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ABSTRACT

Purpose: Triple-negative breast cancer (TNBC) is a clinically aggressive disease with poor
prognosis. Conventional chemotherapeutics are generally able to shrink the tumor mass, but often
fail to completely eradicate cancer stem-like cells (CSCs) that are responsible for high risk of
relapse and frequent metastases. In this study, we examined thermal sensibility of CSCs,
developed an approach that enabled concurrent elimination of both the bulk of cancer cells and
CSCs, and investigated the underlying mechanism.

Experimental Design: We designed a platform consisting of gold nanoparticle-coated porous
silicon microparticle (AuPSM) that was also loaded with docetaxel micelles (mDTX) to enable
concurrent killing of the bulk of cancer cells by released mDTX and CSCs by mild hyperthermia
upon stimulation of AuUPSM with near infrared. In addition, we examined the role of heat shock
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proteins in sensitizing CSC Killing. Finally, we applied mDTX-loaded AuPSM to treat mice with
SUM159 and 4T1 orthotopic tumors, and evaluated tumor growth and tumor metastasis.

Results: MDA-MB-231 and SUM159 TNBC cells treated with mDTX-loaded AuPSM and mild
hyperthermia displayed significantly reduced efficiencies in mammosphere formation than those
treated with mDTX alone or mild hyperthermia alone. Combination treatment also completely
inhibited SUM159 orthotopic tumor growth and 4T1 tumor metastasis. Mechanistically, DTX
treatment suppressed expression of heat shock protein 27 in cancer cells including the CSCs,
rendering cells sensitive to mild hyperthermia.

Conclusions: Our results indicate that chemotherapy sensitizes CSC to mild hyperthermia. We
have developed an effective therapeutic approach to eliminate therapy-resistant cells in TNBC.

therapy resistance; cancer stem cell; thermal therapy; heat shock protein

INTRODUCTION

Triple negative breast cancer (TNBC) cells lack expression of estrogen receptor,
progesterone receptor, and the human epidermal growth factor receptor 2. It isa
heterogeneous and aggressive disease for which there is no effective targeted therapy for
most cancer patients [1, 2]. Compared to hormone receptor- or human epidermal growth
factor receptor 2 (HER2)-positive breast cancers, TNBC has a higher percentage of cancer
stem-like cells (CSCs) [3], a subpopulation that has the ability for unlimited self-renewal
and also differentiation into cells that constitute the bulk of the tumor tissue [4, 5]. CSCs are
a group of cancer cells with heterogeneous surface markers and cellular functions [6-8].
They are usually not actively proliferating, and thus not sensitive to chemotherapy drugs that
target the replicating cells more effectively [9-11]. In addition, CSCs can express high levels
of adenosine triphosphate-binding cassette transporters that are associated with multidrug
resistance [12], or activate the DNA damage response machinery to effectively reduce the
impact from genome-targeting agents [13]. Such protective mechanisms ultimately reduce
overall therapeutic efficacy of the cancer drugs [11, 14].

Given the essential role of CSCs on cancer growth, metastasis, and tumor recurrence, it is
critical to eliminate this population of cells so as to achieve long-term disease-free survival.
Several therapeutic approaches have been explored to target key signal pathways that are
involved in self-renewal of CSCs [15, 16], cell metabolism [17], and cell apoptosis [18-20].
Since CSCs carry unique surface markers such as CD44*CD24" [5], CD133* [21-23], and
aldehyde dehydrogenase-1 (ALDH1) [24], they can also be selectively targeted, as in the
case of CD44-targeted therapy [25, 26]. Chemotherapy has also been combined with
targeted therapy drugs in order to enhance CSC killing activity [27]. Success in these
treatment strategies requires effective drug penetration in the tumor tissue, especially in the
hypoxic tumor environment with poor vasculature, so that the CSCs can receive a sufficient
amount of therapeutic agents. However, the existence of multiple biological barriers, both at
the systemic level and within the tumor tissue, poses a challenge for effective drug delivery
[28].
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Thermotherapy has been found to be a feasible approach to human cancer treatment [29]. In
contrast to small molecule inhibitors and therapeutic antibody drugs, thermotherapy is not
restricted by the individual signal transduction pathways that determine cancer cell viability,
and thus is applicable to various cancer types with different genetic background and
mutation status. To support this notion, it has been demonstrated that the TNBC CSCs are
more resistant to ionizing radiation than the bulk of the tumor cells; however, these cells are
equally sensitive to radiation treatment after local hyperthermia for 20 minutes at 42°C
triggered by optically activated gold nanoshells [30]. One potential side effect from thermal
therapy is the expression of heat shock proteins (HSPs), such as HSP27, HSP70 and HSP90
[31]. HSP27, also known as heat shock protein beta-1 (HSPBL1), is a molecular chaperone
that mediates cellular responses to stress conditions such as accumulation of reactive oxygen
species [32]. It is constitutively activated in CSCs under hypoxia and is required to mediate
resistance to apoptosis [33]. It has been reported that suppression of HSP27 can induce long-
term dormancy in breast cancer [34]. Suppressing HSP expression during thermotherapy is
expected to achieve an even greater therapeutic efficacy.

In this study, we observed synergistic killing of TNBC CSCs by a combination of mild
hyperthermia and the chemotherapy drug docetaxel (DTX) in cell-based studies. We then
developed a platform to enable concurrent drug release and mild hyperthermia inside the
tumor tissue. This platform is comprised of porous silicon microparticles with gold
nanoparticle deposit on surface and inside the nanopores (AuPSM). AuPSM was then loaded
with DTX that was encapsulated in polymeric micelles. Once delivered to the tumor tissue,
DTX micelles were released from the microparticles, and mild hyperthermia was generated
by treating the AuPSM-containing tumor with near infrared laser. Anticancer effect was
evaluated, and HSP27-dependent cell killing was examined.

