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Abstract

Patients with disseminated metastatic disease from breast cancer are likely to have
liver involvement in >50% of cases at some point during disease progression. These
patients have a poor prognosis; and, when treated with the standard of care systemic
therapy they have a median survival of <9-months. Increasing survival in breast
cancer patients will likely require the administration of better therapies that are spe-
cifically targeted to treat distant metastases. One approach to increasing treatment
efficacy for breast cancer liver metastases is through the application locoregional
therapies. Locoregional therapies are an appealing interventional approach for breast
cancer patients with liver metastases since these tumor lesions are accessible via
minimally invasive procedures that can be administered using either ultrasound or
CT imaging. Current locoregional therapies to treat breast cancer liver metastases
are non-specific and have not produced significant increases in survival. The goal

of this study was to design and test a targeted locoregional therapeutic intervention
for breast cancer liver metastases. The lead candidate, a fixed-dose small-molecule
drug called MBC-005, was tested in vitro and then the efficacy was evaluated in a
BALB/c mouse liver metastases model. A novel formulation of N-allyl noroxymor-
phone hydrochloride incorporated into an alginate-based gel overcomes many of the
limitations associated with the administration of small-molecule drugs, which include
solubility, off-target toxicity, and enzymatic degradation. In vitro results demonstrated
that MBC-005 mediated its anti-tumorigenic effect through a p21-dependent mech-
anism via a novel molecular pathway, in which N-allyl noroxymorphone component
of MBC-005 stimulated the opioid growth factor receptor to increase p21 expression.
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Intratumoral administration of MBC-005 increased survival 3.9-fold in mice and sig-
nificantly decreased tumor volume 4-fold. While many cytotoxic therapies increase
p21 expression as a response to DNA damage, MBC-005 increased p21 expression
independent cytotoxic DNA damage. MBC-005 did not induce off-target toxicity; and,
as such, would be amenable to multiple rounds of administration. Nevertheless, it

is notable that the positive effects of MBC-005 treatment on increasing survival and
decreasing tumor volume in mice was achieved using a single dose.

Introduction

The delivery of small-molecule therapies to treat cancer has long been complicated
by chemical properties that are incompatible with organic systems, which includes
hydrophobicity, solubility, enzymatic degradation, off-target toxicity, and renal clear-
ance [1-4]. Nevertheless, patients would certainly benefit from novel, targeted
small-molecule therapies if these delivery challenges could be addressed. Recently,
we developed a formulation of N-allyl noroxymorphone hydrochloride that overcomes
several of these hurdles, specifically solubility, off-target toxicity, and enzymatic deg-
radation. N-allyl noroxymorphone is slightly hydrophobic when pH>7, which limits the
ability to achieve high concentrations in solution [5,6]. Initial in vitro studies indicated
that concentrations of N-allyl noroxymorphone that are therapeutically useful would
be greater than could be achieved using this initial formulation. As such, we deter-
mined that N-allyl noroxymorphone would need to be incorporated into a delivery
system that could overcome its hydrophobicity.

In our initial studies we found that a novel formulation of N-allyl noroxymorphone
(BC-003) stopped cell proliferation through the upregulation of p21 [7]. The p21
transcription factor is a master regulator of cell proliferation and differentiation [8,9].
Given the role p21 plays in regulating cell proliferation, it is a potential target for
treating cancer [10]. Initial in vitro studies in breast cancer tumor cells suggested that
N-allyl noroxymorphone could be an effective therapy. This result led us to the pres-
ent investigation, in which we developed a novel delivery system for our novel formu-
lation of N-allyl noroxymorphone to overcome issues surrounding hydrophobicity so
that a therapeutically useful concentration could be achieved. This new formulation of
N-allyl noroxymorphone, MBC-005, was then tested in mouse livers inoculated with
breast cancer cells that were subsequently treated with the MBC-005 formulation.

Unlike other locations in which breast cancer metastases are common, liver
metastases are amenable to the local administration of therapy. Additionally, patients
with disseminated metastatic disease are likely to have liver involvement in 50% to
62% of cases at some point during their disease progression [11,12]. The current
standard of care (SOC) for patients with breast cancer liver metastases is systemic
chemotherapy and locoregional intervention if their liver metastases are symptom-
atic [13]. However, patients with liver metastases have a poor prognosis, with the
median survival rate being <9-months, when receiving conventional SOC systemic
chemotherapy for their disease [11,14—17]. In addition, they often experience serious
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complications that arise from the presence of the metastases that include rapidly progressive hepatic failure, refractory
ascites, portal vein thrombosis, and nutritional compromise [18].

Patients with liver metastases that are amenable to resection are in the minority, with only 5% to 25% being suitable
candidates for hepatectomy [19]. Patients with unresectable metastases in the liver are treated using one of the following
local interventions [20,21]: trans arterial chemotherapy embolization (TACE), radio-frequency embolization (TARE)/ selec-
tive internal radiation therapy (SIRT), thermal ablation, cryotherapy ablation, chemical ablation, and microwave ablation.
Ablative minimally invasive interventions are considered better alternatives for use in palliative care and are the only
option for unresectable metastatic disease; however, they are being used more often as adjuncts to surgical resection
[20,21]. TACE and TARE are the preferred therapeutic intervention to treat multifocal, unresectable, liver metastases from
breast cancer [11,22—24]. However, TACE and TARE both have significant complications that include hepatic failure, bili-
ary obstruction, occlusion of the end-arterial supply to the biliary ducts that results in ischemic necrosis, biloma formation,
the absence of a functioning sphincter of Oddi that compromises the sterility of the biliary tree and elevates the risk of liver
abscesses [11,22—-24]. Further, TARE and TACE only increase 1-year survival approximately 30% compared to patients
who are administered SOC chemotherapy [11,22-24].

One of the limitations in evaluating locoregional therapies is that there are very few randomized clinical trials. Recent
studies, such as NRG-BR002, failed to show a progression-free survival benefit from local stereotactic X-radiation therapy.
However, despite this disappointing result, patients with tumors that are phenotypically homogenous have benefitted from
stereotactic X-radiation, such as in the SABR-COMET study. Part of our motivation for the current work rests in the belief
that locally administered targeted biologic therapies have yet to be rigorously tested.

The incidence of breast cancer continues to rise, with 367,220 estimated new diagnoses in 2024, despite the improve-
ment in overall survival for breast cancer patients during last several decades [25]. This increase in the incidence of breast
cancer is correlated, in part, with an increase in the aging population, with 57% of diagnoses occurring in people 265-
years of age [26]. This is of special concern since this population is expected to grow to 81 million in 2040 [26]. Further,
in 2022, 4.1 million people were living with breast cancer, 4% (164,000) of whom have distant metastases [25] in bone
(70%), in lung (25%), and in liver (50%). A very large number of breast cancer survivors are at risk for relapse or recur-
rence. Relapse and recurrence, depending on the breast cancer phenotype, can range from 5.8% to 22.8% for non-triple
negative breast cancer (TNBC), 40% for TNBC, and 50% for inflammatory breast cancer [27]. In patients experiencing
relapse or recurrence, the incidence of distant metastases is high [28]. Ultimately, in 2024 the numbers of estimated
deaths are expected to be 42,250 and 5-year survival is expected to remain at <31% for stage IV disease [25].

Increasing survival in breast cancer patients overall will likely require the administration of better therapies that are
targeted specifically for patients with distant metastases. MBC-005 was designed to fulfill this need. The goal of this
study was to design and test a locoregional therapeutic intervention to treat breast cancer liver metastases by optimizing
the material properties of MBC-005, testing MBC-005 in vitro, and then evaluating the efficacy of MBC-005 in a BALB/c
mouse liver metastases model. We hypothesized that an optimally designed MBC-005 would inhibit breast cancer growth
in vitro and in vivo. Further, we hypothesize that MBC-005 will be effective through induction of p21, a known tumor sup-
pressor gene, as its primary mechanism of action.

Methods
Material studies

A modified USP apparatus 2 was fitted with in-situ UV fiber optic probes that was used to perform the dissolution evalu-
ation. Solubility was assessed in 10 dissolution media (e.g., buffers with and without surfactants) to determine the ideal
‘sink’ conditions for dissolution. UV wavelengths were scanned to identify the spectra and the lambda max. The limit of
detection and limit of quantification were identified, and a dissolution profile was determined. Each method was run in
triplicate over 72-hours using fiber optic dip probes.
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Viscosity was assessed using the SV-10 tuning-fork sine wave viscometer (A&D Weighing). Samples were prepared
and mixed for 2-minutes, allowed to sit for 5-minutes, then briefly mixed a second time prior to testing. The tuning-fork
sensor plates were inserted into MBC-005 and viscosity and temperature data were collected at 5-second intervals.

In vitro studies

Primary human mammary epithelial cells (HUMEC) were used as a non-transformed control cell line. HUMEC’s were
maintained in Leibovitz's L-15 media (Lonza), without serum but supplemented with the Mammary Epithelial Cell Growth
Kit (ATCC). The MCF7 human breast cancer tumor cell-line (HR +/HER2-) is derived from a metastatic adenocarcinoma
that possesses both estrogen and progesterone receptors (e.g., hormone receptor positive). The BT474 human breast
cancer tumor cell-line is a ductal carcinoma derived from a solid mass (HR+/HER2+). MCF7 and BT474 cells were main-
tained in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal calf serum (FCS, v/v) and 1% penicillin—strep-
tomycin (Cellgro, Corning Life Sciences) with 1% glutamine (Glutagro, Corning Life Sciences). All cells used in this study
were obtained from ATCC.

