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Abstract

Clinical studies have demonstrated the effectiveness of combined hyperthermia and anticancer
drug treatments. Challenges related to effective heat transfer have limited its clinical application.
The use of magnetic fluids to induce hyperthermia is an attractive alternative to other forms of
hyperthermia. It is based on the heat released by magnetic nanoparticles subjected to magnetic
field. Recent studies have shown that magnetic fluid hyperthermia (MFH) enhances the
therapeutic effects of chemotherapeutic agents. Knowledge regarding the underlying cellular and
molecular mechanisms by which such phenomena occur requires more in depth understanding,
and it is the focus of this work. It is hypothesized that by inducing hyperthermia via magnetic
nanoparticles (MFH) significant cellular effects will be induced that will result in enhanced
cytotoxicity of anticancer drugs, which currently possess limited clinical applications. For this
purpose, in vitro therapeutic enhancement of bortezomib (BZ) and cisplatin (cDDP) using heat
dissipated by magnetic nanoparticles was evaluated. Potential mechanisms to explain our
observations of potentiation of these anti-cancer drugs by MFH were also elucidated. Finally, the
in vivo therapeutic effects of cisplatin combined with MFH were assessed. Our results
conclusively demonstrate that MFH produced marked cellular effects such as membrane fluidity,
protein damage and microtubule instability, which were responsible for the in vitro enhanced
potentiation between MFH and BZ or cDDP. In vivo studies showed therapeutic enhancement of
cisplatin when combined with MFH. These results are significant because this approach could
become a potentially effective anticancer therapy platform even in those cell lines that show

intrinsic resistance to the drug.



Resumen

Estudios clinicos han demostrado que hipertermia mejora la efectividad de drogas anti cancer.
Sin embargo, retos relacionados a la transferencia de calor ha limitado su aplicacion a nivel
clinico. El uso de fluidos magnéticos para inducir hipertermia (MFH) es una alternativa atractiva
cuando es comparado con otras formas de hipertermia. Este tratamiento esta basado en la
liberacion de calor de nanoparticulas magnéticas en presencia de un campo magnético. Estudios
recientes han demostrado que hipertermia usando fluido magnético mejora el efecto terapéutico
de agentes quimioterapéeuticos. Sin embargo, los mecanismos celulares y moleculares por los
cuales se produce este fendmeno requieren un conocimiento mas profundo, el cual es el enfoque
de este trabajo. La hipotesis planteada es que al inducir hipertermia con nanoparticulas
magnéticas (MFH) inducira efectos celulares importantes los cuales producirdn una mayor
citotoxicidad de drogas anti cancer que han mostrado efectos clinicos limitados. Con el fin de
probar esta hipotesis el efecto terapéutico de bortezomib (BZ) y cisplatin (¢cDDP) en combinacion
con MFH fue evaluado. Potenciales mecanismos para explicar nuestras previas observaciones sobre
la potenciacion terapéutica de estas drogas utilizando el calor disipado por nanoparticulas
magneéticas fueron elucidados. Finalmente, estudios preliminares in vivo fueron realizados con el fin
de evaluar los efectos terapéuticos de cisplatino en combinacion con MFH en modelos de animales.
Nuestros resultados demuestran de forma concluyente que MFH produce marcados efectos
celulares tales como fluidez membranal, dafio de proteinas e inestabilidad de los microtdbulos, los
cuales son responsables de la potenciacion observada entre BZ o cDDP y MFH. Estudios in vivo
mostraron que MFH aument6 la efectividad terapéutica de cisplatino. Este tratamiento podria
convertirse en una plataforma potencialmente eficaz para el tratamiento de cancer, incluso en

aquellas lineas celulares que muestran resistencia intrinseca a dichas drogas.
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Chapter 1

Introduction

1.1. Background and Rationale

In the past decades, alternative cancer treatments have been explored.'™ Hyperthermia,
the increase of physiological temperature to 41- 46°C, has gained great interest as new treatment
to treat cancer. It has been used for many years for the treatment of various diseases.®’ The use
of heat to treat cancer was visualized by Diedir in 1725 who established that patients with
bacterial infections, especially those patients with syphilis, demonstrated lower incidence of
cancer and tumor remission than those who did not have recurrent bacterial infections.® Busch
and Coley also observed tumor remission in human patients by fever induction using
streptococcus pyogenes.®® ¥

Today clinical hyperthermia for cancer treatment focuses in local, regional, and total
body hyperthermia.® *****> Local hyperthermia is used to induce heat in small areas with the
purpose of increasing tumor temperature without affecting surrounding tissues. Local
hyperthermia can be induced using surface applicators (RF, microwave, or ultrasound) and
microwave techniques (small antennas microwave, hot water tubes and laser fibers). Surface
applicators reach therapeutic depth of few centimeters, which limits their use to other types of

tumors. On the other hand, microwave techniques can reach high temperatures with a controlled

temperature distribution; however, this is an invasive method that can not be repeated several



times to patients.>”’

Regional hyperthermia is used for deep-seated tumors. This type of hyperthermia is more
complicated than local hyperthermia, because it is difficult to maintain the heat application in the
tumor without causing damage to adjacent tissues. External applicators around the body or organ
and perfusion techniques are used to perform this type of hyperthermia. However, it produces
various side effects such as tachycardia and malaise.” ***8

Finally, whole body hyperthermia (WBH) is mostly used for cancer that has metastasized
to other tissues or organs. For this technique thermal conduction using thermal chamber,
immersion in hot liquids etc are commonly used. The challenge with this type of hyperthermia is
to prevent that the body temperature exceeds the maximum temperature (42 °C) permissible by
brain and liver. Additionally, WBH has a great impact on tissue metabolism, blood flow, organ
function, and tissue repair.® " %