MATERIALS AND METHODS

Reagents

Cell culture

Reagents were obtained from the following sources: mPEG2000-b-PLA2200 (MPEG-PLA,
P1=1.09) from Polymer Source Inc. (Montreal, QC, Canada); docetaxel from LC
Laboratories Inc. (Woburn, MA, US); polyvinylpyrrolidone (PVP, average MW: 58,000,
K29-32) from Acros Organics (Belgium, NJ, US); auric trichloride and 3-[4,5-
dimethylthiazol-2-yl1]-2,5 diphenyl tetrazolium bromide (MTT) from Sigma (St. Louis, MO,
US); and fetal bovine serum (FBS) from Life Technologies Inc. (Carlsbad, CA, US). All
other reagents were of analytical grade from commercial sources and used without further
purification.

MDA-MB-231 human breast cancer cells and 4T1 murine mammary gland tumor cells were
purchased from the American Type Culture Collection (Rockville, MD, US). MDA-MB-231
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% FBS. 4T1 cells were cultured in RPMI1640 medium supplemented with 10% FBS.
SUM159 cells were obtained from Dr. Stephen Ethier (Kramanos Institute, MI, US). Cells
were maintained in Ham’s F-12 medium with 5% FBS, 5 pg/mL insulin, and 1 pg/mL
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hydrocortisone. All cell culture media were supplemented with 100 units/mL penicillin, 100
ug/mL streptomycin, and 2 mM glutamine. Cell culture was maintained in a humidified
incubator with 5% CO», at 37°C. Each cell line was authenticated and regularly tested for
mycoplasma contamination.

Cytotoxicity and ALDH1 activity assay in vitro

MDA-MB-231 and SUM159 cells were seeded in 96-well plates at a density of 5,000 cells
per well. After an overnight incubation, cells were treated with different concentrations of
docetaxel for 72 hours. Cell viability was measured using MTT assay. ALDH1 activity in
MDA-MB-231 and SUM159 cells was determined with the aldefluor assay according to
manufacturer’s instruction (STEMCELL Technologies). Briefly, 1x108 cells were suspended
in 1 mL of aldefluor assay buffer containing activated aldefluor substrate. Cells were
centrifuged at 2,500 rpm for 5 min after incubation at 37°C for 40 min, and then
resuspended in 0.4 mL aldefluor assay buffer before they were analyzed with a BD LSRII
flow cytometer (BD Sciences). Cells treated with diethylaminobenzaldehyde (DEAB) in the
ALDHL1 staining buffer served as a control. To collect ALDH1-positive cells, cells were
sorted with a BD FACSAria Il Cell Sorter (BD Sciences). Apoptotic ALDH1-positive cells
were detected with Annexin V staining (eBioscience) using flow cytometry.

Particle fabrication and characterization

Porous silicon microparticles (PSMs) were fabricated by a combination of electrochemical
etching and photolithography as previously described [35], and processed to deposit gold
nanoparticles on surface and inside the nanopores. Briefly, PSMs were dispersed in a 10%
PVP solution and treated with drop-by-drop addition of an auric trichloride solution (0.1
mM) while under sonication. The suspension was left overnight at 20°C to complete gold
nanoparticle formation on surface of silicon. Number of gold nanoparticle-deposited PSM
(AuPSM) was determined using a Multisizer 4 Coulter Particle Counter (Beckman Coulter,
USA). Morphological analysis was performed with a scanning electron microscopy (FEI
NovaNanoSEM 230).

Preparation of drug-encapsulated polymeric micelles and assembly into AuPSM

A co-solvent evaporation method was applied to prepare DTX-encapsulated mPEG-PLA
micelles as previously described [36]. Briefly, MPEG-PLA and DTX (6%, w/w) were
dissolved in acetone, and added drop-by-drop to distilled water. After the suspension was
stirred for 2 hours, acetone was removed in a vacuum chamber and the micellar solution was
filtered through a 0.45 pum syringe filter to remove free drug molecules. Size and zeta
potential of the micelles were determined using a Malvern Zetasizer Nano-ZS (Malvern
Instruments Ltd., Worcestershire, UK). DTX content inside the micelles was measured with
high-performance liquid chromatography (HPLC) using a LaChrom Elite HPLC System
(Hitachi, Japan) with a C18 column (250 x 4.6 mm, 5um, Agilent) using an acetonitrile:
water mixture (55:45, v/v) as the solvent at a flow rate of 1.0 mL/min. To load micelles into
AUPSM, micelles were mixed with AuPSMs and sonicated for 3 min. Coumarin-6 labeled
micelles were loaded into AuPSMs and loading efficiency was measured based on
fluorescent intensity with a Multi-Mode Microplate Reader (BioTek, VT). To determine
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docetaxel content in AuPSM, the drug-loaded AuPSM particles were dissolved in phosphate
saline buffer (pH 8.5), and concentration of released docetaxel was measured with HPLC.

Photothermal effects in aqueous suspension

Optical properties of both empty AuPSMs and AuPSMs loaded with micelles were
measured using a DU® 730 UV/VIS spectrophotometer (Beckman Coulter Inc, CA). Optical
absorption spectra were recorded within 400-1000 nm wavelength range. To evaluate
photothermal capacity, a 300 pL AuPSM/mDTX suspension (0.15 billion particles/mL) was
placed into a microtube and treated with near infrared (NIR) laser beam at a wavelength of
810 nm generated with a Delta-30 laser (AngioDynamics Inc, NY). A thermocouple was
inserted into the solution to record temperature changes within a 10 min period.

