotubes [62]
that expose the hydrophobic drugs at the nanoparticle-water interface. We believe that all
these features make CP nanoparticles attractive for improving the delivery of the many
hydrophobic chemotherapeutics that are clinically approved. Further, this nanoparticle
method may also allow re-evaluation and eventual therapeutic use of drug candidates that
have been discarded in drug development pipelines due to unfavourable physicochemical
properties (such as very low water solubility) and poor bioavailability.

5. Conclusion

We report the development and preclinical testing of NIC-loaded polypeptide nanoparticles
that were synthesized by conjugating NIC to recombinant chimeric polypeptides (CPs) to
generate CP-NIC. The CP-NIC nanoparticles exhibit Wnt signalling inhibition similar to
that of free NIC in colon cancer cells. Notably, CP-NIC nanoparticles can behave as a pro-
drug to significantly increase the plasma exposure of NIC as compared to free NIC after
intravenous administration, and enhanced the efficacy of the drug in reducing tumor growth
of human colon cancer xenografts in mice. To our knowledge, this is the first report of NIC-
loaded nanoparticles that increase plasma exposure to NIC, extend its duration of exposure
and improve its in vivo efficacy, thereby overcoming critical barriers to the clinical
translation of NIC to treat cancer [26]. Moreover, this approach also enables the study of
NIC in vivo in other diseases for which NIC has demonstrated biological activity. Thus, the
findings described here may provide a breakthrough to treat diseases ranging from cancer,
viral infection, and metabolic diseases in which Wnt signalling is implicated.
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Structure of CP-NIC conjugate and schematic of the structure of CP-NIC nanoparticles. (a)
The CP was synthesized by genetically encoded synthesis in E. coli, and conjugated to NIC

at the multiple Cys residues at the C-terminal end of the CP. (b) Attachment of the
hydrophobic drug NIC (triangles) triggers self-assembly of the CP into cylindrical

nanoparticles with a drug-rich (purple) core surrounded by a hydrophilic polypeptide corona

(black chains).
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Characterization of CP-NIC nanopatrticles. (&) MALDI-MS of CP and CP-NIC conjugate.
(b) DLS measurement of CP-NIC conjugate (n=3). (c) Angular dependence of Rh of CP-
NIC nanoparticles. (d) Partial Zimm plot of Kc/R vs g2 of CP-NIC conjugate. (e) Cryo-TEM
image of CP-NIC nanoparticles. Scale 200 nm. (f) AFM images of CP-NIC conjugate. (g)
Transition temperature (Tt), and (h) Critical aggregation concentration (CAC) of CP-NIC

conjugate.
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In vitro activity of CP—NIC nanoparticles. (a) Cell viability in the presence of the indicated
doses of free NIC, CP-NIC (equivalent dose to free NIC), or unconjugated CP (equivalent to
CP-NIC) in HCT-116 cells (n=3, mean = 95%Cl). (b) Inhibition of Wnt/pB-catenin signalling
measured as cytosolic p-catenin level, as well as Wnt-targets c-myc and cyclin D1, by the
indicated doses of CP-NIC versus free NIC in HCT-116 cells.

Nanoscale. Author manuscript; available in PMC 2018 August 31.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Bhattacharyya et al.

Page 17
c -
§ 100000 p—
bt
% 10000 % = v IC50 of Wt signaling inhibition
@
o
c
o
(& ]
@D
L.
£
w 10+
o
S
Z 1

I I I I I ] I ] I 1 I 1
0 2 4 6 8 10 12 14 16 18 20 22 24

Time after drug admistration (h)
Fig 4.
Plasma pharmacokinetics. CD1 mice were dosed with CP-NIC (i.v., 128mg/kg). Blood
samples were obtained 0.5 h prior to dosing and at 10, 20 and 40 min, and, 1.5, 4, 8, 12, 24
hours after drug administration (n=4 per time point). Quantification of NIC in mouse plasma
was done by LC/MS-MS and reported as ng/ml. A non-compartment model was fitted to the
plasma NIC concentration, which yielded a terminal half-life of 4.2 h for CP-NIC (mean
+ 95% CI, n=4). The dotted line denotes the ICsq of NIC inhibition of Wnt/B-catenin
signaling in the Wnt-stimulated TOPFlash assay.
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Fig 5.

Ingvivo anti-tumor activity of CP-NIC nanoparticles. (a) and (b) tumor cells (HCT-116) were
implanted in the right flank of male nude mice on day zero. When the tumor volume reached
~100 mm3, mice were treated intravenously every third day for two weeks with PBS (n=8),
unconjugated NIC (5 mg/kg BW, n=8) or CP-NIC (20 mg NIC equiv/kg BW, n=8). (a)
Tumor volume up to day 30 (mean + 95% CI, n=8). p > 0.0001 for CP-NIC, NIC or PBS
treatment. At day 10, comparison was made among groups using the Tukey test. (b)
Cumulative survival of mice (Kaplan—Meier).
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Physicochemical properties of the CP-NIC conjugate.

Table 1

CP-polypeptide sequence

SKGPG(XGVPG);0\WPC(GGC);

Guest residues (X) V:A:G [1:8:7]
Molecular weight of CP (KDa) | 62.5

1Drugs per CP 4

ZRh (nm) 30.1+10.4

ZRg (nm) 81.5+5.8%

37 (chains per nanoparticle) 90

p 1.65

MW (g/mol) 5.83 x 106 + 3.9%
CMC (M) 3.1

lDrug molecules calculated from MALDI MS.

ZRh determined by DLS at 25 °C in PBS. Mean + %PD (n=3).

3Aggregation number (Z): Number of CP-NIC molecules per nanoparticle, as determined by SLS.
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