Cell viability assays

Cells were treated with serial doses of our formulation of N-allyl noroxymorphone dihydrate (Mallinckrodt Pharmaceuti-
cals) solubilized in acetic acid, citric acid monohydrate, and 0.9% normal saline (Spectrum Chemical). Viable cell number
was determined with the methyl tetrazolium (MTT) assay [28, 29, 30]. After 72-hours of treatment, 5-mg/mL of the MTT
reagent (w/v, Sigma) was added to each well and incubated for 2-hours, after which the cells were lysed with 500-uL

of DMSO (Sigma). 50-uL of solution was added in duplicate to a 96-well plate and MTT absorbance was measured at
570-nm on a Tecan Spark monochromator. The effects on cell proliferation were determined by normalizing treated wells
relative to mean values from non-treated wells, as follows: Fold change in cell number=100*[treated cells optical density/
mean control optical density].

The CyQuant lactate dehydrogenase cytotoxicity assay (LDH; Invitrogen) was used to determine cell death following
treatment with N-allyl noroxymorphone [29,30]. Briefly, at the appropriate time points after treatment with N-allyl noroxy-
morphone, 50-uL of cell culture media from each experimental plate was transferred to a 96-well plate, in duplicate.
50-uL of Reaction Mixture was aliquoted into each sample well and mixed by gentle tapping. The plate was incubated for
30-minutes at 37°C in the dark, and absorbance was immediately read at 490-nm and 680-nm. The background mea-
sured at 680-nm was subtracted from the 490-nm reading to determine LDH activity. Fold change in LDH was determined
using the following equation: LDH Fold Change =100*[treated cells optical density/ control well optical density].

Spheroid assay

The spheroid assay was used to determine long terms effects of N-allyl noroxymorphone therapy on tumor cell survival.
Tumor cells in regular DMEM (5x104 per implant) were mixed with equal parts (v/v) of Matrigel (Corning Life Sciences),
allowed to settle in an incubator for 30-minutes, scanned using an Epson 700 scanner to determine initial spheroid area,
and then carefully covered with media and placed back in the cell incubator. At the conclusion of the experiment, cells
were fixed in 70% EtOH and stained with 1% crystal violet and then scanned again. Area fractions were determined using
FIJI (Imaged), and the initial area fraction for each implant was subtracted from the area fraction at the conclusion of the
experiment [29].

The p21 assay

Cells were disassociated using a commercially available lysis buffer (Cell Signaling Technology), to which 1-mM of the
protease inhibitor phenylmethylsulfonyl fluoride was added. Protein lysates were analyzed using the Pierce BCA assay to
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determine total protein concentrations (ThermoFisher). Total p21Waf/CP' protein concentrations were assayed using a com-
mercially available colorimetric sandwich ELISA assay (Cell Signaling Technology). Data were compared to a standard
curve supplied with the ELISA kit.

Mouse xenograft studies

The efficacy of MBC-005 in treating breast cancer metastasis in the liver was evaluated using a syngeneic mammary car-
cinoma model utilizing orthotopic implantation of 4T1-Luc2 cells into the intrahepatic space in 8-weeks old female BALB/c
mice (N=96 total/ N=12 per group). A Cox Proportional Hazard Model was employed to assess the Hazard Ratio (HR)

to determine if the following parameters contributes to animal survival: treatment (Control versus MBC-005), initial tumor
volume, final tumor volume, median tumor volume, animal weight at the conclusion of the studies, metastases, biolumi-
nescence analysis, and liver weight. A summary of the experimental design is summarized in Fig 1.

The 4T1-luc2 murine mammary gland tumor cell-line is an implantable triple-negative breast cancer that was obtained
from Perkin-Elmer. The cell line was maintained in RPMI-1640 medium supplemented with 10% fetal bovine serum, 2-mM
glutamine, 100-units/ mL penicillin G sodium, 100-ug/mL streptomycin sulfate, and 25-ug/mL gentamicin. Cell-line biolumi-
nescent intensity was verified by limiting dilution before and after cell implant.

For tumor implantation, the 4T1-luc2 tumor cells were resuspended in 50% Matrigel (Corning) at 4x108 cells/ mL. Prior
to undergoing intrahepatic implantation surgery, the animals were administered 0.15-mg/ kg buprenorphine. Each mouse
was surgically injected intra-hepatically into the left lateral lobe with 2x10% cells in a 50-yL suspension under isoflurane
anesthesia. On day 7 after the implantation of the 4T1-luc2 tumor cells, mice were randomized into treatment groups and
all animals except those the no treatment control group were administered with doxorubicin (5-mg/ kg) intravenously. Mice
in the MBC-005 treatment groups were concurrently treated with 25-uL of MBC-005 (Table 1) via intra-hepatically injection
into the left lateral lobe.

The surgeries, animal monitoring, and imaging were completed at Charles River Laboratory Morrisville (Morrisville,
NC). Animals were maintained in barrier housing in a clean room with 12-hours light/ dark cycle as part of an IACUC
approved study. Animal welfare considerations were observed during this study, including efforts to minimize suffering
and distress, which included subcutaneous administration of 0.15-mg/ kg of buprenorphine as an anesthetic immediately
following surgery and as needed subsequently. Animals were anesthetized via inhalation using 4% isoflurane to reach a
surgical plane of anesthesia and then maintained with 1% to 2% isoflurane. Following tumor implantation and treatment,

Orthotopic Tumor Formation
Implantation and Treatment

[![,
=

Resuspend in PBS:

Matrigel for Injection / - CCD Camera -
AN\ X % /
Loamt luciferin
; ~ 7 Survival .
- ) * Days ° * tWme Bioluminescence

Tumor Cells

Imaging

Fig 1. Diagrammatic illustration showing the time-course of the experimental set-up as well as the experimental endpoints.

https://doi.org/10.1371/journal.pone.0323621.9001
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Table 1. Study Design.

Group Number MBC-005 Treatment Doxorubicin
N-allyl noroxymorphone Component Hydrogel Component
No Treatment Control (NTC) 12 0-ug 0-pL 0-mg/ kg
Control MBC-005 12 0-ug 25-pL 5-mg/ kg
30-pug MBC-005 12 30-pg 25-pL 5-mg/ kg
60-ug MBC-005 12 60-ug 25-uL 5-mg/ kg
120-pug MBC-005 12 120-pg 25-pL 5-mg/ kg
180-ug MBC-005 12 180-ug 25-pL 5-mg/ kg
240-ug MBC-005 12 240-ug 25-uL 5-mg/ kg
480-ug MBC-005 12 480-ug 25-pL 5-mg/ kg

NB: Animal numbers were determined empirically based on previous work.

https://doi.org/10.1371/journal.pone.0323621.t001

animals were monitored daily and weighed every 2-days. Animals were euthanized when they were observation have lost
30% of body weight or on three consecutive weight measurements lost 25% of body weight. Animals were also eutha-
nized when they lost 15% of body weight and, in conjunction, had impaired hind limb function, had hindlimb paralysis, or
were moribund. Animals were also euthanized when the tumor volume was greater than or equal to 1000-mm3. Animals
that completed the study and survived to day 60 following treatment were also euthanized. Animals were euthanized using
CO, asphyxiation followed by cervical dislocation, after which animals were bled via cardiac puncture for clinical chemis-
try and hematology assessments. Necropsies was performed for individual animal and livers were removed for histologic
processing.

Liver weight measurements

Following gross necropsy, livers were collected. Liver weight was obtained before being fixed in 10% neutral buffered
formalin. Liver weights were measured using a balance and corrected for the animal weight to produce a % liver weight.

Bioluminescence imaging

Bioluminescent images were acquired on day 0 and then bi-weekly until the end of the study. Luciferase activity was
measured using the IVIS SpectrumCT (Perkin Elmer) equipped with a CCD camera, mounted on a light-tight specimen
chamber. On each imaging day, animals were injected with 0.22-um of VivoGlo D-Luciferin substrate (150-mg/ kg; i.p. at
10-mL/kg, split across two injections) and placed in an anesthesia induction chamber (2.5% to 3.5% isoflurane in oxygen).
Upon sedation, animals were placed in a ventral position in the imaging chamber, equipped with stage heated at physio-
logical temperature, for image acquisition starting ten minutes after luciferin injection. Flux was quantified and reported as
108 photons/ second (p/s).

Histology

After weighing the livers, samples were placed in 10% neutral buffered formalin and allowed to fix for at least 72-hours.
Livers were dehydrated using serial concentrations of ethanol (e.g., 30%, 50%, 70%, and 100%) and then toluene. Livers
were then laid flat, embedded in paraffin, and then sectioned at 5-um on a rotary microtome. Sections were then stained
with hematoxylin and eosin. Livers were sectioned at three levels (L1, L2, and L3). One section was evaluated from each
level, which were separated by 645-uym (e.g., L1 was 645-uym from L2 and L2 was 645-um from L3). Liver sections were
imaged at 4x using a Nikon Eclipse Ni microscope and a Nikon DS-Fi2 digital camera. Composite images were generated
using a tiling method, in which images were taken periodically in a grid pattern and then assembled into a final image
using Photoshop (Adobe).
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Histomorphology

Histomorphometric analysis was used to determine tumor volume and the volume of necrotic tissue in the left lobe of

the liver, in which the tumor and MBC-005 were implanted. Volumes for the whole liver lobe were determined using Fiji
(v1.54f) using image thresholding [31]. Tumor volumes and the volume of necrotic tissue were determined using QuPath
(v0.5.1-arm64) pathology analysis software [32]. Volumes were estimated based on the work of Cruz-Orive [33—-35] and
the Cavalieri Principle [36]. Briefly, the area fraction (A) for a particular level (e.g., A, ,) was multiplied by the distance (d)
between sections located in adjacent levels (i.e., between L1 and L2), in which d=645-um. The composite volume (V)
for each parameter (e.g., total volume, tumor volume, of volume of necrosis) was calculated by summing the volumes for
each level, such that: V.=V +V +V = (A *645-um) + (A ,*645-um) + (A *5-um). The final term A , is multiplied by
5-um to account for thickness of the final section. The volume fraction (V) was calculated by dividing the tumor volume
(v ) by the total liver volume (V,, ). Likewise, the volume fraction of necrosis (V) was calculated by dividing the vol-

t(tumor) t(liver)

ume of necrosis (V,...) Dy the total liver volume (V).