Cytotoxicity in vitro

MDA-MB-231 and SUM159 cells were seeded in 96-well plates at a density of 5,000 cells/
well. After an overnight incubation, cells were treated with AUPSM or AUPSM/mDTX for
72 hours. They were then irradiated with NIR light at an output power of 2 W for 3 min.
Cell viability was measured using MTT assay 24 hours after irradiation. Cells were also
seeded in 4-well chamber slides (Lab-Tek II, Nunc) at a density of 2x10* cells/well and
exposed to the same treatment as described above. Live and dead cells were then stained
with calcein acetoxymethyl ester and ethidium homodimer, respectively, following the
manufacturer’s instructions (Invitrogen). Cells were imaged using an Olympus 1X81
inverted fluorescence microscope.

Mammosphere formation in cell culture

Single tumor cells were isolated from breast tumor tissues following a previously reported
protocol with modifications [37]. Briefly, SUM159 or MDA-MB-231 tumors were minced
and digested in 10 mL of DMEM/F12 medium containing collagenase (300 U/mL),
gentamicin (100 mg/mL), and 1% antibiotic-antimycotic solution (Invitrogen) for 1.5 hours
at 37°C. The resultant cell suspension was filtered through a 40-um mesh (BD Falcon) to
obtain single cells. Cells were then resuspended in serum-free STEM cell medium
(STEMCELL Technologies) containing hydrocortisone (0.5 g/mL) and heparin (0.5 U/mL),
and seeded into 96-well ultra-low attachment plates (Corning) at a density of 1,000 cells/
well to form mammospheres. After 7 days, the primary mammospheres were digested, and
single cells were resuspended in the serum-free STEM cell medium and seeded into 96-well
ultra-low attachment plates at a density of 1,000 cells/well to form secondary
mammospheres. To set up cell culture for drug treatment, single cells from second
mammospheres were treated with particles with or without DTX followed by NIR laser
treatment (2 W for 3 min) 72 hours later. The post-treatment cells were seeded in ultra-low
attachment plates, and number of mammospheres per well was determined seven days later.

Heat shock protein (HSP) expression analysis

To knock down HSP27 expression, SUM159 cells were transfected with a scrambled siRNA
(siScr: 5’-CAGCGCUGACAACAGUUUCAU-3") or Hsp27-specific sSIRNA (siHSP27: 5’-
GUCUCAUCGGAUUUUGCAGC-3’) [38] using Lipofectamine® RNAIMAX (Invitrogen)
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for 72 hours. To overexpress HSP27, SUM159 cells were transfected with pCMV6-Entry/
HSPB1 (OriGene Technologies) using Lipofectamine® 2000 (Invitrogen) for 48 to 72 hours.
To measure protein levels in the post-treatment cells by Western blot analysis, tumor cells
were washed with phosphate buffer saline (PBS), lysed with the radioimmunoprecipitation
assay (RIPA) buffer (Pierce, Thermo Fisher), and separated with 10% SDS-PAGE gels
(Biorad). Primary antibodies specific for HSP27 (Abcam), HSP70 (Cell Signaling
Technologies), and HSP90 (Cell Signaling Technologies) were applied for analysis. To
measure expression by quantitative real-time reverse transcription polymerase chain reaction
(QRT-PCR), total RNA was extracted from ALDHZ1-positive tumor cells with the Trizol
reagent (Life Technologies). The following primer sequences were used for PCR reactions:
HSP27 (5"-TGGACCCCACCCAAGTTTC-3’, 5 -CGGCAGTCTCATCGGATTTT-3");
HSP70 (5"-CAAGATCAGCGAGGCCGA-3’,5'-CCCTTGGGACCTGAGC-3"); and
HSP90 (5'-AGAAATTGCCCAACTCATGTCC-3',5’-
ATCAACTCCCGAAGGAAAATCTC-3"). mRNA levels were normalized to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and relative gene expression was
calculated using the 272ACT method [39]. Caspase-3 activity in ALDH1-positive cells was
measured using a Colorimetric In-Cell enzyme-linked immunosorbent assay (ELISA) kit
(Pierce) according to the manufacturer’s instructions.

Particle biodistribution in vivo and intra-tumor temperature measurement

All mouse studies were performed in compliance with the guidelines of the Animal Welfare
Act and the Guide for the Care and Use of Laboratory Animals following protocols
approved by the Institutional Animal Care and Use Committee (IACUC) at Houston
Methodist Research Institute. Biodistribution of AUPSMs in mice with orthotopic SUM159
tumors was determined based on silicon and gold contents using an inductively coupled-
plasma optimal emission spectrometer (ICP-OES, Varian Inc). Briefly, 1x10% SUM159 cells
in 0.1 mL PBS were inoculated in the mammary gland fat pad of 6-week-old female athymic
nude mice. When tumor size reached 100 mm3, the tumor-bearing mice were treated /. v.
with 1x10% AuPSM, and euthanized 72 hours later. Organs were collected and their weights
were recorded. To prepare samples for silicon content analysis, organs were homogenized in
1 mL 1N sodium hydroxide containing 20% ethanol, and incubated for 48 hours at room
temperature. Tissue extracts were then centrifuged (400xg, 30 min), and 0.5 mL of the
supernatant was diluted with 2.5 mL of deionized water. To prepare samples for gold content
analysis, minced organs were digested in 0.5 mL aqua regia solution (nitric acid and
hydrochloric acid, 1:3, v/v) for 72 hours. Samples were then diluted with 9.5 mL 2% nitric
acid solution and centrifuged (400xg, 30 min). The values of gold and silicon obtained with
ICP-OES measurement were then converted to percentage of injected dose per gram of
tissue (%I1D/g tissue).