Recently hyperthermia has been studied to improve the cytotoxicity of anticancer drugs,
including those with restricted use in clinical setting, such as bortezomib (BZ) and cisplatin
(cDDP)." #"2? Bortezomib is a proteasome inhibitor which has been tested to treat some types of
cancer including breast, colon, ovarian, lung, as well as certain hematological neoplasms.
However, it has not been effective for some of these types of cancer. % % The platinum based
drug cisplatin  has been widely used to treat different cancer such as
testicular, ovarian, bladder, head and neck, and non-small cell lung cancer.?® But, severe side effects
and drug resistance developed for some types of cancer have limited its use.?® * Nevertheless,
combining cisplatin or bortezomib with conventional hyperthermia has shown positive

results.'3?


http://www.macmillan.org.uk/Cancerinformation/Cancertypes/Testes/Testicularcancer.aspx
http://www.macmillan.org.uk/Cancerinformation/Cancertypes/Ovary/Ovariancancer.aspx
http://www.macmillan.org.uk/Cancerinformation/Cancertypes/Bladder/Bladdercancer.aspx
http://www.macmillan.org.uk/Cancerinformation/Cancertypes/Headneck/Headneckcancers.aspx
http://www.macmillan.org.uk/Cancerinformation/Cancertypes/Lung/Lungcancer.aspx
http://www.macmillan.org.uk/Cancerinformation/Cancertypes/Lung/Lungcancer.aspx

Recent studies have shown that hyperthermia using water bath (HWH) sensitized breast
cancer cells to BZ, showing enhanced cell death when they were combined.?® On the other hand,
in vitro and in vivo results have evidenced that hyperthermia improves the therapeutic effect of
cisplatin.®***® For example, Wang et. al. demonstrated that hyperthermia at 43°C enhanced the
efficacy of cisplatin in MCF-7 and MDAMB-453 cells.*’ Zakris et al. showed that regional
abdominal hyperthermia potentiated the in vivo therapeutic effect of cisplatin in ovarian
tumors.* This thermopotentiation was also observed when patients with cervical carcinoma were
treated with locoregional hyperthermia in combination with cisplatin.®® However, these
hyperthermic treatments induced side effects to patients and animals such as nausea, vomiting,
subcutaneous fatty necrosis and skin burns.** %

Considering all the disadvantages provided by current clinical hyperthermic treatments,
the employment of magnetic fluid to induce local hyperthermia has gained significant interest.*®
%01t consists of magnetic nanoparticles (2-20 nm in diameter) dispersed in a liquid carrier. % *-%?
Magnetic nanoparticles must be biocompatible and colloidally stable to prevent toxicity,
agglomeration and precipitation.”” For that reason, they are synthesized with a nontoxic
inorganic magnetic core which is coated with an organic sell that provides colloidally stability. A
variety of materials can be used as an inorganic core; however, iron oxide based nanoparticles
are preferred because they are not toxic to biological systems. **Although various organic shells
such as PEG and chitosan have been used to coat magnetic nanoparticles, dextran has been
widely used to cover nanoparticles due to its polarity and high biocompatibility.?* 4143
Magnetic nanoparticles provide properties that make them attractive for biomedical

applications such as hyperthermia.?> *° They can accumulate in the tumor by direct injection,

passively through the tumors due to EPR effect provided by tumor vasculature or by engineering



them with ligands that recognize specific receptors on the cell.?® ** In addition, they have the
capacity to dissipate the magnetic field energy in the form of heat by physical rotation or internal
dipole reorientation in an alternating magnetic field.*" ** > This phenomenon can be used to
directly destroy cells or it can be used to improve the therapeutic outcome of many

chemotherapeutic agents including those that have shown clinical limitations.*®°

Several studies have confirmed that MFH is a promissing method to treat cancer.> + " 1314
In vitro tests demonstrated that MFH significantly reduces Caco-2 cell viability in a higher extent
that an external heating under the same thermal dose.*® Creixell et al. proved that magnetic
nanoparticles conjugated to the protein epidermal growth factor (EGF) caused significant (99%)
reductions in cell viability without a macroscopically perceptible temperature rise in breast
cancer cells.*® Recently, an in vivo study used EGFR-targeted superparagmagnetic iron oxide
nanoparticles for targeting non-small cell lung cancer in a mouse orthotopic model. Results
showed that when a magnetic field was applied, significant inhibition of tumor was observed. >

Balivada et al. revealed that application of MFH after intratumoral or intravenous
injection of bimagnetic nanoparticles (Fe/FesO4) produced significant anti-tumor effect on
murine B16-F10 melanoma model. > Studies also have reported that hyperthermia using iron
oxide nanoparticles inhibited breast tumor growth and produced destruction of the head and neck
cancer tumor model.>® >* °° %0

These results have encouraged scientists to explore MFH as an adjuvant to improve the
therapeutic effect of other antineoplastic modalities such as chemotherapy. For example,
Brusentsov et al. demonstrated that combination treatments of a dextran-ferrite magnetic fluid

with melphalan or cyclophosphamide increased the animal's life span by 180 % and 290 %

respectively.®® Thermochemosensitization using magnetic nanoparticles was also observed in an



in vivo model of leukemia for overcoming multidrug resistance. Results indicated that MFH in
combination with 5-bromotetrandrine (5-BrTet) and daunorubicin induced a noticeable reduction
of tumors.>® Recently, Ito et al. proved the In vitro and in vivo effectiveness of geldanamycin in
combination with MFH in a B16 melanoma model. ®

The thermopotentiation of cisplatin using MFH has also been investigated. Babincova et
al. evaluated the effectiveness of magnetic nanoparticles functionalized with cisplatin at short
time. Authors demonstrated the synergistic effect of cisplatin when combined with MFH in BP6
rat sarcoma cells.”" Lee et al. evaluated also at short term the effects of treatment sequence on
Caco-2 cell line, indicanding that the combined treatment (cisplatin and MFH) produces the
highest cytotoxicity.*” This enhanced potentiation was also observed in vivo by Petryk et al.
using 110 nm hydroxyethyl starch-coated magnetic nanoparticles. Results indicated that the
combinated treatment was 1.7 times more effective than hyperthermia alone and 1.4 times more
effective than cisplatin alone.®> However, the mechanisms involved in this enhanced cytotocixity
have not been elucidated.