Statistical analyses

Means and standard deviations were calculated for the MTT assay data, the LDH assay data, and the spheroid assay
data. The normalized dose-response data from the MTT assay were assessed using an ‘inhibitor concentration versus
normalized dose response’ non-linear regression analysis. Dose-response regression lines were assessed for statistical
differences between groups using an Extra-Sum-of-Squares F-test to determine if the groups were statistically different or,
alternatively, could be modeled using a single regression line (a=0.05). LDH and the spheroid assay data were assessed
for significant differences using either one-way ANOVA followed by correction for multiple comparisons with Dunnett’s test
(a=0.05).

The size of the groups (N=12) was determined empirically, based on many previous experiments using the various
breast cancer cells models — including the 4T1 tumor cells used in this study — and using this mouse model. Nevertheless,
a post-hoc power analysis was conducted in Prism to confirm that the statistical analyses for the animal studies did not
result in a Type Il error (i.e., a false negative). The power analysis assumed that the true standardized effect size between
bioluminescent data in the No Treatment Control Group and the Control MBC-005 is 1.512. This value equals the differ-
ence between the population means of 18.83 and 19.5 divided by the pooled standard deviation 0.4432 for these groups.
Due to the process of random sampling from a larger population, the standardized effect size calculated will be greater
than 5.347 in about half of the experiments and it would be less than this value in the other half. As such, the null hypoth-
esis for this test is ‘the difference between group means is zero’. If the assumption is true, that the true standardized effect
size between the two populations is 5.347, then that means that the null hypothesis (i.e., that there is no difference) must
be incorrect. Therefore, the achieved power of the test indicates that in 99.7% of experiments, the p-value will be less than
0.05 (Two-tailed), and the null hypothesis would be correctly rejected.

Using this approach a Target Power=0.8 and a Standardized Effect Size =1.512 that were computed from a
pooled Standard Deviation=0.4432, and the means of each group (No Treatment Control group mean=18.83,
Control MBC-005 group mean=19.5). Using these values the Sample Size needed to achieve a Power of 0.803
was calculated to be 16, or 8 animals per group. Using the 12 animals per group that were employed in the study,
which was based on previous empirical data, a difference of 0.53 would be needed between groups to achieve a
Power of 0.8.

Bioluminescent data for the mouse studies were analyzed using a Malthusian exponential growth model was developed
using non-linear least-squares regression to estimate the doubling time for the tumor volume, which served as a surrogate
for local tumor growth [37]. Regression lines were assessed for statistical differences between groups using an Extra-
Sum-of-Squares F-test to determine if the groups were statistically different or, alternatively, could be modeled using a
single regression line (a=0.05).
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Histomorphometric analyses were first evaluated normality using the Shapiro-Wilks test. All of the groups were found
to be normal or lognormal, and a one-way ANOVA was used to assess differences between treatment groups. Consistent
with Glantz’s et al. [38] Welch’s correction with an unpaired ‘t’ was used to identify differences between the NTC group
and the MBC-005 treatment groups (a=0.05).

A Cox Proportional Hazard Regression Model [39,40] was used to assess survival and to calculate the parameter
estimates (B) and the hazard ratio (HR=exp(p,)) for the following parameters: treatment (Control versus MBC-005), initial
tumor volume, final tumor volume, median tumor volume, fracture incidence, the presence of metastases, and final body
weight. All data analyses were performed using GraphPad Prism version 9.4.0, GraphPad Software, San Diego, California
USA.

Results
Design of MBC-005

The following key parameters were identified for MBC-005: it must be flowable through a syringe, viewable under ultra-
sound (i.e., echogenic), and have an elution rate for N-allyl noroxymorphone of <0.2-mg/hr"2. A sodium alginate/ gum
Arabic mixture (1:4.43 w/w) was empirically found to possess the handling properties needed to be injectable through a
syringe when a lanthanum carbonate/ iron (lll) sulfate hydrate catalyst (1:14 w/w) was used to initiate hydrogel curing.
Viscometry was used to estimate the injectability of MBC-005 using a tuning-fork viscometer. Time dependent changes in
viscosity were observed, with the maximum viscosity of 10,163.8-mPass (N=8; SD + 1683.4) was reached at 560-sec (i.e.,
9-minutes and 20-sec) over the 1800-sec (i.e., 30-minutes) experimental period (Fig 2). The range observed for the vis-
cosity values likely relate to differences in humidity, which ranged from 14.2% to 30.9% during the experiments, while the
mean temperature was 19.68° C varied less than 1° C (SD +£0.396° C). Interestingly, the material exhibited endothermic
behavior during testing, with the average temperature decreasing 1° C for the material.

Previous work had shown that the average maximum force achievable during syringe injection is 79.8-N [41] while Vo
et al. demonstrated that 4.9-N to 23.3-N of force was needed to inject water using a 5-mL syringe with a 25-G needle.
Based on the viscosity data, we would expect that MBC-005 would require 10.163-N of force for injection, which is well
below the 23.3-N force identified by Vo et al. and aligns well with our experience. However, we did find that a 16-G to
21-G needle was needed for a controlled injection of approximately 0.1-cc/s, with this range of needle sizes and injection

mPa+S

0 300 600 900 1200 1500 1800
Time (s)
Fig 2. Viscosity assessed using a tuning-fork viscometer. Experiments were run for 1800-sec (i.e., 30-minutes) on N=8 samples. Humidity ranges

from 14.2% to 30.9% for the experiments. The ambient temperature ranged from 18.9° C to 20° C. The average maximum viscosity was 10,163.8-mPa-s
(SD +1683.4-mPa-s) measured at 560-sec.

https://doi.org/10.1371/journal.pone.0323621.9002
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rate consistent with clinical practice [42,43]. The ability to inject MBC-005 using a syringe with an 18-G needle was further
confirmed by demonstrating that it could be injected into bovine livers, which was imaged using ultrasound guidance (Fig
3).

The elution rate of the N-allyl noroxymorphone was empirically determined for the MBC-005 formulation using the
Hixson-Crowell cube-root law for diffusion from a hydrogel, which models Higuchi diffusion kinetics using the following
equation: ¥/Qy — /Q; = K x t. In this equation, ‘Q,’ is the starting amount of N-allyl noroxymorphone, ‘Q, is the amount
of N-allyl noroxymorphone at time ‘t, ‘K’ is the rate constant, and ‘t is time. ‘K’ is a dimensionless constate that is derived
empirically from the material properties of a material; and, as such ‘K’ is an intrinsic property of MBC-005. Data were col-
lected hourly using UPLC from which the quantity of N-allyl noroxymorphone was measured. A best-fit line modeled on the
Hixson-Crowell equation was then computed (Fig 4A) for two different samples with an R? of 0.928 and 0.8468, respec-
tively. The mean release rate was 0.1496-mg/hr'2,

MBC-005

Fig 3. Echogenic properties were assessed using a portable ultrasound, similar to the devices that are used clinically. MBC-005 was loaded
(3-mL) into a 5-mL syringe with an 18-G needle. Samples were injected into bovine liver samples embedded in glycerol.

https://doi.org/10.1371/journal.pone.0323621.9003
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Fig 4. (A) Release rate (i.e., elution) of N-allyl noroxymorphone hydrochloride evaluated using UPLC from two samples of MBC-005. The
equations predict that at 24-hours there will be between 0.798-mg and 1.205-mg of N-allyl noroxymorphone hydrochloride remaining. (B) Contour plot

showing N-allyl noroxymorphone hydrochloride elution using different compositions of MBC-005. The contour plot generated predicts an optimal elution
rate at 24-hours of 0.14647-mg/hr'2.

https://doi.org/10.1371/journal.pone.0323621.9004
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A Design of Experiments approach was used to create a design space (e.g., the mathematical model), which was
generated using a D-optimal quadratic model. D-optimal design uses an iterative algorithm that minimizes the parameter
covariance. The optimal MBC-005 composition (Fig 4B) was identified using this model based on maintaining the lantha-
num concentration above 25% and the elution rate <0.2-mg/hr'2. The result of this analysis was the identification of an
optimal MBC-005 formulation that is composed of 53% sodium alginate (w/w), 12% gum Arabic (w/w), and 26% lantha-
num carbonate (w/w). This optimal MBC-005 formulation has an elution rate of 0.14647-mg/hr'?,

MBC-005 effects on tumor cytotoxicity

In vitro culture studies demonstrated that the small molecule N-allyl noroxymorphone reduced human breast tumor cell
number in a dose-dependent manner 72-hours after administration for both the BT474 breast cancer cells (hormone
receptor positive (HR+)/ HER2+) and the HR-positive/ HER2-negative MCF7 breast cancer cells when compared to the
HUMEC primary breast epithelial cells (Fig 5). An Extra-Sum-of-Squares F-test demonstrated that the regression lines
computed for HUMEC, BT474, and MCF7 cells were statistically different (p<0.0001). The decrease in cell number did
not correspond to the rate of cell proliferation for each of the cells studied, with the HUMEC being the slowest dividing
cells, the BT474 HER2 +tumor cells being in the middle, and the MCF7 tumor cells proliferating the fastest. This outcome
is unexpected given the role HER2 plays in mediating cell proliferation and the amplification of HER2 expression in the
BT474 cells [32]. The inhibitor concentration versus normalized dose response curves predicts an IC,; of 4.998-mM for
the HUMEC cells, 2.835-mM for the MCF7 tumor cells, and 1.06-mM for the BT474 tumor cells.