To measure temperature changes inside the tumor, mice with SUM159 tumors in the
mammary gland fat pads were treated /. v with 1x10% AUPSM/mDTX particles. After 72
hours, the tumors were irradiated with a NIR laser at 1 W and 1.5 W for 5 min. A
thermocouple (Oxford Optronix, Oxford, U. K.) inserted into the tumor was applied to
record temperature changes.
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Antitumor efficacy in vivo

Anti-tumor efficacy was investigated in female nude mice with orthotopic xenograft tumors
from SUM159 cells. When tumor volume reached 150 mm3, mice were randomly divided
into 6 groups and treated with: 1) PBS, 2) PBS + NIR laser, 3) mDTX, 4) AuPSM/mDTX,
5) AuPSM + NIR laser, and 6) AUPSM/mDTX + NIR laser. mDTX was administered at a
DTX-equivalent dose of 10 mg/kg, and AuPSMs were at 1x10° particles/mouse. NIR laser
treatments (1.5 W output power, 5 min) were conducted three days after injection. Tumor
volume and body weight were measured twice a week afterwards.

Mice with 4T1 orthotopic tumors were applied to assess tumor growth and lung metastasis.
Briefly, 5x10° 4T1 cells were inoculated into the 4th mammary fat pad of female Balb/c
mice (6 week old, 18-20 g). When tumor volume reached 100 mm3, mice were randomly
divided into 6 groups (n = 8 mice/group), and treated with same regimens as in the SUM159
tumor model. Mice were monitored daily for tumor growth, and animals were euthanized
when tumors became ulcerated or reached 1,500 mm3. To evaluate 4T1 tumor lung
metastasis, mice with 4T1 tumors received same treatments as described above, and were
euthanized 4 weeks later. Number of metastatic nodules in the lung were counted, and tissue
blocks were processed for hematoxylin and eosin (H&E) staining.

Stem cell activity and Western blot analysis in post-treatment mice

CSC activity was evaluated in post-treatment SUM159 tumors. Briefly, tumors were
harvested 24 hours after irradiation and single-cell suspensions were obtained as described
in the “mammosphere formation in cell culture” section. Single cells from primary
mammospheres were seeded into 96-well ultra-low attachment plates and number of
secondary mammaospheres was counted seven days later. ALDH1 activity was measured
with flow cytometry as described in the “cytotoxicity and ALDH1 activity assay /in vitrd’
section. Human tumor cells were stained with an anti-human leukocyte antigen (HLA)-ABC
antibody (BD Bioscience) and dead cells were detected with CYTOX® Blue (Life
Technologies) staining.

Western blot analysis was performed with tumor and cell samples. To process tumor samples
from post-treatment mice, tumors were harvested 24 hours after irradiation, minced, and
lysed in RIPA buffer containing protease and phosphatase cocktail inhibitors. To process
cells in CSC-rich mammospheres, RIPA buffer was added to primary mammospheres after 7
days in culture. Proteins were extracted and quantified using a Pierce BCA Protein Assay
Kit (Thermo Scientific), and separated with 109% SDS-PAGE gels (Biorad). Primary
antibodies specific for HSP27, HSP70 and HSP90 were applied for analysis using same
antibodies as described in the “HSP expression analysis” section.

Statistical analysis

Statistical analyses were performed with the GraphPad Prism 5 software (GraphPad
Software, Inc., CA). For all /n vitro and in vivo analysis, sample sizes were chosen to ensure
adequate power to detect a pre-specified effect size. P-values of less than 0.05 were
considered statistically significant. Data are presented as means * SD.
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RESULTS

CSCs are sensitive to chemotherapy and mild hyperthermia combination treatment

The chemotherapy drug DTX is a standard-of-care treatment for TNBC. Our results indicate
that both human TNBC cell lines, SUM159 and MDA-MB-231, were very sensitive to DTX
treatment. The ICgg and 1Cgg DTX concentrations were 2 ng/mL and 10 ng/mL for SUM159
cells and 5 ng/mL and 20 ng/mL for MDA-MB-231 cells (Fig. 1A). Since ALDH1-positive
cancer stem cells predict engraftment of primary breast tumors [40], we applied ALDH1 as
the surrogate marker to track CSCs in this study. SUM159 and MDA-MB-231 cells
contained 1.4% and 0.45% ALDH1" cells respectively, and DTX treatment caused a
concentration-dependent increase in the proportion of ALDH1* cells (Fig. 1B). The level of
ALDH1* cells was further confirmed in cells treated with the ALDH1-specific inhibitor
DEAB (Fig. 1C). When treated with DTX at the ICgq concentrations, ALDH1*cells
increased by 3.7 and 3.6 folds in SUM159 and MDA-MB-231 cells respectively (Fig. 1B),
indicating DTX treatment had enriched the ALDH1™" cell population. CD44*/CD24/
epithelial specific antigen (ESA)* are another panel of well-characterized surface markers
for breast CSCs [37]. The CD44%/CD24~/ESA* cell population increased significantly
following docetaxel treatment in both cell lines (Fig.S1 A-B). Since it was previously shown
that CSCs were sensitive to hyperthermia [30], we isolated ALDH1* SUM159 and MDA-
MB-231 cells by flow cytometry, treated them with DTX for 8 hours followed by a 5-minute
incubation at 43°C, and grew cells for another 24 hours to allow cells commit apoptosis.
Dose-dependent increase in apoptotic cells were observed in both cell lines after they were
co-treated with DTX and mild hyperthermia compared to cells in the DTX only treatment
group (Fig. S1 C-D, Fig. 1D). The results demonstrate cooperative killing of CSCs by DTX
and mild hyperthermia.