The use of magnetic nanoparticles to induce local hyperthermia is a promising
therapeutic approach to enhance the cytotoxicity of chemotherapeutics even when drug
resistance has been developed. This novel treatment provides attractive advantages over
conventional hyperthermia methods which make it a better platform for an effective anticancer

treatment with fewer side effects and less harmful treatment.

1.2. Justification

Cancer has proved to be our toughest rival in the clinics today. It is characterized by
uncontrolled growth of cells, which can invade other tissues. For more than fifty years, cancer

has been the second greatest cause of death in the United States.®® In 2014 235,030 new cases of



invasive breast cancer, 96,830 cases of colon and 21,980 new cases of ovarian cancer are
expected.®* Although, the five year relative survival rate for all cancers diagnosed between 2001
and 2007 is 67%, up from 49% in 1975-1977; approximately 585,720 Americans are expected to
die of cancer in 2014.%*

Cancer is known to exhibit rapid and sometimes undetected recurrences making it
difficult to treat and eliminate effectively. Based on the fact that the development of cancer is
essentially due to genetic mutations, which promote uncontrolled cell division causing death,
ideal chemotherapeutic agents for this disease would have to be specific for the type of
cancerous cell and the mutations they express.® ® Those types of anticancer drugs attack cells
that divide rapidly. However, they produce deleterious side effects such as diarrhea, vomit,
effects on normal cells in the body such as hair cells and some types of cancer develop resistance
to these chemotherapeutic treatments.®”

These reasons have motivated scientists to develop improved and less harmful forms of
treatment, maximizing clinical benefits using novel agents and/or forms of treatment. Surgical
interventions, radiotherapy, immunotherapy, and hyperthermia are used in combination with
chemotherapy to enhance treatment efficacy.! %"

Hyperthermia in conjunction with antineoplastic modalities has provided substantial
evidence of its enhanced efficacy.” "* ™ Nonetheless, current clinical applications using local,
regional, and whole-body hyperthermia present a number of disadvantages, including limitations
in achievable treatment depth, patient surface irregularities (head, arms, etc.), and overheating of
adjacent normal tissue.”* ™ Consequently, novel hyperthermic treatment options are of

significant interest.>® The employment of magnetic nanoparticles for localized oncotherapy is a

novel and attractive treatment. However, some clinically relevant drugs which produces



resistance in some types of cancer have not been evaluated with this novel hyperthermic
treatment and in addition, the mechanism by which magnetic fluid hyperthermia exert
potentiation of anticancer drugs is unknown.

In an attempt to evaluate this treatment as a tool to improve the therapeutic effects of
chemotherapeutics even when drug resistance have been developed, in this work we investigated
the in vitro enhanced cytotoxicity of the anticancer drugs bortezomib and cisplatin when
combined with magnetic fluid hyperthermia. The underlying cellular and molecular mechanisms
by which such potentiation occurs were elucidated. In addition, preliminary in vivo studies were
assessed using cisplatin in combination with MFH using ovarian cancer cells model. These
results are significant because this approach could become a potentially effective anticancer

therapy platform even in those cell lines that show intrinsic resistance to anticancer drugs.
1.3. Objectives

1.3.1. General objective

The overall objective of this work was to investigate the enhanced cytotoxicity of anticancer
drugs caused by hyperthermia using magnetic nanoparticles (MFH) and the underlying

cellular and molecular mechanisms by which such phenomena occurs.

1.3.2. Specific objectives

Study the potentiation of anticancer drugs by magnetic fluid hyperthermia

e Synthesis and characterization of magnetic nanoparticles covalently bound with
carboxy methyl dextran.

e Determine cytocompatibility of magnetic nanoparticles for breast (MDA-



MB468, MCF-7), colon (Caco-2) and ovarian (A2780) cell lines in the absence
of a magnetic field.

e Determine dose response and proteasome activity curves for BZ in MDA-
MB468, MCF-7, Caco-2 and A2780 cell lines.

e Determine dose response curves for cDDP in the Caco-2 cell line.

e Investigate cell viability at short time after application of MFH combined with
bortezomib in two BZ sensitive (Caco-2, MDA-MB468) and two BZ resistant
(MCF-7, A2780) cell lines and compare the results with other type of
hyperthermia such as hot water hyperthermia (HWH).

e Investigate cell viability after application of MFH combined with cisplatin at
short and longer time in Caco-2 cells and compare the results with hot water

hyperthermia (HWH).

Elucidate the potential mechanism involved in the hyperthermic potentiation of

anticancer drugs using magnetic nanoparticles.

e Study membrane fluidity mechanism involved in the enhanced potentiation of
cisplatin and magnetic fluid hyperthermia.

» Measurement of Caco-2 cell response to cisplatin with or without copper
using viability and clonogenic assays.

» Conduction of platinum uptake studies

» Test changes in membrane fluidity through fluorescence anisotropy
measurements using trimethylamine-diphenylhexatriene (TMA-DPH).

» Conduction of uptake studies with acridine orange by flow cytometry and

confocal microscopy.



e Study the enhanced proteotoxic stress mechanism involved in the enhanced
potentiation of BZ and magnetic fluid hyperthermia.
» Measurement of MCF-7 cell response to bortezomib using DNA content
profile, viability and clonogenic assays.
» Determine aggresome formation and microtubules damage after

hyperthermic treatment with or without BZ.