Extracellular LDH measured in the MCF7 cells at 72-hours after the addition of N-allyl noroxymorphone did not result
in significant differences from the control cultures. These LDH values suggest that the cytotoxic mechanism does not
become a significant driver of cell death until the dose is>6-mM (Fig 6A). Only the 8-mM and 10-mM N-allyl noroxy-
morphone concentrations demonstrated significant LDH expression when compared to controls (*=p<0.036 and
*##¥%=pn<(0.0001). This suggests that the decrease in MCF7 tumor cell number is not directly coupled to the mechanism

120
1 = HUMEC Breast Epithelium
- MCF7 Breast Cancer Cells
1004 -4 BT474 Breast Cancer Cells

80]

Change in Relative Cell Number at 72-hrs

60
50 1 €L l o
" \;
20

a

0
00 05 1.0 15 20 25 3.0 35 40 45 5.0
N-allyl noroxymorphone Concentration (mM)

Fig 5. Inhibitor versus the normalized dose response curves. Non-linear regression curves were computed for the HUMEC breast epithelium (green
line), MCF7 HR-positive/HER2-negative breast cancer cells (red line), and the BT474 HR-positive/HER2-positive (blue line). The regression lines were
shown to be significantly different via an Extra-Sum-of-Squares F-test (p<0.0001), which means the data are best represented as separate lines. The
R2-value was 0.9188 for the HUMEC cells, 0.7596 for the MCF7 tumor cells, and 0.9847 for the BT474 tumor cells. The IC,, (dashed line) was 4.998-mM
for the HUMEC cells, 2.835-mM for the MCF7 tumor cells, and 1.06-mM for the BT474 tumor cells.

https://doi.org/10.1371/journal.pone.0323621.9005
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Fig 6. LDH expression is a surrogate for cell death. (A) MCF7 tumor cells were assessed at 72-hours following the administration of N-allyl noroxy-
morphone (0-, 1-, 2-, 2.5-, 4-, 6-, 8-, and 10-mM). A one-way ANOVA demonstrated that all the tested N-allyl noroxymorphone concentrations tested in
MCF?7 cultures produced a significant increase in LDH expression at 8- and 10-mM doses relative to controls (*=p<0.0334, ****=p<(0.0001). (B) BT474
tumor cells were assessed at 24-hours following the administration of N-allyl noroxymorphone (0-, 1-, 1.5-, 2.5-, and 5-mM). A one-way ANOVA demon-
strated that all the tested N-allyl noroxymorphone concentrations tested in BT474 cultures produced a significant increase in LDH expression relative to
the control cultures (*=p<0.0334, **=p<0.0097, and ****=p<0.0001).

https://doi.org/10.1371/journal.pone.0323621.9006

that mediates cell death. In contrast, 24-hours after treating the BT474 cultures with N-allyl noroxymorphone, the LDH val-
ues increased steeply which corresponded to the steep decrease cell number. This demonstrates that the loss in BT474
tumor cells number is more tightly coupled with the mechanism that drives cell death (Fig 6B). A one-way ANOVA demon-
strated that all the tested N-allyl noroxymorphone concentrations in the BT474 cultures produced a significant increase in
LDH expression relative to the control cultures (*=p<0.0334, **=p<0.0097, and ****=p<0.0001).

The spheroid assay was used to assess the effects that the N-allyl noroxymorphone on tumor cell growth and sur-
vival. After 336-hours, crystal violet staining in MCF7 cultures decreased at the highest doses tested, 5- and 10-mM (Fig.
7A). The area of the spheroid micro-mass decreased 41.9% for the 5-mM and 68.1% for the 10-mM N-allyl noroxymor-
phone concentrations, which were significantly different (*=p<0.014 and ****=p<0.0001) versus the control cultures.
Following treatment with N-allyl noroxymorphone at 120-hours, a significant decrease in the spheroid micro-mass area
was observed in BT474 cultures (Fig 7B). Treatment with the following N-allyl noroxymorphone concentrations reduced
micro-mass size relative to controls cultures: 1.5-mM of N-allyl noroxymorphone reduced the micro-mass size 14.7%,
2-mM of N-allyl noroxymorphone concentration decreased the micro-mass size 23.8%, 2.5-mM of N-allyl noroxymorphone
concentration decreased the decreased micro-mass size 30.6%, and 5-mM of N-allyl noroxymorphone concentration
decreased the micro-mass size 84% (¥*=p<0.017, #**=p<0.0002, and ****=p<0.0001). The MCF7 micro-masses at
336-hours were smaller than their corresponding control cultures at that same time-point. Micro-masses in the BT474
cultures were both smaller than their corresponding control cultures, but also smaller in size than they were at the start of
the experiment on day O (i.e., the micro-masses shrank). The spheroid assay is a useful tool to assess if animal studies
are likely to be successful by testing the effects of a therapeutic agent on long-term tumor growth and is a surrogate for
post-therapeutic survival. The results of the spheroid assays, in both the MCF7 and BT474 tumor cells, suggested that the
effects of MBC-005 treatment would not be short-term and would negatively impact tumor survival when tested in vivo.
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Fig 7. The spheroid assay is used to assess long-term effects of therapy on tumor cell by culturing the tumor cells in a micro-mass, which is
a 3D tumor mass used as a surrogate for in vivo tumor cell growth dynamics. (A) MCF7 tumor cell micro-mass cultures (purple staining) treated
with 0-, 1-, 2-, 2.5-, 5-, and 10-mM N-allyl noroxymorphone doses, after 336-hours, produced a significant decrease of 41.9% and 68.1% in micro-mass
areas for the 5- and 10-mM N-allyl noroxymorphone concentrations, respectively (*=p<0.014 and ****=p<0.0001). (B) BT474 tumor cell micro-mass
cultures (purple staining) treated with 0-, 1-, 1.5-, 2-, 2.5-, and 5-mM N-allyl noroxymorphone concentrations, after 120-hours, resulted in a signifi-

cant decrease of 14.7%, 23.8%, 30.6%, and 84% for the 1.5-, 2-, 2.5, and 5-mM N-allyl noroxymorphone concentrations, respectively (*=p<0.017,
*#**=p<0.0002, and ****=p<0.0001)..

https://doi.org/10.1371/journal.pone.0323621.9007

The hydrogel component of MBC-005 was also tested for its effects on cell proliferation and cell death using the MTT
and LDH assays, corrected for cell number to allow for the comparison between different cell-lines. The MC3T3-E1 (MC3)
cell-line was used as non-tumor cell control. Following treatment with the hydrogel component of MBC-005, no significant
change in MC3 cell number at 24- or 72-hours (Fig 8A). Relative to the MTT values for the MC3 cells at 24-hours, in MCF7
cultures there was a significant 6.41-fold decrease in cell number at 24-hours (p<0.0003) and a 10.41-fold decrease in cell
number at 72-hours (p<0.0001). Similarly, when compared to the MTT values for the MC3 cell at 24-hours, the MTT values
for the BT474 cells were significantly decreased 2.89-fold (p<0.0019) at 24-hours and 4-fold at 72-hours (p<0.0005).

In addition, after treatment with the hydrogel component of MBC-005, no significant change in MC3 cell death at 24- or
72-hours (Fig 8B). However, relative to the LDH values for the MC3 cell at 24-hours, in MCF7 cultures there was a signifi-
cant 3.15-fold increase in LDH (p<0.0001) at 24-hours and a 11-fold increase in LDH (p<0.0044) at 72-hours. For BT474
cultures there was a significant 2.8-fold increase in LDH (p<0.0001) at 24-hours and 2.62-fold at 72-hours.

A p21 ELISA assay was used to assess p21 protein expression levels in MCF7 and BT474 cells (Fig 9) following treat-
ment with MBC-005. The p21 protein expression was normalized for total protein was interpolated using the included stan-
dards. Twenty-four hours after the addition of 1-mM MBC-005 to MCF7 cultures, p21 expression significantly increased
3.75 -fold (p<0.0082) relative to control cultures (Fig 9A). Correspondingly, 24-hours after the addition of 1-mM MBC-005
to BT474 cultures, p21 expression significantly increased 5.78-fold (p <0.0435) relative to control cultures (Fig 9B).