AuPSM serves both as a drug carrier and a generator of mild hyperthermia

PSMs with gold nanoparticle deposits (AuPSMs) were produced to serve as a carrier for
chemotherapy drugs and a generator of mild hyperthermia. ICP-OES measurement detected
417 pg gold per billion AuPSMs. Microscopic analysis confirmed that gold nanoparticles
with a medium diameter of 20 nm were deposited both on surface of PSM and inside the 40—
100 nm pores (Fig.2A). The AuPSMs were then loaded with docetaxel micelles (mDTX)
with an average size of 21 nm (Fig. 2B), with a final drug content of 200 pg DTX per billion
AUPSMs. Spectrum scanning was applied to characterize absorption profiles of the particles
(Fig. 2C). While the PSMs displayed a gradual decrease in absorbance in the 400-1,000 nm
wavelength region and mDTX did not have a detectable level of absorbance across the whole
spectrum, the AuPSM particles displayed a consistent high level of plasmon resonance
absorbance throughout the visible light and near infrared (NIR) region (500-1,000 nm
wavelength). Loading mDTX into AuPSM (AuPSM/mDTX) or simply mixing mDTX with
AUPSM (AuPSM+mDTX) did not significantly change absorbance of the microparticles
(Fig. 2C). Free AuPSM and AuPSM/mDTX, but not PSM, generated heat and raised
temperature to 43-45°C in the solution when they were exposed to NIR laser at 810 nm for
10 min in water (Fig. 2D). PSMs with 20 nm gold nanoparticles were more efficient in heat
generation than those with smaller particles, and the photothermal effect was repeatable
upon NIR treatment (Fig. S2).
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In vitro killing of SUM159 and MDA-MB-231 cells from AuPSM-loaded mDTX and mild
hyperthermia was detected with live/dead cell staining (Fig. 2E). In SUM159 cells, treatment
with AUPSM/mDTX or free mDTX for 72 hours caused about 40% cell death, and
hyperthermia alone triggered 50% cell death. Combination of AUPSM and mild
hyperthermia triggered 90% cell death. Similar pattern was observed with MDA-MD-231
cells, although these cells were more sensitive to mDTX and less sensitive to hyperthermia
than SUM159 cells (Fig. 2F). The results indicate effective killing of breast cancer cells by
combination of chemotherapy and hyperthermia.

Chemo-mild hyperthermia combination inhibits CSC activity.

Mammosphere formation in growth factor-supplemented suspension has previously been
used to enrich stem/progenitor cells from primary breast cancer tissues and to evaluate self-
renewal capacity and tumorigenicity of CSCs [41, 42]. We applied the mammosphere assay
to test the effects of chemo-mild hyperthermia combination on the self-renewal of therapy-
resistant CSCs. Tumor cells isolated from primary SUM159 and MDA-MB-231 xenograft
tumors were capable of forming mammospheres when seeded in ultra-low attachment plates
(data not shown). We digested the primary mammaospheres, seeded single cells back onto
ultra-low attachment plates, and treated them with mDTX, AuPSM, or AUPSM/mDTX for 3
days followed by mild hyperthermia. The post-treatment cells were allowed to grow 7 more
days for mammosphere formation. While mDTX or mild hyperthermia single treatment
inhibited mammosphere formation, it was the combination treatment that significantly
reduced the number of mammospheres (Fig.3), demonstrating cooperative effects between
mDTX and mild hyperthermia on inhibition of CSC self-renewal capability.

DTX treatment sensitizes CSCs to mild hyperthermia by inhibiting HSP27 expression.

SUM159 and MDA-MB-231 cells were treated with DTX, and potential involvement of
HSPs in mediating cellular response was investigated. Interestingly, drug treatment triggered
a dramatic reduction in HSP27 protein levels at the 1Cqq levels (10 and 20 ng/mL for
SUM159 and MDA-MB-231, respectively), but left HSP70 and HSP90 protein levels
unchanged (Fig.4A). We isolated ALDH1* cancer cells from post-treatment samples, and
performed gene expression analysis. Quantitative RT-PCR analysis of the SUM159 samples
revealed that treatment with 10 ng/mL, but not 2 ng/mL, decreased HSP27 mRNA
expression. Upon treatment with mild hyperthermia, HSP27 mRNA increased by 2 folds in
cells pretreated with 2 ng/mL DTX; however, there was no increase in HSP27 mRNA level
in cells treated with 10 ng/mL DTX (Fig. 4B). Similar pattern was also observed in
ALDH1* MDA-MB-231 and 4T1cells (Fig.S3A-C). In both cases, treatment of cells with
docetaxel at the 1Cyq concentration (20 ng/mL for MDA-MB-231 and 80 ng/mL for 4T1)
suppressed HSP27 or the human homologue of the murine protein (HSP25) expression. In
ALDH1* MDA-MB-231 cells with overexpression of the multi-drug resistance gene (MDA-
MB-231/MDR), docetaxel concentrations at both the I1Csq and 1Cqq levels (90 and 380
ng/mL, respectively) were able to suppress hyperthermia-induced Hsp27 expression was
suppressed by docetaxel at both ICsg and 1Cgq concentrations (Fig.S3D-E). To determine
whether HSP27 played a critical role on resistance to mild hyperthermia, we transfected
SUM159 cells with HSP27 gene-specific siRNA oligos and treated cells with mild
hyperthermia, and confirmed knockdown of HSP27 by Western blot analysis (Fig. 4C).
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While inhibition of HSP27 alone did not cause significant level of cell death in ALDH1*
cells, co-treatment of the cells with mild hyperthermia induced a 3-fold increase in cell
death, a level that was significantly higher than in cells transfected with a control scramble
siRNA and treated with mild hyperthermia (Fig. 4D). To confirm further the essential role of
HSP27 in therapy resistance, we stably overexpressed HSP27 in SUM159 cells (Fig. 4E) and
treated cells with DTX and mild hyperthermia. HSP27 overexpression reversed apoptosis
induced by the DTX-mild hyperthermia combination in ALDH1* cells, as indicated by the
significant decrease in caspase 3 activity (Fig. 4F). These studies indicate that DTX
treatment-induced HSP27 reduction plays an essential role in sensitizing breast CSCs to
mild hyperthermia.