Preliminary in vivo studies

e Evaluate tumor remission after application of magnetic fluid hyperthermia in

combination with cisplatin.

1.4. Overview of the Dissertation

The therapeutic enhancement of anticancer drugs by using heat dissipated by magnetic
nanoparticles and the potential mechanisms to explain these observations were evaluated. In
chapter two of this thesis hyperthermic potentiation of cisplatin by MFH at short and longer time
and one of the mechanisms responsible for this potentiation in Caco-2 cells was elucidated.
Direct and indirect measurements of cell membrane fluidity induced by MFH or HWH are
presented. Taking advantage of the competitive binding effect of cisplatin and copper, cell
response to cisplatin with or without copper was measured using viability and clonogenic assay.
Platinum-uptake measurements are also presented. Finally, fluorescence anisotropy using TMA-
DPH and acridine orange diffusion measurements were made to quantify the extent of membrane

fluidity induced by MFH and HWH.



Chapter 3 focuses on the examination of magnetic fluid hyperthermia as an adjuvant to
improve the therapeutic outcome of the proteasome inhibitor bortezomib, which has not shown
promising results as a single agent.”® Dose response curves for two BZ sensitive (Caco-2 and
MDA-MB 468) and two BZ resistant (A2780 and MCF-7) cancer cell lines are presented.
Proteasome inhibition curves as a function of BZ concentration were also evaluated, in order to
determent BZ concentration to be used for subsequent experiments. Finally, cell response to BZ
in combination with MFH at two different conditions (43°C for 30 minutes and 45°C for 30
minutes) was measured, an external source of heat as a control (HWH) was used.

Chapter 4 presents a potential mechanism to explain our observations of potentiation of
the anti-cancer drug bortezomib using heat dissipated by magnetic nanoparticles in MCF-7 cell
line. Cell response at short and long term was evaluated using DNA content profile, viability
ratio ad clonogenic assay. Qualitative and quantitative analysis of aggresome formation is
presented. Microtubules damage induced by hyperthermic treatments (MFH or HWH) is also
evaluated in this chapter.

Chapter 5 presents preliminary in vivo studies in order to evaluate the therapeutic effects
of cisplatin in combination with MFH in solid tumor xenograft models. Tumor volume T/C
values are presented for control and experimental groups.

Chapter 6 presents final remarks and conclusions of this thesis.
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Chapter 2

Hyperthermic Potentiation of Cisplatin by Magnetic Nanoparticle
Heaters is Correlated with an Increase in Cell Membrane Fluidity

2.1. Introduction

Hyperthermic potentiation, defined as the improved effect obtained through a
combination of heat and chemo/radiotherapy, has shown promising results in the treatment of
cancer.™? Over the years, an increasing number of reports regarding use of hyperthermia in
conjunction with antineoplastic modalities have provided substantial evidence of its enhanced
efficacy.® Nonetheless, current clinical applications using local, regional, and whole body
hyperthermia have a number of disadvantages, including limitations in achievable treatment
depth, complications due to patient surface irregularities (eg, head, arms), and overheating of
adjacent normal tissue. Consequently, novel hyperthermic treatment options are of significant
interest.*

The mechanisms involved in the hyperthermic potentiation of antineoplastic modalities
are diverse. However, increased membrane fluidity has been proposed to be a reasonable cause
of this potentiation.>”’ Cis-diammine-dichloroplatinum (I1) (cDDP, cisplatin) is a well
characterized chemotherapeutic agent that has shown promising results when combined with
hyperthermia, but its mechanisms of potentiation remain largely unknown.®® Uptake of cDDP by
the cell appears to be mediated by two distinct mechanisms, ie, active transport via copper
transporter receptors and passive diffusion through the cellular membrane.’® Currently, it is

believed that active transport is the dominant mechanism of cDDP uptake.' Studies have
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implicated regulators of copper homeostasis, including the primary human cell copper
transporter (hCTR1), as being responsible for modulating the cytotoxic activity of cisplatin and
other platinum-based drugs.*® hCTR1 is rich in histidine and methionine residues, for which both
copper and cisplatin have been shown to have high affinity and bind competitively.™

Numerous studies have highlighted the cytoprotective effects of copper in cDDP-exposed
yeast and mammalian cells, emphasizing its dependence on hCTR receptors.**™" Although some
groups report distinct molecular behaviors of the different members of the hCTR family, which
appear to be cell-dependent, all reports agree that copper, due to its affinity with the hCTR
receptor, affects receptor-mediated entry of cDDP negatively, resulting in improved
cytotoxicity.® %

Although copper receptors have a critical role in the uptake of cisplatin, one of the first
studies that focused on the mechanisms of thermal enhancement of cDDP reported an increase in
cell membrane fluidity, which in turn augmented the uptake of cDDP.'"**?® Therefore, the
synergism of cDDP and hyperthermic treatment can potentially be explained in the context of
membrane fluidity. However, the means by which hyperthermia is induced can also have
additional effects on cells that must be taken into account.