MBC-005 was also tested versus doxorubicin in MCF7 tumor cells (Fig 10). Relative to control cultures, 24-hours
after adding 1-mM and 10-mM of MBC-005, cell numbers decreased 24.2% and 65.1%, respectively (p<0.0001). Addi-
tionally, the 10-mM MBC-005 dose was also shown to be significantly decreased 53.9% than the 1-mM MBC-005 dose
(p<0.0001). Cell number increased after the addition of 150-nM doxorubicin 4.5%, although this change in cell number
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Fig 8. The MTT assay and the LDH assay were used to assess the effects of the hydrogel component of MBC-005 on tumor cell number
and cell death. MC3T3-E1 cells (MC3) were used as a non-tumor cell control. (A) There was no statistically significant difference (NS) in MTT values
between the MC3 cell cultures at 24- and 72-hours. Relative to the MTT values for the MC3 cells at 24-hours, in MCF7 cultures there was a significant
decrease in cell number at 24-hours (***=p<0.0003) and 72-hours (***=p<0.0001). MTT values for the BT474 cells were significantly decreased

at 24-hours (**=p<0.0019) and 72-hours (***=p<0.0005). (B) There was no significant difference (NS) between LDH values for MC3 cultures at

24- and 72-hours. Relative to the LDH values for the MC3 cells at 24-hours, in MCF7 cultures there was a significant increase in LDH at 24-hours
(***=p<0.0001) and 72-hours (**=p<0.0044). In BT474 cultures LDH values were significantly increased at 24-hours (***=p<0.0001) and 72-hours
(p<0.0001).

https://doi.org/10.1371/journal.pone.0323621.9008
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Fig 9. The p21 ELISA assay was used to assess the effects of MBC-005 on tumor cell expression of p21. (A) MCF7 tumor cells were treated with
1-mM MBC-005 and then assessed for p21 expression 24-hours later. p21 expression increased significantly 3.75-fold (**=p<0.0082) relative to control
cultures. (B) BT474 tumor cells were also treated with 1-mM MBC-005 and then assessed for p21 expression 24-hours later. p21 expression increased
significantly 5.78-fold (*=p<0.0435) relative to control cultures.

https://doi.org/10.1371/journal.pone.0323621.9009

was not statistically significant. In contrast, the 150-uM concentration of doxorubicin resulted in a significant 78.8%
decrease in cell number (p<0.0001). Interestingly, the 10-mM MBC-005 dose and the 150-uM doxorubicin dose were not
significantly different.

MBC-005 increased survival in a mouse xenograft liver metastases model

The 4T1 breast cancer cell line, tagged with luc2 luciferase (4T1-luc2), was implanted directly into the liver of BALB/c
mice (N=12 per treatment group). Seven days after tumor inoculation, mice were treated with various concentrations
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Fig 10. MCF?7 cultures were treated with either MBC-005 or doxorubicin. Treatment with 1-mM MBC-005 or 10-mM MBC-005 produced a significant
decrease in cell number of 24.2% and 65.1%, respectively, 24-hours after treatment (****=p<0.0001). A further significant decreased of 53.9% was
observed between the 1-mM MBC-005 dose and the 10-mM MBC-005 dose (****=p<0.0001). Treatment with 150-nM of doxorubicin did not produce a
significant change in cell number relative to control cultures (NS). Cultures treated with 150-uM of doxorubicin were seen to significantly decrease 78.8%
relative to controls (****=p<0.0001). Comparison between the 10-mM MBC-005 dose and the 150-uM dose of doxorubicin were also found to be not
significant (NS).

https://doi.org/10.1371/journal.pone.0323621.9010

of MBC-005 (30-, 60-, 120-, 180-, 240-, or 480-ug) in combination with 5-mg/kg doxorubicin every 3-days. Mice in the
Control MBC-005 group were treated with MBC-005 that lacked N-allyl noroxymorphone in combination with 5-mg/kg
doxorubicin every 3-days. Mice in the No Treatment Control (NTC) group did not receive any therapy. Animals were then
observed over 23-days using bioluminescent imaging on day 0, 8, and 15 after treatment with MBC-005. A Cox propor-
tional hazards model was constructed using the following: 1) treatment versus no treatment, 2) the presence of lung
metastases, 3) the calculated area under the curve (AUC) for the whole-body bioluminescence as a surrogate for tumor
burden, and 4) the change in body weight as a surrogate for overall animal health. The presence of lung metastases and
the change in body weight had the greatest impact on the model (Table 2). When compared to the NTC group, the 60-ug
MBC-005 dose group had the most significant survival benefit, with an HR=0.4471. Further, interpolated cumulative sur-
vival (Table 3) was also greatest in the mice treated with 60-ug MBC-005, both when they did not have lung metastases
(52.67%) and then they did have lung metastases (3.07%).

Overall survival in the NTC group mice was 8.5% at day 23 (Fig 11). Control MBC-005 group survival was 14.8%, which
is 74% greater than NTC group survival, which may be related to doxorubicin treatment. The 60-ug MBC-005 treatment
group was 3.9-fold greater than the NTC group and 2.24-fold greater than the Control MBC-005 treatment group. These
results suggest that the 60-ug MBC-005 dose group has a significant survival benefit over 5-mg/kg doxorubicin+ MBC-005
group.

Survival in BALB/c mice inoculated with 4T1-luc2 breast cancer cells directly in the liver were assessed using a Cox
proportional hazard model. At day 23, 8.5% of the mice in the No Treatment Control group were observed to have sur-
vived (red). The survival in the Control MBC-005 treatment group mice was 14.8% and the survival in the 60-ug MBC-005
group was 33.2%.
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Table 2. Cox proportional hazard ratios.

Hazard Ratio Variable HR Estimate 95% Confidence Interval
exp(B,) NTC vs Control MBC-005 0.7736 0.3185 to 1.861
exp(B,) NTC vs 30-ug MBC-005 0.8269 0.3043 to 2.209
exp(B,) NTC vs 60-ug MBC-005 0.4471 0.1508 to 1.282
exp(B,) NTC vs 120-ug MBC-005 1.294 0.4142 to 3.840
exp(B,) NTC vs 180-ug MBC-005 0.9628 0.3533 to 2.575
exp(B,) NTC vs 240-ug MBC-005 1.376 0.4774 to 3.837
exp(B,) NTC vs 480-ug MBC-005 0.6274 0.1870 to 1.983
exp(By,) Lung Metastases [Y] 5.434 3.017 to 10.21
exp(B,) AUC Bioluminescence 1.00 1.00 to 1.00
exp(B,,) AWeight 0.8158 0.6674 to 1.009

https://doi.org/10.1371/journal.pone.0323621.t002

Table 3. Interpolated survival in mice with or without lung metastases.

Treatment Group Survival with No Lung Metastases Survival with Lung Metastases
Interpolated Cumulative Survival Interpolated HR Interpolated Cumulative Survival Interpolated HR

NTC 23.84% 0.582 0.04% 3.160
Control MBC-005 32.98% 0.450 0.20% 2.445
30-pg MBC-005 30.55% 0.481 0.16% 2.613
60-ug MBC-005 52.67% 0.260 3.07% 1.413
120-ug MBC-005 15.63% 0.753 0.004% 4.090
180-ug MBC-005 25.14% 0.560 0.06% 3.043
240-ug MBC-005 13.90% 0.800 0.002% 4.349
480-uyg MBC-005 40.67% 0.365 0.08% 1.983

https://doi.org/10.1371/journal.pone.0323621.t003
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The 4T1-luc2 breast cancer tumor cells can be tracked using bioluminescence, which corresponds to tumor burden. A
Malthusian exponential growth model was developed using non-linear least-squares regression to estimate the doubling
time for the tumor bioluminescence [37]. Regression lines were then assessed for statistical differences between groups
using an Extra-Sum-of-Squares F-test to determine if the groups were statistically different or, alternatively, could be mod-
eled using a single regression line (a=0.05). Using this method to assess the whole-body bioluminescent signal all the
groups were found to be significantly different from one another (p<0.0001) (Fig 12A). The same analytical approach was
used to assess the bioluminescent signal from the liver, and all the groups were found to be significantly different from
one another (p<0.0001) (Fig 12B). In both the whole-body and in the liver the bioluminescent signal in the 60-ug MBC-
005 treatment group was the lowest. The Malthusian exponential growth model also allows for the determination of the
doubling-time, which corresponds to time-dependent tumor growth. The whole-body bioluminescent signal doubling-time
for the NTC group was 5.7-days (Table 4). Relative to the NTC group, all the MBC-005 treatment groups had a signifi-
cantly increased doubling time. In particular, the 60-ug MBC-005 dose group had the longest doubling-time of 27-days,
which corresponds to the slowest tumor growth of the treatment groups.

A.Whole Body Luminescence B. Liver Luminescence

1.2x10"9 — No Treatment Control 8x%10°7
— Control MBC-005 — No Treatment Control
1.1%10" — 30.ug MBC-005 — Control MBC-005
— 60-ug MBC-005 7x106] — 30-Mg MBC-005
1.0%10"' __ 12049 MBC-005 — 60-ug MBC-005
aoae] 180-ug MBC-005 ~- 120-ug MBC-005
= ~- 480-ug MBC-005 -9 -
7 8.0x10'1 @ —- 480-ug MBC-005
£ e
8 7.0x101 g 5x105]
c c
o
3 8
3 6.0x101 3
£ £
£ € 4%10%]
=]
3 5.0x10" 2
o o
4.0x10"0 3%106]
3.0x10"0
2.0%1010 2x108
1.0x1010
T T T T T T T 1 1x10%: T T T T T T T 1
0 3 6 9 12 15 18 21 24 0 3 6 9 12 15 18 21 24
Days Days
C_ Doxorubicin 5-mg/kg
No Treatment Control 30-pug 60-ug 120-pug 180-pug 240-ug 480-ug

Luminescence

Control MBC-005 MB’C—005 MBC-005 MBC-005 MBC-005 MBC-005 MBC-005

Fig 12. Mice in the NTC and MBC-005 treatment groups were evaluated for bioluminescent signaling at 6-, 13-, and 21-days after tumor inocu-
lation. (A) Malthusian non-linear regression analysis demonstrated that the whole-body bioluminescent signal was significantly different between the dif-
ferent treatment groups (p<0.0001). (B) A Malthusian non-linear regression analysis demonstrated that the liver bioluminescent signal was significantly
different between the treatment groups (p<0.0001). (C) Bioluminescent imaging showed the greatest decrease in signal was in the 60-uyg MBC-005
groups; however, 30-, 120-, 180-, 240-, and 480-ug MBC-005 groups qualitative had less bioluminescent signal. In addition, the NTC group animal had
bioluminescent signal in its hind-limb (red arrow).

https://doi.org/10.1371/journal.pone.0323621.9012
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Table 4. Bioluminescent Doubling Time.