DTX-mild hyperthermia combination treatment effectively inhibits tumor growth.

We have previously applied PSM-based platforms to deliver therapeutic agents for cancer
treatment, and demonstrated the effectiveness of such platforms in overcoming biological
barriers [42—-46]. In this study, we treated mice carrying SUM159 orthotopic tumors with
1x10% AuPSM particles, and confirmed tumor accumulation of AuPSM particles based on
both silicon and gold content analysis (Fig. 5A). NIR irradiation at a laser output power of
1.5 watts triggered an intra-tumoral temperature increase to 45°C within 5 minutes (Fig. 5B).
Based on DTX loading capacity (200 pg DTX/1x10% AuPSM), tumor accumulation (Fig.
5A) and proper heat generation capability (Fig. 5B), we fixed AUPSM and AuPSM/mDTX
at 1x10° particles per mouse for /n vivo dosing. To evaluate therapeutic efficacy, mice with
primary SUM159 tumors were first treated 7.v. with mDTX, AuPSM or AUPSM/mDTX
when the tumors reached 150 mm?3 and then with mild hyperthermia 3 days later. Based on
our previous studies, we expected that over 50% of the drug particles has been released from
the carrier 3 days after treatment. As expected, mDTX treatment only partially inhibited
tumor growth compared to the mock treatment control group. AUPSM/mDTX treatment was
more efficacious than mDTX in the first 2 weeks, but tumor growth resumed afterwards, and
tumor growth in the mild hyperthermia treatment growth (AuPSM+laser) displayed a similar
pattern (Fig. 5C). In contrast, mice in the chemo-mild hyperthermia combination group
(AuPSM/mDTX+laser) displayed complete inhibition of tumor growth inhibition for the
next 3 weeks (Fig. 5C).

Therapeutic benefit from chemo-mild hyperthermia combination was also evaluated in the
murine 4T1 mammary gland tumor model. Mice with primary 4T1 tumors were treated with
the same regimens as in the SUM159 tumor study, and tumor metastasis to the lung was
evaluated. While treatment with mDTX or AUPSM/mDTX or mild hyperthermia alone did
not significantly reduce number of tumor nodules in the lung comparing to the PBS control
group, combination of AUPSM/mDTX and mild hyperthermia caused dramatic reduction in
lung metastatic nodes (Fig. 5D). In addition, tumor nodules in the combination treatment
group were also much smaller than those in the single treatment groups (Fig. 5E). In a
separate study, we assessed survival benefit from single or combination treatments. Mice in
PBS and PBS+laser treatment groups died 25 ~ 33 days after tumor cell inoculation.
Treatment with mDTX, AuPSM/mDTX or AuPSM+laser provided moderate but statistically
significant survival benefit over the PBS control group. The most significant survival benefit
was obtained in mice treated with AUPSM/mDT X+laser, with a median survival time of 45.5
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days (Fig. 5F). Thus, the chemo-mild hyperthermia combination treatment is superior over
single treatments.

DTX-mild hyperthermia combination treatment significantly reduces CSC population
within the tumor

To confirm the impact of chemo-mild hyperthermia combination treatment on CSCs /n vivo,
we treated SUM159 orthotopic tumors and isolated single tumor cells 24 hours after mild
hyperthermia treatment to measure CSC numbers and activity. Percentage of ALDH1* cells
increased moderately in the mDTX and AuPSM/mDTX treatment groups (11.8% and
10.6%) compared to the PBS control group (9.57%), but decreased by 52% (to 4.68%) in the
mild hyperthermia treatment group, and further decreased by another 46% (to 2.50%) in the
chemo-mild hyperthermia combination treatment group (Fig. 6A-B). Mammosphere assay
results correlated with the cell population analysis data (Fig. 6C) and demonstrated a
significant reduction of CSC activity in cells isolated from the combination treatment group
over the DTX alone or mild hyperthermia treatment alone group. Western blot analysis
revealed elevated expression levels of HSP27, HSP 70 and HSP90 after mild hyperthermia
treatment, and mDTX treatment dramatically reduced expression of HSP27, but not HSP70
or HSP90, in both whole tumor lysates and cells prepared from mammaospheres (Fig. 6D).
Taken together, results indicate that chemo-mild hyperthermia combination treatment
eliminates CSCs and inhibits TNBC tumor growth and metastasis.

DISCUSSION

Mounting evidence indicates persistent existence of CSCs after chemotherapy and radiation
therapy [47]. Developing new treatments to eliminate CSC holds the key to success in the
fight against human cancers. In the current study, we detected preferential killing of non-
CSC TNBC cells in culture by DTX which is one of the most commonly used
chemotherapeutic agents in the treatment of breast cancer, resulting in enrichment of the
ALDH1* CSCs. Based on the observation that DTX and mild hyperthermia combination
treatment could synergistically trigger CSC apoptosis, we developed a PSM-based platform
to enable concurrent application of chemotherapy and mild hyperthermia to the same cancer
cells /n vivo. Porous silicon particles are degradable and biocompatible [35, 44]. We have
previously applied porous silicon particles as the carrier to deliver small molecule drugs and
therapeutic sSiRNA/microRNA to tumor tissues and demonstrated superb therapeutic efficacy
and lack of toxicity from the carrier in animal tumor models [42-46, 48, 49]. The
systemically injected discoidal PSM particles preferentially attach to the surface of tumor
vasculature, and the cargos are slowly unloaded from the carrier when porous silicon
gradually dissolves in the body fluid [48]. Since there exist multiple physical and biological
barriers inside the body to block effective drug accumulation into the tumor tissues [28],
these particles can also be conjugated with affinity targeting moieties on surface so as to
effectively deliver drug molecules to the CSC niches [19, 50]. Depositing gold nanoparticles
in the confinement of nanopores inside PSM has the benefit of concomitant particle
stimulation by NIR, as we have demonstrated previously [51].
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It has been well documented that the microtubule-targeting agents, including DTX, induce
cell death through mitotic arrest [52, 53]. However, cancer cells may recover from mitotic
arrest when chemotherapeutic drugs are present in low concentrations [54]. In this study, we
packaged DTX molecules in polymeric micelles and loaded them into the nanopores of
PSM. The resulting AUPSM/mDTX provides at least two levels of benefit in cancer
treatment: 1) sustained local drug release from PSM and 2) effective particulate drug
penetration into the tumor taking advantage of the enhanced permeability and retention
effect of the leaky tumor vasculature [55, 56]. Notably, we did not assess the clearance of
mDTX /n vivo by measuring drug concentrations in serum and urine. Prior to considering
translation into clinical applications, the clearance of DTX utilizing this platform would
need to be quantified in future studies.