The range of technologies by which hyperthermia is induced has expanded greatly in
recent years. The use of magnetic nanoparticles to induce hyperthermia, so-called magnetic fluid
hyperthermia, has shown promising in vitro and in vivo results.”®?’ Recent studies have also
explored magnetic nanoparticles as a means of enhancing chemotherapeutic efficacy.?® When
inducing hyperthermia using magnetic nanoparticles, the physical mechanisms inherent in the
dissipation of heat by these particles may exert an additional stress that goes beyond thermal

effects and which results in enhanced potentiation of chemotherapeutics. Previously, we reported
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that magnetic fluid hyperthermia resulted in enhanced cytotoxicity when compared with hot
water hyperthermia alone in two separate cell lines, and subsequently we showed that magnetic
fluid hyperthermia resulted in significantly enhanced cytotoxicity when combined with cDDP, as
compared with hyperthermia using a water bath.?**°

In this study, we endeavored to characterize some of the differences in hyperthermic
potentiation of cDDP using hot water hyperthermia and magnetic fluid hyperthermia. We
hypothesized that magnetic fluid hyperthermia induces membrane fluidization by an additional
thermal or physical stress on the cellular membrane, and that this in turn is responsible for
increased intracellular accumulation of cDDP when compared with the effect of hot water
hyperthermia. To test this hypothesis, we made direct and indirect measurements of cell
membrane fluidity. First, the cell response to cDDP was measured using viability and clonogenic
assays and platinum uptake measurements. To take advantage of the competitive binding effect
of cisplatin and copper, we exposed a Caco-2 cell line to extracellular copper, thus hindering
hCTR1-active receptor transport and permitting preferential passive diffusion via the cell
membrane.'®3! In addition, fluorescence anisotropy using trimethylamine-diphenylhexatriene
(TMA-DPH) and acridine orange (Life Technologies, Carlsbad, CA, USA) diffusion
measurements were done to quantify the extent of membrane fluidity induced by magnetic fluid
hyperthermia and hot water hyperthermia. Our results show that cell membrane permeability
induced by magnetic fluid hyperthermia is higher than that induced by hot water hyperthermia
under similar temperature conditions. This increase in membrane fluidity induced by magnetic
fluid hyperthermia is at least one of the mechanisms responsible for magnetic fluid hyperthermia

potentiation of cDDP in Caco-2 cells.

24


http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3593770/#b29-ijn-8-1003
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3593770/#b30-ijn-8-1003
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3593770/#b10-ijn-8-1003
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3593770/#b31-ijn-8-1003

2.2. Materials and methods

2.2.1. Caco-2 cell culture

Caco-2 cells were obtained from the American Type Culture Collection (ATCC)
(Manassas, VA, USA). Cells were cultured in 75 cm? flasks (Costar, Corning, NY, USA) using
Dulbecco’s modified Eagle’s medium (Sigma-Aldrich, St Louis, MO, USA) containing 10%
fetal bovine serum (Life Technologies), 1% nonessential amino acids (Life Technologies), 100
U/mL penicillin (Sigma-Aldrich), and 100 ug/mL streptomycin (Sigma-Aldrich), supplemented
with 2 mM L-glutamine and 24 mM sodium bicarbonate. Cells were maintained at 37°C, 95%
relative humidity, and 5% CO2. Cell passages were performed weekly, while testing for

mycoplasma contamination monthly.
2.2.2. Nanoparticle Suspension

The nanoparticles used in this study are from the same batch used in a previous study by
Rodriguez-Luccioni et al.® For expedience, we summarize their preparation and
characterization. Briefly, the iron oxide (IO) nanoparticles were synthesized by the
coprecipitation method. An aqueous solution of ferric chloride and ferrous chloride with
ammonium hydroxide at 80°C was mixed and stirred for 1 hour at pH 8.0 with bubbling
nitrogen. After cooling to room temperature, the solution was centrifuged at 1800 rpm for 5
minutes to precipitate the nanoparticles. Nanoparticles were peptized with 0.5 M HNO3,
centrifuged for 15 minutes at 3500 rpm, and resuspended in water. Afterwards, the 10
nanoparticles were functionalized with carboxymethyl dextran and characterized. The content of

IO in the nanoparticles was determined using a thermogravimetric analyzer (TA-2950; TA
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Instruments, Newcastle, DE, USA). The hydrodynamic diameter was determined by dynamic
light scattering using a particle size analyzer (BI-90 Plus; Brookhaven Instrument Corp,
Holtsville, NY, USA). The specific absorption rate was measured by placing a suspension of
nanoparticles at a concentration of 0.6 mg 10/ mL in an induction heater instrument (RDO
Enterprises Inc, Washington, NJ, USA) and applying a magnetic field of 20 kA/m and 238
kHz.?®

The nanoparticles were autoclaved for 60 minutes at a temperature of 121 °C and 15 psi.
The autoclaved particles were characterized to verify particle integrity, dispersion, and stability.
Once characterized the particles were suspended in Dulbecco’s modified Eagle’s medium prior

to in vitro testing. The final particle concentration was 2 mg particles per mL (0.6 mg 10/mL).
2.2.3. IC50 determination

ICso values were determined using Cell Titer Blue™ cell viability (Promega, Madison,
WI, USA) and clonogenic assays. The cells were seeded in 96-well plates (Thermo Fisher
Waltham, MA, USA) and allowed to adhere for 48 hours in Dulbecco’s modified Eagle’s
medium. Adherent cells were exposed to increasing concentrations of cDDP (0.3-200 uM;
Sigma-Aldrich) with and without 5 pM cu?®* (Sigma-Aldrich) for 2.5 hours. Cells were then
washed twice with Hank’s balanced salt solution (Sigma-Aldrich) buffer and allowed to recover
in Dulbecco’s modified Eagle’s medium for one week at 37° and 5% CO. After this recovery
period the Dulbecco’s modified Eagle’s medium was discarded and the cells were washed twice
with Hank’s balanced salt solution, stained with CellTiter Blue, and analyzed fluorometrically
(Spectra MAX Gemini EM; Molecular Devices, Sunnyvale, CA, USA). For clonogenic assay,
the cells (5 x 105 cells suspended in 2.5 mL of complete Dulbecco’s modified Eagle’s medium)

were exposed to increasing concentrations of cDDP (0.3-200 puM) with and without 5
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uM cu®* for 2.5 hours. Subsequently, the cells were washed by centrifugation and counted
manually using Trypan blue (Sigma-Aldrich).