Treatment Groups Doubling Time (days)
NTC 5.7

Control MBC-005 12.2

30-uyg MBC-005 12.3

60-ug MBC-005 27.0

120-ug MBC-005 13.6

180-ug MBC-005 12.8

240-ug MBC-005 21.6

480-uyg MBC-005 24.0

https://doi.org/10.1371/journal.pone.0323621.t004

The bioluminescence was lowest in the mice in the 60-ug MBC-005 treatment group (Fig 12C). In addition, the 30-,
120-, 180-, 240-, and 480-ug MBC-005 groups also had less bioluminescent signal than the NTC group and the Control
MBC-005 groups, the latter of which had widely disseminated tumor throughout the abdominal and thoracic cavities.
Further, at 14-days 58.3% (7/12) of the mice in the NTC group had metastases in their hind-limbs and at 21-days the one
remaining mouse in the NTC group also had metastases in its hind-limb (Fig 12C). None of the animals treated with MBC-
005 had hind-limb metastases. Post-hoc analysis using 2-way ANOVA was used to evaluate differences between dose
treatment groups.

An analysis of liver weights corrected for whole body weight (%liver weight) was assessed as a surrogate for liver
tumor burden (Fig 13). Mean values of the %liver weight falling within the highlighted bar are not significantly different than
the reference control values. Administration of 60-ug MBC-005 resulted in the lowest %liver weight. Clinical chemistry and
hematology were assessed in mice at day 23, the conclusion of the study. Alkaline phosphatase (ALP) is a liver enzyme
that can relate to liver stress. ALP expression was in the normal range for the 60- and 120-ug MBC-005 treatment groups.
Alanine aminotransferase and aspartate aminotransferase are liver enzymes that can also indicate liver stress. However,

% Liver Weights (Liver Weight / Total Body Weight)

Fig 13. Liver weights were normalized by the mouse body weight to derive the %liver weight. Reference %liver weight was derived from pub-
lished reference liver and total body weights and ranged from 3.53-mg to 5-mg. Only the 60- and 120-ug MBC-005 treatment groups were within the
reference range, with means of 4.785-mg (SEM+0.2144) and 4.863-mg (SEM+0.4863), respectively. Only the 60-ug MBC-005 treatment group has an
SEM that is below 5-mg.

https://doi.org/10.1371/journal.pone.0323621.9013
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no clear trend was observed for the different treatment groups. Likewise, the assessment of hematological values also did
not show any treatment related pattern.

Liver samples were assessed for tumor volumes and necrosis volumes using histology (Fig 14). Histomorphometric
analysis demonstrated that administration of 60-ug MBC-005 resulted in a significant 4.2-fold decrease (p<0.0038) in the
liver volume fraction (V) relative to the NTC group, which is a morphometric feature that is directly related to the tumor
volume in the liver (Fig 15A). Administration of 120-ug MBC-005 also resulted in a significant (p<0.0155) decrease of 2.3-
fold in tumor burden in the liver relative to the NTC group. However, none of the other concentrations of MBC-005 tested
resulted in a significant decrease in tumor volume. Necrosis was also histomorphometrically assessed in liver samples.
No significant change in necrosis was observed (Fig 15B). While not significant, treatment with 60-ug MBC-005 resulted
in a 3-fold decrease in necrosis while administration with 120-ug MBC-005 resulted in a 2.25-fold decrease in necrosis.
Fibrosis was also significantly greater in the MBC-005 treated animals when compared to the animals in the NTC group.
This fibrotic tissue was often observed to have small clusters of hepatocytes. This study wasn’t designed to assess the
residual the effects of MBC-005. However, in liver samples in which residual MBC-005 remained, there was no evidence

NTC Control MBC-005| 30-ug MBC-005 | 60-ug MBC-005

500-um 500-um 500-pm

120-ug MBC-005 | 180-ug MBC-005 | 240-uyg MBC-005 | 480-ug MBC-005

Fig 14. Liver samples were stained with hematoxylin and eosin and imaged at 4x. Tumor is highlighted in the yellow outline. Residual MBC-005
(red arrows) was adjacent to healthy liver tissue as well as tumor.

https://doi.org/10.1371/journal.pone.0323621.9014
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Fig 15. Histomorphometric analysis of the tumor volume fraction (V) in the liver and necrosis volume fraction. (A) Treatment with 60-mg MBC-
005 resulted in a 4.2-fold decrease in tumor volume fraction (**=p<0.0038). Treatment with 120-mg MBC-005 resulted in a 2.3-fold decrease in tumor
volume fractions (*=p<0.0155). (B) Necrosis volume fraction was not significantly different between groups; however, there was a 3-fold decrease in
necrosis for the 60-mg MBC-005 and a 2.25-fold decrease for the 120-mg MBC-005 treatment groups.

https://doi.org/10.1371/journal.pone.0323621.9015

of adverse tissue reactivity. In the 60-ug MBC-005, 120-ug MBC-005, and 480-ug MBC-005 group samples in which resid-
ual MBC-005 can be observed (red arrows), it appears adjacent to healthy liver tissue.

Discussion

There are many limitations associated with the administration of small molecules for use as anti-cancer drug therapy, which
include hydrophobicity, solubility, enzymatic degradation, off-target toxicity, and renal clearance [1—4]. In previous work, we
identified that N-allyl noroxymorphone had significant therapeutic benefit to inhibit cell proliferation via a p21-dependent
mechanism [7]. N-allyl noroxymorphone has two properties that limit its potential therapeutic utility: it is hydrophobic at pH>7
and it has a half-life of 60-minutes due to enzymatic degradation [5,6]. These properties make it difficult to achieve sustained
serum concentrations of N-allyl noroxymorphone that are high enough to have a therapeutic effect. This is particularly true for
tissues with low rates of perfusion, such as cartilage or bone. In our previous work, we overcame these limitations in bone by
employing a direct injection methodology to deliver the N-allyl noroxymorphone [7,44]. Clinical studies to treat bone metasta-
ses in the spine via a local administration of N-allyl noroxymorphone are ongoing (NCT05280067).

The N-allyl noroxymorphone formulation delivered directly to malignancies in bone is novel and designed specifically to
treat breast cancer metastases in bone [44]. Breast cancer metastases in bone are destructive, resulting in fracture and
produce debilitating pain. Recent experience with a single patient treated via FDA's Expanded Access program (i.e., also
known as compassionate use) resulted in an encouraging clinical outcome, in which percutaneous local administration
of the N-allyl noroxymorphone formulation was injected directly into the metastases located in the vertebral bone. This
approach was able to successfully treat the three separate breast cancer metastases in this patient’s spine, resulting in
resolution of the tumor lesions and significantly decreased pain. This patient has remained free of tumor in the treated ver-
tebral bodies 3-years following the local, percutaneous administration of the N-allyl noroxymorphone. This result provided
the impetus to examine if N-allyl noroxymorphone could be used to treat breast cancer metastases in other parts of the
body, and particularly the liver.
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Breast cancer metastases in soft tissues are common in liver, lung, and the brain; however, liver metastases are
more amenable to the local administration of therapy due to their anatomic location and the ability to image the metas-
tases. Patients with disseminated metastatic disease have liver involvement in 50% to 62% of cases [11,12]. Adam et
al. reported a median survival of between 4- to 8-months for patients without treatment [45]. Rivera et al. reported that
patients treated with a combination of chemotherapy, immunotherapy, hormone therapy had a 5-year survival <12%, with
median overall survival of between 4- to 21-months [13]. In general, however, survival is highly variable and is based
on many factors, which include the breast cancer receptor sub-type. For instance, Xie et al. found that patients with
the hormone receptor (HR)+/HER2 + subtype had a median survival of 31-months [46]. They also identified that HR-/
HER-2 + patients had a median survival of 22-months, and those with triple negative breast cancer (TNBC) had median
survival of 8-months. Ji et al. reported that out of 311,573 patients from the SEER database that 25.6% of patients with
disseminated metastatic disease had liver metastases with a median overall survival was 20-months [47]. They also found
the median overall survival times for the following subtypes: HR +/HER2 + median overall survival of 38-months, HR-/
HER2 + median overall survival of <31-months, HR +/HER2- median overall survival 21-months, and TNBC median overall
survival 9-months.

The current SOC for breast cancer liver metastases is systemic chemotherapy followed by locoregional intervention
for symptomatic metastatic lesions [48]. However, the exact therapeutic interventions vary considerably and is based on
the previous treatments administered earlier in the patient’s disease course, breast cancer subtype, patient demographics
(e.g., age and menstruation status), and pathologic subtype (e.g., adenocarcinoma, infiltrating ductal carcinoma, and lob-
ular carcinoma) [49]. Endocrine therapy such as aromatase inhibitors, fulvestrant or tamoxifen are used in patients with an
HR+ tumor phenotype either alone [50], or more commonly in combination with any of the following kinase inhibitors, such
as the CDKA4/6 inhibitors (e.g., palbociclib, ribociclib, or abemaciclib), the mTOR inhibitor (e.g., everolimus), or the PI3K/
AKT inhibitors (e.g., alpelisib, capivasertib) [51-54]. Additionally, the newer oral selective estrogen receptor (ER) degrader
(SERM) drugs elacestrant can also be used to treat HR+ liver metastases with ESR1 (estrogen receptor) gene mutations
[55] Chemotherapies used to treat liver metastases includes anthracycline drugs (e.g., doxorubicin), taxane drugs (e.g.,
paclitaxel), alkylating agents (e.g., cyclophosphamide), fluoropyrimidine based drugs (e.g., fluorouracil [5-FU]) or the pro-
drug capecitabine, antimetabolic drugs such as methotrexate, vinca alkaloid agents (e.g., vinorelbine), or platinum-based
drugs (e.g., carboplatin) [56—63]. Twenty percent of patients with TNBC tumors are positive for PD-L1; and, as such,
patients with liver metastases can be treated with PD-1 inhibitors (e.g., pembrolizumab) with chemotherapy [64].