An interesting but surprising observation was that DTX treatment caused dramatic reduction
of HSP27 level in TNBC cells. Among the list of overexpressed HSPs triggered by
hyperthermia as a result of stress response [31], HSP27 has a unique role on CSC activity. It
has been reported that HSP27 phosphorylation is enhanced in ALDH1* breast cancer CSCs
[57], and that the protein is absolutely essential for CSC activity in multiple cancer types
[32-34]. There have also been multiple efforts to develop HSP27-targeted cancer
therapeutics [58]. Thus, in addition to killing the bulk of non-CSC cancer cells, DTX
contributes to CSC killing by suppressing HSP27 expression. This constitutes a novel
mechanism of action of AUPSM/mDTX in killing breast cancer CSCs in this study.

These findings could have noteworthy clinical applications with modification and additional
studies. Although one limitation of this treatment mechanism is the penetration depth of NIR
to ensure adequate power for heat generation depending on the tissue depth of breast tumors
relative to the NIR source, many primary breast tumors are relatively superficial.
Furthermore, alternate techniques could be utilized for delivering NIR such as placing the
laser probe within the tumor itself [59]. Neoadjuvant treatment with AUPSM/mDTX and
NIR to cause hyperthermia could prevent metastases by killing those cells in the primary
tumor that will develop into CSCs prior to surgical resection. Additional studies would be
needed to investigate the ability of this platform to kill CSCs and non-CSCs utilizing a
milder hyperthermia (<43°C) that would: 1) minimize thermal injury to surrounding breast
tissue and dermis and 2) not be painful to patients, so as to avoid the risk, expense, and
inconvenience of treatment under general anesthesia [60]. In addition, future studies must
address off-target effects including non-targeted drug accumulation, potential side effects,
and altered clearance resulting from our novel therapeutic platform.

In conclusion, we have developed AUPSM/mDTX as a novel therapeutic agent to treat
TNBC. AuPSM/mDTX kills cancer cells through sustained release of DTX micelles and
generation of mild hyperthermia. DTX-mediated suppression of HSP27 synergizes CSC
killing by mild hyperthermia. Future studies will need to evaluate the effect of docetaxel on
HSP27 in other tumor types and whether synergistic cytotoxicity with mild hyperthermia is
observed. Given the broad applicability of our microparticle platform for drug delivery and
dual therapy with nanoparticle-mediated mild hyperthermia, this approach could be
replicated to provide delivery of the powerful combination of chemotherapy and
thermotherapy to kill cancer stem-like cells in multiple types and sites.
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Statement of Significance:

The current study offers a novel approach to eliminate therapy-resistant cells in breast
cancer and uncovers the underlying mechanism of action.
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STATEMENT OF TRANSLATIONAL RELEVANCE

Conventional chemotherapy cannot effectively eliminate every cancer cell in a tumor. The
small population of therapy-resistant cells is responsible for tumor recurrence and
metastasis. We have developed a multidisciplinary approach to concurrently kill both the
bulk of cancer cells and therapy-resistant cells. This approach is expected to significantly
improve therapy outcome.
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Fig. 1. Synergistic killing of CSCs by docetaxel and mild hyperther mia.
(A) Dose-dependent killing of human breast cancer cells. SUM159 and MDA-MB-231 cells

were treated with increasing concentrations of DTX for 72 hours, and cell viability was
measured with the MTT assay. (B) Dose-dependent enrichment of CSCs. Flow cytometry
analysis was performed to measure ALDH1-positive cells after 72 hour DTX treatment. (C)
Representative images of flow cytometry analysis of cells treated with or without DEAB in
the ALDHL1 staining buffer following treatment with DTX at 1Cqq concentration. (D)
Analysis of apoptotic ALDH1-positive SUM159 and MDA-MB-231 cells 24 hours after

Clin Cancer Res. Author manuscript; available in PMC 2019 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mu et al.

Page 19

cells were treated with DTX for 8 hours followed by hyperthermia at 43°C for 5 min. The
mean and standard deviations were calculated from three replicates.

Clin Cancer Res. Author manuscript; available in PMC 2019 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mu et al.

Page 20

A B  20-
X = 15
« o
$ £ 104
- )
y G
> > 5
.“\!3 o
'J“" el 1 10 100 1000
PSM AuPSM AuPSM (cross-section) Size of mDTX (nm)
c 0.20- D
50 1
AUPSMIMDTX  AupSMH+MDTX AuPSM/mDTX
o 0151 o %1
g AUPSM q-é' 404 AUPSM
F-1 3
5 0.104 F 3
_g @
< 2 30
0.05 PSM E
F o5 PSM
0,00 ki ;.. o~ 20 . , : r .
400 600 800 1000 0 2 4 6 8 10
Wavelength (nm) Time (min)
| -
[=2]
)
=
=2
w
by
o
m
; -
-4
[=]
=
Ctrl AuPSM AuPSM/mDTX
F 120 SUM159 120- MDA-MB-231
~ 1004 —~ 100+
£ * g
2 801 I * > 804
= — =
2 601 3 601
Z 4o 2 40 I—'LI
-« (']
© 50l O 5l
o l;'J 0
> 2
& & & s &
& @d-‘ wgie‘ﬁ (&i‘ <° @(‘9 98‘\0
g @
Q“gg, ?9 2® Q-‘se v}’ :?"’?