Different cell dilutions (2000-7000 cells) were seeded in six-well plates (Thermo Fisher
Scientific) and allowed to form colonies for 10 days. After this time, the colonies were fixed

stained with crystal violet, and counted in the manner reported by Franken et al.*
2.2.4. Synergism studies
2.2.4.1. Hot water hyperthermia (HWH)

Approximately 5 x 10° cells suspended in 2.5 mL of complete Dulbecco’s modified
Eagle’s medium were transferred to 10 mL glass tubes and placed in a temperature-regulated
water bath. Further temperature assessment was performed using a thermometer at 15-minute
intervals. Control tubes were half-sealed to allow CO, exchange and remained in the incubator at
37°C for a period of 2.5 hours. Caco-2 cell samples were either treated or not treated with
cisplatin (5 uM),cu®* (5 uM), or both, and heated to 41°C for 30 minutes. We decided to use
mild hyperthermia (41°C) in order to distinguish better the synergistic effect between
hyperthermia and cDDP. Application of higher temperatures would lead to signifcant decreases
in cell viability, precluding differentiation of cell response to the various treatments. After
treatment, the cells were incubated for a further 2 hours at 37°C. The cells were subsequently
centrifuged for 10 minutes, the treatment medium was discarded and the cells were resuspended
in 2.5 mL of drug-free medium. The cells were seeded in a 25 cm? flask (Costar) for 48 hours at
37°C and 5% CO,. The cells were then trypsinized and cell viability was measured using Trypan

blue. The surviving fraction was assessed by clonogenic assay as explained above.
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2.2.4.2. Magnetic fluid hyperthermia (MFH)

Approximately 5 x 10°cells (in 2.5 mL final Dulbecco’s modifed Eagle’s medium
suspension) were transferred to 10 mL glass tubes and treated with cDDP (5 uM), copper (5
uM), neither or both, concomitantly with a concentration of 2 mg/ mL of autoclaved 1O
carboxymethyl dextran nanoparticles. The tubes were then placed in the coil of the heat
induction equipment and exposed to an alternating magnetic field. The environment surrounding
the sample was kept at 37°C using an incubator enclosure. The sample temperature increased to
41°C due to energy dissipation by the nanoparticles and was held at that temperature for 30
minutes. A frequency of 237 kHz and a magnetic field of 20 kA/m were applied during the
treatment period. After treatment, the cells were incubated for a further 2 hours at 37°C. The
cells were then spun down for 10 minutes and the treatment medium was discarded. The cells
were resuspended in 2.5 mL of Dulbecco’s modified Eagle’s medium. The viability fraction and

surviving fraction were assessed as previously described.
2.2.5. cDDP uptake studies

Approximately 1 x 10° cells were exposed to either cDDP (5 pM), copper (5 uM) or
both, and treated for 30 minutes with magnetic fluid hyperthermia or hot water hyperthermia at
41°C. The samples were subsequently placed in the incubator at 37°C for a period of 2 hours. At
the end of the treatment period the cells were removed from the test tubes and centrifuged at 800
g for 10 minutes in order to remove the drug. The pellets were washed three times with
phosphate-buffered saline at 4°C. After the final wash, the supernatant was aspirated and the
pellet was frozen at —20°C, while awaiting uptake assay. The pelleted cells were resuspended in

200 pL of ultrapure water to obtain a homogeneous cell suspension. The suspended cells were
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transferred into glass tubes containing 70% HNO3 and then mineralized until completely dried at
80°C. The mineralized sample was dissolved in 2 mL of 2% HNOS3 containing 50 pg/L of
indium (used as the internal standard). The samples were further disrupted by means of
sonication for 10 minutes, resulting in a clear solution.*® Sample analysis for platinum content
was made using an inductively coupled plasma-mass spectrometer (X5 Series; Thermo Optek,

Cinisello Balsamo, Italy). Concentration values were corrected to the indium signal.*

2.2.6. Membrane Fluidization Studies

Membrane fluidity was determined by measuring fluorescence anisotropy using TMA-
DPH. After the cell samples had undergone treatment, TMA-DPH was added to a final
concentration of 5 uM and the samples were allowed to incubate for 5 minutes prior to
measurements. Fluorescence intensity measurements parallel or perpendicular to the direction of
the excitation beam were read using a fluorescence spectrometer (USB4000; Ocean Optics,
Henderson, NV, USA) with an external excitation source (100 mW, excitation wavelength 405
nm, emission 430 nm; Wicked Lasers, Hong Kong, People’s Republic of China). Fluorescence
anisotropy values are inversely proportional to cell membrane fluidity and are quantified

according to:

where I, is the fluorescence intensity emitted parallel to the direction of excitation light,

and I is fluorescence intensity emitted perpendicular to excitation light.34
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2.2.7. Flow cytometer

Cells (5 x 10°) were stained with acridine orange immediately after hyperthermic
treatment to a concentration of 1 pg/mL for a period of 5 minutes, then washed and resuspended
in phosphate-buffered saline. Green (500-550 nm, FL1 channel) fluorescence, which was
illuminated with blue (488 nm) light excitation, was measured using a flow cytometer (Accuri

C6; Becton Dickinson, Ann Arbor, MI, USA).
2.2.8. Confocal microscopy

Cells stained with acridine orange were washed and resuspended in phosphate-buffered
saline. Next, 20 uL of the cell suspension was aliquoted onto a microscope slide and immediately
overlayed with a cover slip. Pictures were obtained with a spinning disk (Intelligent Imaging
Innovations Inc, Denver, CO, USA) confocal microscope (Olympus 1X81; Olympus America,
Center Valley, PA, USA) equipped with a Xenon FI source for visualization. Images were
captured using a 60x oil immersion objective and Rolera EM-C2 camera (Quantitative Imaging
Corporation, Cary, NC, USA). Experiments were repeated twice, and two images were obtained

for each sample analyzed. All pictures were taken with an identical exposure time.
2.2.9. Statistical analysis