For patients whose liver metastases continue progress despite systemic therapies and are symptomatic, locoregional
therapies are employed. These therapies include hepatic resection, but only <10% of breast cancer liver metastases are
capable of this surgical intervention [65]. The median overall survival after hepatectomy has been found to be on average
to 45-months and has a 5-year survival that ranges from 21% to 78% [13]. Yoon-Flannery et al. in a meta-analysis that
included 1,497 patients that were treated with hepatectomy, the weighted average overall survival was 43.2-months, the
5-years survival was 36.8%, and the local recurrence was 51.4% [66]. Adam et al. in retrospective review of 85 hepatec-
tomies found the median overall survival to be 32-months and the 5-year survival to be 37% [45]. At 10-years Adam et al.
found only 16% overall survival; however, these authors also found that there was a 69% rate of recurrence with a median
time to recurrence of 10-months. Given the relatively small number of patients who are eligible for hepatectomies and the
high rate of liver recurrence (>50%), locoregional interventions need to be considered.

For unresectable liver metastases, ablative therapies are administered palliatively [67]. The major limitation in assess-
ing locoregional therapies are the lack of randomized clinical trials, the small patient pool in retrospective studies, the
heterogenous nature of breast cancer as a disease, and the heterogenous application of therapeutic interventions. Radiof-
requency ablation (RFA) employs medium frequency alternating current to produce heat that ablates the tumor. Bai et al.
reported in a retrospective study of 69 patients a median overall survival of 26-months and a 5-year survival of 11% [68].
In contrast, Meloni et al. in a prospective study found a median overall survival of 29.9-months and a 5-year survival of

PLOS One | https://doi.org/10.137 1/journal.pone.0323621 June 5, 2025 20/29




PLO\Sﬁ\\.- One

32% [69]. Rivera et al. in their meta-analysis reported a median overall survival of 38-months and a 5-year survival <33%
[13]. Transcatheter arterial chemoembolization (TACE) employs chemotherapy combined with beads that occlude the
hepatic artery, thus depriving the tumor of blood-flow and providing a means of directly administering chemotherapy. Vogl
et al. in a prospective study of 161 patients treated with TACE that contained mitomycin C/ gemcitabine in combination or
mitomycin C alone found a median overall survival of 32.5-months [70]. This is considerably greater than the median over-
all survival observed by Rivera et al. of 19.6-months based on their meta-analysis [13]. Trans arterial radioembolization
(TARE) uses yttrium-90 coated glass beads or resin to deliver B-radiation to the tumor cells. Fendler et al. in a prospec-
tive series with 81 patients found that the median overall survival was approximately 10.25-months [71]. These authors
also found that when the ratio of tumor volume to liver volume was less than 25% that the medial overall survival was
between 37.5- and 50-months. In a meta-analysis Liu et al. found that in 412 patients that the median overall survival was
9.8-months and that this increased to 10.5-months when the ratio of tumor volume to liver volume was less than 25% [72].

Percutaneous ethanol injection (PEI) chemo-ablative technique, in which ethanol is injected directly into the tumor
mass via ultrasound guidance. PEI has been used as a first-line therapy to treat hepatocarcinoma successfully. For
instance, Taniguchi et al. demonstrated in a series of 31 patients had 5-year survival rates of 49.9% [73]. Interestingly,
unlike other locoregional therapies, PEI can be administered on a weekly basis. Ebara et al. in a retrospective study of
270 patients found 5-year survival rates after PEI to be 60.3% [74]. These clinical study outcomes matched the 5-year
survival reported in a review by McCarley et al., which were between 40% and 60% [75]. However, one of the limitations
to PEl is that there is nothing to contain the ethanol once it has been injected into the tumor, which can lead to off-target
damage to adjacent healthy tissues [75—77]. This has led to its application being restricted to tumors with well-defined
capsules, such as hepatocarcinoma.

It is important to recognize that localized liver therapies have not been shown to improve survival in breast cancer
patients within the context of randomized clinical trials. Nevertheless, in breast cancer patients currently approved locore-
gional therapies are typically used for symptom management, or sometimes to treat a rapidly progressing solitary liver
lesion. However, locoregional therapies to treat liver metastases from colorectal carcinoma can be curative [75,76], which
has prompted continued efforts to identify interventions that might be curative for other tumor phenotypes. Further, sev-
eral randomized clinical studies have identified a treatment related benefit for patients receiving stereotactic X-radiation
therapy (SABR). For instance, the SABR-COMET (NCT01446744) study was a randomized clinical trial that examined if
there was a clinical benefit from treating patients (N =99) with oligometastatic disease with the palliative standard of care
(SOC) or administering SABR with the palliative standard of care (SABR-SOC) [78,79]. In this study, multiple tumor phe-
notypes (e.g., breast, prostate, lung, and colorectal cancers) were treated at multiple different metastatic sites (e.g., liver,
bone, lung, and adrenals). The study identified a significant median overall survival increase of 56% for patients treated
SABR-SOC with a median overall survival of 50-months in this arm of the study versus patients treated with the SOC with
a median overall survival of 28-months. This study also identified that micro-metastases present at the time of initial treat-
ment likely drive the addition of new metastatic lesions and contributed to death. Thirty percent (30%) of patients in this
study developed new metastases and received additional SABR treatments, which the authors called ‘salvage’ SABR [79].
Likewise, the NHS England study found a significant benefit from the administration of SABR to patients (N=1422) with a
variety of tumor phenotypes in different metastatic locations [70], with overall survival being found to be 79.2% at 2-years.
In contrast, the CURB study (NCT03808662), which was composed of patients (N=102) with non-small cell lung cancer
or breast cancer, showed no benefit for breast cancer patients treated with SABR versus those treated with SOC [80-82].

The NRG-BR002 study (NCT02364557), in contrast to the above studies, was a randomized clinical study that
focused only on patients with oligometastatic disease from breast cancer [83]. In this study, patients (N=125) were ran-
domized into a SOC arm or a SABR+SOC arm. After 3-years of follow-up, there was no significant difference between
the treatment arms in progression free survival or in overall survival. However, similar to the randomized trials that tested
the efficacy of SABR, the NRG-BR002 study treated oligometastatic disease in a number of different tissues (e.g., bone,
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liver, lung); however, an analysis of the treatment effects in the different tissues in which metastases were identified has
been reported. Despite these discouraging results, it is important to note that breast cancer is highly heterogenous, with
different hormone receptor status, HER2 status, and proliferative rate. A limitation of the NRG-BR002 study might be that
it was underpowered to accommodate the heterogeneity of breast cancer phenotypes or the additional heterogeneity in
the location of metastases. It might also represent a limitation of X-radiation therapy such as SABR, which effects tumor
survival through DNA strand-breaks that induce cell death via apoptosis [84,85]. Therefore, in a study powered to exam-
ine different breast cancer phenotypes in different metastatic locations might have produced a different result. However,
this reinforces the need for targeted local therapies, such as MBC-005, which circumvents some of the limitations of
X-radiation therapy by inducing cell cycle arrest independent of DNA damage and apoptosis.

MBC-005 was designed to deliver our novel formulation of N-allyl noroxymorphone to breast cancer liver metastases
via a percutaneous image-guided injection. Like other locoregional ablative therapies, such as PEl and RFA, MBC-005
was designed to be administered repeatedly; however, unlike PEIl or RFA, MBC-005 was designed to provide a sustained
dose of N-allyl noroxymorphone over time. We achieved this by creating a novel hydrogel, with material properties that
allow it to be injectable and echogenic (i.e., observable under ultrasound). A design optimization approach was used to
develop the hydrogel component of MBC-005, which resulted in elution rates for N-allyl noroxymorphone of 0.14647-mg/
hr1/2 or <1-mg per 24-hours. This elution rate is a critical feature of any targeted therapy, such as N-allyl noroxymor-
phone, in which too little or too much of the drug can result in a diminished effect or, alternatively, off-target toxicity [86,87].

In our previous work, we identified that treatment with N-allyl noroxymorphone resulted in an increase in p21 expres-
sion, which resulted in a decrease in proliferation that corresponded with SMAD1/8-dependent differentiation of mesen-
chymal stem cell (MSC) into osteoblasts [7]. In the current study, the BT474 cells were the most sensitive to treatment
with N-allyl noroxymorphone and were observed to have an IC,; of 1.06-mM while the MCF7 cells were less sensitive
with an IC, of 2.835-mM. The normal breast epithelial cells (HUMEC) were the least sensitive to N-allyl noroxymorphone
and had an IC,, of 4.998-mM. Given our previous work, we anticipated that cells that have a higher rate of cell division
would be more sensitive to the N-allyl noroxymorphone treatment. In cultures with a higher rate of cell division we would
expect that therapeutically increasing p21 expression would cause more cells to exit the cell cycle, which would lead to
cell senescence and a decrease in cell number [8]. This is not what we observed in our data. In contrast, we observed
that cells with a higher rate of proliferation (e.g., the MCF7 cells) were less sensitive to N-allyl noroxymorphone treatment
while the BT474 cells were more sensitive. The BT474 cells were observed to have a rate of cell division that was half that
of the MCF7 cells.