Fig. 2. Characterization of the porous silicon microparticle-based platform and assessment of in
vitro cell killing.
(A) Images of PSM and AuPSM. Left panel: SEM image of PSM; middle panel: SEM

image of AuPSM; right panel: TEM image of AuPSM. Scale bar in SEM images: 100 nm.
(B) Size distribution of DTX micelles (MDTX). (C) Ultraviolet-visible spectroscopy (UV-
Vis) absorption spectra of mDTX, PSM, AuPSM, AuPSM/mDTX, and a simple mix of
AUPSM and mDTX (AuPSM+mDTX). (D) Time-dependent heat generation after the PSM,
AUPSM and AuPSM/mDTX particles were treated with NIR. Temperature changes were
measured during NIR treatment at a wavelength of 810 nm. (E) Fluorescent microscopic
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images of post-treatment SUM159 and MDA-MB-231 breast cancer cells. Cells were treated
with AuPSM or AuUPSM/mDTX for 72 hours followed by NIR irradiation. They were
stained with calcein AM for live cells (in green) and EthD-1 for dead cells (in red). White
line: the boundary between irradiation and non-irradiation areas. Star: irradiated area. Scale
bar: 100 um. (F) SUM159 and MDA-MB-231 cell viability after cells were treated for 72
hours with mDTX (2 ng/mL DTX for SUM159 cells and 10 ng/mL DTX for MDA-MB-231
cells) followed by NIR irradiation. Results represent mean £ SD of four replicates. Ctrl: no
treatment control. *, p < 0.05.
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Fig. 3. Measurement of CSC activity based on mammosphere formation.
Cells isolated from primary SUM159 and MDA-MB-231 tumors were treated with mDTX

and/or mild hyperthermia, and seeded in low attachment plates for mammosphere formation.
(A) Representative images of SUM159 and MDA-MB-231 mammospheres 7 days after
seeding. Scale bar: 100 um. (B) Quantitative analysis of SUM159 mammaospheres. (C)
Quantitative analysis of MDA-MB-231 mammospheres from triplicate experiments. *, p <
0.05.
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Fig. 4. Determination of HSP27 contribution on CSC viability.
(A) Western blot analysis on HSP27, HSP70 and HSP90 expression in SUM159 and MDA-

MB-231 cells after DTX treatment for 8 hours. p-Actin served as control for equal protein
loading. (B) Quantitative RT-PCR analysis of HSP27, HSP70 and HSP90 mRNA levels in
ALDH1-positive SUM159 cells after treatment with DTX for 8 hours followed by mild
hyperthermia at 43°C for 5 min. (C) Western blot analysis on knockdown of HSP27
expression in SUM159 cells treated with a scramble control siRNA (siScr) or a gene-specific
siRNA (siHSP27). (D) Quantitative analysis of caspase 3 activity in ALDH1-positive
SUM159 cells after the siScr or siHSP27-transfected cells were treated with mild
hyperthermia at 43°C for 5 min. The data are the mean and SD of four replicates. *, p <
0.05. (E) Western blot analysis on HSP27 overexpression in SUM159 cells transfected with
an empty pCMV6-Entry control plasmid (Vector) or a pCMV6-Entry/HSPB1 plasmid
carrying the HSP27 gene. B-Actin served as a control for equal protein loading. (F)
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Quantitative analysis of caspase 3 activity in ALDH1-positive SUM159 cells after the
transfected cells were treated with DTX for 8 hours followed by mild hyperthermia at 43°C
for 5 min. Error bars indicate the standard deviations of the average values from four
replicates. *, p < 0.05.
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Fig. 5. Evaluation of therapeutic efficacy from AUPSM/mDTX.
(A) Biodistribution of AUPSM. Nude mice with primary SUM159 tumors were treated /. v.

with 1x10° AuPSM particles per mouse. They were sacrificed 72 hours later, particle
biodistribution was analyzed in major organs and the tumor tissue based on silicon (Si) and
gold (Au) content. (B) Intra-tumoral temperature changes after NIR treatment. Nude mice
with primary SUM159 tumors were treated 7 v, with 1x10° AuPSM particles per mouse and
then treated with NIR at two different powers. Time-dependent temperature change was
recorded and plotted. (C) Time-dependent SUM159 primary tumor growth in post-treatment
mice (n = 6 mice/group). (D) Analysis of lung metastatic tumor nodules in BALB/c mice
with primary 4T1 tumors after single agent or combination treatment (n = 4). (E)
Representative images of metastatic 4T1 tumor nodules in the lung after H&E staining.
Tumor nodules are pointed with black arrows. (F) Kaplan—Meier plot of BALB/c mice with
primary 4T1 tumors after single agent or combination treatment (n = 8 mice/group).
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Fig.6. CSC analysisin post-treatment tumor samples.
Nude mice with primary SUM159 tumors were sacrificed 24 hours after NIR treatment, and

tumor samples were collected to isolate single cells for CSC assay. (A) Representative flow
cytometry graphs of ALDH1 assay. SSC: side scatter. (B) Summary of ALDH1-positive
cells in post-treatment tumor tissue. Results represent mean + SD (n = 4 mice/group). (C)
Summary of mammosphere formation from post-treatment tumor cells. The mean and
standard deviations were calculated from four replicates. *, p< 0.05. (D) Western blot
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analysis on protein expression in SUM159 tumor samples harvested 24 hours after treatment
and in primary mammospheres from different treatment groups.
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