The sample size was n = 3 for all experiments except for confocal imaging (n = 2) and
the control group in platinum uptake analysis (n = 4). Statistical analyses were conducted using
the Student’s t-test (two-tailed distribution, two-sample with unequal variances). Differences
were considered significant at P < 0.05. The standard error and surviving fraction for clonogenic

assay studies were determined using the approach established by Gupta et al.*
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2.3. Results

2.3.1. Nanoparticle characterization

The nanoparticles used in this study were the same batch used by Rodriguez-Luccioni et
al.?® In that study, the hydro-dynamic diameter of the 10 nanoparticles was determined to be 72 +
4 nm by dynamic light scattering. The inorganic core content was found to be 27% by weight, as
determined by thermogravimetric analysis. A specific absorption rate value of 245 W/g was
determined at a magnetic field amplitude of 20 kA/m and a frequency of 238 kHz. Considering
that specific absorption rate values generally depend on the magnetic field amplitude and
frequency, nanoparticle structure (size and shape), and magnetic properties, the specific
absorption rate value obtained for nanoparticles used in this study is consistent with data reported
in the literature.?®*’ For example, 10 nanoparticles exposed to a magnetic field amplitude of 24.5
kA/m and frequency of 400 kHz had a specific absorption rate value of 447 W/g.%**® On the
other hand, Dennis et al synthesized and studied two different batches of 10 nanoparticles coated
with dextran. When they were exposed to a magnetic field amplitude of 85.9 kA/m and a
frequency of 150 kHz, nanoparticles with lower saturation magnetization had a specific
absorption rate value of 209 W/g, whereas nanoparticles with higher saturation magnetization

had a specific absorption rate value of 537 Wi/g.3"*

2.3.2. Effect of extracellular Cu on cDDP-induced cell death

hCTR1-mediated uptake of cDDP into cells has been extensively documented.®41%2* |t

is widely accepted as the primary mechanism of influx of this platinum-based drug in

cells.*®* To assess the effect of extracellular copper on this form of drug transport, the surviving
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fraction and viability ratio of Caco-2 cells was studied by exposing cells to a mixture of 5 uM
copper and increasing concentrations of cDDP for 2.5 hours. The concentration of copper was
chosen based on its reported binding constant (Ky,) value. Because Ky, is defined as the copper
concentration when the rate of transport through the hCTR1receptor is half of its maximum
value, we chose a copper concentration above the Ky in order to hinder the hCTR1
receptor.®® The surviving fraction of samples began to deviate significantly at cDDP
concentrations above 5 uM, after which the fraction of surviving cells treated without copper
dropped dramatically (Figure 2.1). On the other hand, we observed statistically significant
differences in the viability ratio of cells treated with copper at concentrations of cDDP above 40
uM ( Figure 2.1). The ICspvalue of cDDP in the absence of copper was approximately 80 uM for
both experimental methods. In the presence of copper, this value increased by approximately
30%. Mild hyperthermia is known to significantly enhance cDDP potentiation, leading to a
significant increase in cell death. Consequently, we chose a lower drug concentration of 5 uM for

subsequent experiments.
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Figure 2. 1. Surviving fraction and viability ratio of Caco2 cells as a function of concentration of cDDP
for an exposure period of 2.5h with Cu (squares) and without Cu (circles). Error bars represent the
standard error of the mean of three independent experiments.
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Because the magnetic fluid hyperthermia setup requires use of 10 carboxymethyl dextran
nanoparticles to induce heat, the cells were treated with the required concentration of these
nanoparticles (0.6 mg 10/mL) in order to evaluate nanoparticle-induced cytotoxicity. Previous
work by our group has shown that this concentration of nanoparticles used during magnetic fluid

hyperthermia treatment does not induce cell cytotoxicity on its own.?
2.3.3. Effect of Cu on cDDP-induced cell death after treatment with hyperthermia

In an initial attempt to explain the differences in enhanced cytotoxicity between both
forms of hyperthermic treatment, Caco-2 cells were treated for 30 minutes at 37°C or at 41°C
using either hot water hyperthermia or magnetic fluid hyperthermia in combination with cDDP
or cDDP + copper. After heat treatment, the cells were further exposed to cDDP or cDDP +
copper for an additional 2 hours. This treatment sequence was chosen because an independent
study had concluded that cDDP potentiation was most effective when the drug and hyperthermic
treatment were applied simultaneously, followed by 2 hours of exposure to the drug at
37°C.% Cell viability and clonogenicity were quantified. The cytotoxic effects of hot water
hyperthermia and magnetic fluid hyperthermia were evident using both assays (Figure 2.2).
Interestingly, the surviving fraction determined using a clonogenic assay was consistently higher
than viability ratio determined using trypan blue exclusion test, except for the cells treated with a
combination of magnetic fluid hyperthermia and cDDP, with and without copper. The
combination of magnetic fluid hyperthermia and cDDP proved to be most effective in reducing
Caco-2 viability and clonogenicity, resulting in a statistically significant difference in viability
ratio and surviving fractions relative to untreated cells and those treated with hot water
hyperthermia (Figure 2.2, cDDP). In a similar manner, magnetic fluid hyperthermia was most

effective in treating cells concomitantly with cDDP and copper (Figure 2.2, cDDP + copper).
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The presence of extracellular copper resulted in a statistically significant difference in the
surviving fraction for cells treated with hot water hyperthermia. In contrast, copper appeared to
have little or no effect on Caco-2 cell survival in the context of magnetic fluid hyperthermia

(Figure 2.2, cDDP versus cDDP + copper).
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Figure 2. 2. Surviving fraction and viability ratio of Caco-2 cells treated with 5 uM c¢cDDP with and
without copper for 2.5 hours at 37°C, and with hot water hyperthermia or magnetic fluid hyperthermia,
both at 41°C.