We also observed that treatment with N-allyl noroxymorphone resulted in an increase in p21 expression of 3.75-fold
for the MCF7 cells and 5.78-fold for the BT474 cells. This increase in p21 expression is consistent with our own previ-
ous work as well as the work of others [7,88-92]. In these studies, it was found that N-allyl noroxymorphone produced
an increase in p21 expression through the opioid growth factor receptor (OGFR) [7,88-92]. The OGFR is a receptor
that binds met-5 enkephalin (Met5) that is a non-canonical homologue of the canonical opioid receptors (e.g., the p-, k,
and &-opioid receptors) [7,93]. However, unlike the canonical opioid receptors, which are located on the cell surface, the
OGFR is a nuclear receptor that does not bind opioids, such as morphine, but does bind morphine analogs like N-allyl
noroxymorphone [7,94]. As such, we do not believe that the increased p21 expression observed in this study and in previ-
ous work is a consequence of treatment dependent induction of cell senescence and is instead directly mediating cell exit
from the cell cycle.

Putting into perspective how p21 expression coupled with the rate of cell division observed for the MCF7 and BT474
cells combined to result in the differing sensitivity to N-allyl noroxymorphone that we observed is key to understanding the
mechanism of action. We believe that our results are consistent with the results presented in the study completed by Hsu
et al. that posited that cell fate following exposure to doxorubicin was found to be dependent on p21 expression dynamics
[9]. These authors observed that when cells were exposed to a pulse of doxorubicin that both low and high levels of p21
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expression resulted in cell senescence while an intermediate level of p21 expression results in cell proliferation, which
they proposed was a pathway to chemotherapy resistant cell populations. The work by Hsu et al. is also consistent with
the analysis by Gewirtz, in which low dose anthracycline therapy (e.g., doxorubicin) was shown to result in cell senes-
cence versus high doses that resulted in cell death via apoptosis [10]. In this context, we believe that the more slowly
dividing BT474 cells have higher levels of endogenous p21 expression, which upon treatment with N-allyl noroxymor-
phone leads to an even greater increase in p21 expression levels. These elevated p21 expression level then cause the
BT474 cells to exit the cell cycle, with the result of increased cell senescence. The MCF7 cells, which have a much higher
rate of cell division, correspondingly would have much lower expression levels of endogenous p21 and subsequently be
less sensitive to N-allyl noroxymorphone. This difference in endogenous p21 expression levels explains why it took 2x
more N-allyl noroxymorphone to achieve the same level of cell senescence, as evidenced by the results of the spheroid
assay.

Cells that can no longer divide are in the G -phase of the cell cycle and as a result become senescent or terminally
differentiate into a non-dividing cell phenotype, such as has been observed in chondrocytes or osteoblasts [7,28,29]. A
number of authors have commented that tumor cells exiting the cell cycle and becoming senescent is associated with
increased cell death [95-97]. This is consistent with the LDH results reported in this study. It is also consistent with the
results for the breast epithelial cells (HUMEC), which have a reported rate of cell division that is comparable to the BT474
cells [98]. However, unlike the tumor cells, non-tumor cells, such as the HUMECSs, can differentiate and exit the cell-cycle
when p21 expression levels are high [8].

It is also worth noting that N-allyl noroxymorphone had inhibitory effects on cell number like those observed for treat-
ment with doxorubicin. This effect is particularly interesting because doxorubicin is an anthracycline that is acutely toxic to
both tumor cells and to non-tumor cells. In contrast, the apoptotic mechanism of cell death elicited by N-allyl noroxymor-
phone is only evident in tumor cells and has not been observed in non-tumor cells [7]. Further, we also identified a small
but unexpected decrease in cell number and a corresponding increase in cell death from treatment with the hydrogel com-
ponent of MBC-005. This effect was also specific to the MCF7 and BT474 tumor cells and was not observed in the non-
tumor cells tested. This additional cytotoxic effect is intriguing; however, it is unclear how it is mediated. One possibility is
the lanthanum carbonate component of the MBC-005 hydrogel. In work by Huang et al., lanthanum chloride was found to
be inhibitory in two TNBC cell-lines (MDA-MB-231 and MCF10A) [99]. However, the results from the current study would
appear to be the first example of a lanthanum-based therapy.

In general, all the MBC-005 doses resulted in some degree of suppressed tumor growth and increased survival. The
60-ug MBC-005 dose was the most effective, with overall survival of 33.2% and the tumor doubling time of 27-days. In
addition, the Cox analysis identified that lung metastases were the event driving mortality in this model. Animals in the
60-ug MBC-005 group without lung metastases had an interpolated survival of 52.67% while the interpolated survival for
animals with lung metastases in this group was 3.07%. This is in comparison to all other groups that had an interpolated
survival of less than 1% when they had lung metastases.

The MBC-005 formulation that lacked N-allyl noroxymorphone (Control MBC-005) was intended as a no-drug hydrogel
control; however, there was a small therapeutic benefit from the Control MBC-005. This group was supposed to act as
treatment control group (i.e., control for the effects of the hydrogel — assuming that it was inert, the second surgery, and
the addition of doxorubicin). While the therapeutic benefit of the MBC-005 hydrogel was unexpected, it was also very
small, and we do not think it negates the role this group had as a treatment control group. In future work we will determine
if the lanthanum carbonate component of the MBC-005 hydrogel carrier can be further optimized to have additional thera-
peutic benefit. Nevertheless, this study was still able to determine an optimal N-allyl noroxymorphone concentration.

The treatment benefit from the N-allyl noroxymorphone component of MBC-005 was found to be optimal at the 60-ug
concentration; and thereafter the tumor bioluminescence increased with higher concentrations of N-allyl noroxymor-
phone. This increase was not dose dependent, which could be related to noise in the study that resulted from animal

PLOS One | https://doi.org/10.1371/journal.pone.0323621 June 5, 2025 23/29




PLO\Sﬁ\\.- One

deaths due to tumor growth. However, this effect could also be related to the biology of the OGFR. The OGFR is a
tonically active receptor, in which activation can result in either decreased cell proliferation or increased cell prolifera-
tion. A decrease in cell proliferation has been observed following a pulse dose of N-allyl noroxymorphone or its deriva-
tives while a continuous dose of N-allyl noroxymorphone has resulted in an increase in cell proliferation. For instance,
Donahue et al. [91] found that cell proliferation decreased 25% 72-hours after the addition of a pulse dose (<6-hours) of
N-allyl noroxymorphone. In contrast, these investigators also found that continuous dosing with an N-allyl noroxymor-
phone analogue resulted in an increase in tumor cell proliferation, which is consistent with the work of Cheng et al. [89]
and Thakur et al. [7]. In an animal model, it is less clear how this OGFR tonicity results in an effective dose. However,
in our previous work [7] we hypothesized that an 10x increased concentration of N-allyl noroxymorphone could produce
a similar result as has been observed following a continuous exposure of N-allyl noroxymorphone and we hypothesized
that OGFR saturation could be responsible for this high-dose response. However, further work will be needed to deter-
mine if this is the mechanism.

Given the IC,, values found for N-allyl noroxymorphone in the breast cancer tissue culture experiments, when admin-
istered alone, versus the significant effectiveness of MBC-005 in vivo, which contains both N-allyl noroxymorphone and
lanthanum carbonate, suggests that there is either an additive or synergistic therapeutic effect from the combination of the
two drugs. However, identifying additive or synergistic are the focus of ongoing investigative work.

The goal of this study was to design and test a locoregional therapeutic intervention to treat breast cancer liver metas-
tases by optimizing the material properties of MBC-005 and then evaluating the efficacy of MBC-005 in a BALB/c mouse
liver metastases model. Further, we hypothesized that an optimally designed MBC-005 would inhibit breast cancer growth
in vitro and in vivo, which we have confirmed. We also hypothesized that MBC-005 would work through a p21 mechanism
of action, which we have also confirmed.

Effective locoregional therapies are likely the key to reducing breast cancer mortality for patients with disseminated
metastatic disease and increasing 5-year survival above 31%. In particular, localized treatments that have biological as
opposed to only an ablative effect may produce more sustained and peritumoral growth arrest. Additionally, if treatment
can be given when and where needed over time, the duration of overall tumor control may be enough to have favorable
impacts on survival. Therapy that spares normal tissue and can be given in customized locations and appropriate dose
depending on the target treatment volume could be re-administered and move disseminated metastatic breast cancer
further along the spectrum toward a chronic disease.

Conclusion

Breast cancer patients with disseminated metastatic disease that includes the liver have a poor prognosis. While a few
therapies have been developed that can be delivered directly to the liver metastases, they have not shown to be effective
in improving survival in breast cancer patients. However, there is a significant deficit in our knowledge due to the lack of
randomized clinical trials to test these therapies. Given the heterogeneity of breast cancer phenotypes, for a randomized
clinical trial to be informative it would need to be powered sufficiently to include adequate numbers of the different breast
cancer phenotypes (e.g., hormone receptor types or HER2 expression levels). Intratumoral administration of MBC-005
increased survival 3.9-fold in mice and significantly decreased tumor volume 4-fold. As such, our study has demonstrated
that MBC-005, a novel targeted therapy, has potential to be effective as a locoregional therapy to treat breast cancer that
has metastasized to the liver in a mouse xenograft model. 4T1-luc2 cells produces liver metastases in the BALB/c mouse
that are aggressive, and form disseminated lesions that subsequently metastasized to the lung, which is different than
the human presentation of BCLM. In future work, drug therapies may be needed to be administered in combination to
control metastatic spread into the lung. These differences between human and mouse models of BCLM are a limitation of
all mouse liver models of breast cancer. Further, we were able to identify an optimal dose of MBC-005. In future work, we
anticipate that we will test this in a phase | clinical study.
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