Notes: Untreated cells, cells maintained in the incubator; cDDP, cells with cisplatin; cDDP + Cu, cells
with cisplatin and copper. Error bars represent the standard error of the mean of three independent
experiments.

Abbreviation: c¢DDP, Cis-diammine-dichloroplatinum (11); HWH, hot water hyperthermia; INC,
incubator; MFH, magnetic fluid hyperthermia; Cu, copper.

34


http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3593770/figure/f2-ijn-8-1003/

2.3.4. cDDP accumulation in vitro

The uptake of platinum in the context of hyperthermia, in the presence and absence of
copper, was measured as a means to elucidate the mechanism of cell death induced by
hyperthermia and cDDP (Figure 2.3). Immediately after treatment, the cells were washed three
times with cold phosphate-buffered saline by centrifugation, then pelleted and frozen until the
samples were ready to be quantified. The use of magnetic fluid hyperthermia and hot water
hyperthermia in the presence of cDDP increased platinum uptake significantly when compared
with control cells (cells with cDDP in the incubator versus cells with cDDP treated with hot
water hyperthermia and those treated with cDDP and magnetic fluid hyperthermia). Furthermore,
platinum uptake in cells treated with magnetic fluid hyperthermia was significantly greater than
that in cells treated with hot water hyperthermia (cDDP hot water hyperthermia versus cDDP
with magnetic fluid hyperthermia). Whereas the presence of extracellular copper served a
protective role in our control cells, this was not evident in cells treated with cDDP in
combination with either magnetic fluid hyperthermia or hot water hyperthermia. However, the
surviving fraction of cells treated with magnetic fluid hyperthermia and cDDP in the presence of
copper was lower than that of cells treated with hot water hyperthermia under the same
conditions (Figure 2.2). Taken together, these results show that magnetic fluid hyperthermia
promotes higher cDDP uptake than hot water hyperthermia at the same temperature of 41°C.
Furthermore, no statistically significant differences in uptake of platinum by hyperthermia-
treated cells in the presence of extracellular copper were observed, which suggests that both mild
heat treatments are able to increase cell membrane fluidity, such that the protective role of
copper is no longer apparent under these conditions. In light of these results, we hypothesized

that differences in membrane fluidity induced by both forms of hyperthermic treatment could
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explain the disparities in platinum uptake, and thereby surviving fraction and viability ratio,
among the conditions evaluated. In order to test this hypothesis we conducted fluorescence

polarization studies using a membranebound TMA-DPH probe.
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Figure 2. 3. Platinum uptake in Caco-2 cells treated with different thermal modalities in conjunction with
Cu and cDDP. Values represent the mean + SE from n = 3 for experimental samples and n = 4 for
controls.

Abbreviation: cDDP, Cis-diammine-dichloroplatinum (11); HWH, hot water hyperthermia; INC,
incubator; MFH, magnetic fluid hyperthermia; CU, copper.

2.3.5. Increased membrane fluidity in cells treated with magnetic fluid

hyperthermia

TMA-DPH is a cationic derivative of the classic fluorescence polarization probe DPH,
and has significant specificity for the cell plasma membrane, by anchoring its charged

trimethylammonium group at the polar heads of the phospholipid bilayers and the apolar DPH
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moiety placed between the fatty acid chains.** TMA-DPH has been used to label the outer leaflet
of lipid bilayers in order to follow changes in membrane arrangements by fluorescence
anisotropy measurements. These measurements have been shown to correlate with the rotational
capability of the probe.*

Previous studies have shown that the heat shock response of cells involves an increase in
cell membrane fluidity.>" We hypothesized that cells that have undergone a mild treatment of
hyperthermia (41°C and 30 minutes) using magnetic nanoparticles would suffer an additional
mechanical stress on their cell membrane, induced by the presence of rotating and/or vibrating
nanoparticles in solution, resulting in a higher membrane fluidity than those cells treated with hot
water hyperthermia under the same temperature and for the same duration. Consequently,
differences in fluorescence anisotropy induced by TMA-DPH would be observed.

Our results showed significant differences in membrane arrangements for both
hyperthermic conditions relative to the control, as seen by a decrease in their fluorescence
anisotropy reading, with magnetic fluid hyperthermia-treated cells showing significantly greater
membrane fluidity than hot water hyperthermia-treated cells (Figure 2.4). This result suggests
that magnetic fluid hyperthermia can induce an additional stress on the cellular membrane, either
absent or not as significant in hot water hyperthermia-treated cells, that promotes higher
membrane fluidity and which may be responsible for differences in cDDP uptake (Figure 2.3). In
order to determine whether or not the concentration of cDDP used in this study induces
membrane fluidity, we quantified changes in anisotropy for Caco-2 cells exposed to cDDP 5 uM
at 37°C for 30 minutes, followed by TMA-DPH labeling. As shown in Figure 2.4 (red), cDDP-
treated cells did not show any significant increase in membrane fluidity compared with the

control.
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Figure 2. 4. Fluorescence anisotropy changes in cells treated with mild hyperthermia (41°C) as detected
by TMA-DPH.

Notes: Caco-2 cells suspended in phosphate-buffered saline were treated at 41°C for 30 minutes, or left at
37°C, and labeled with TMA-DPH. The fluorescence anisotropy measurements were made at 430 nm.
Data correspond to the mean + SE for n = 3.

Abbreviations: TMA-DPH, trimethylamine-diphenylhexatriene; SE, standard error of the mean; INC,
incubator; HWH, hot water hyperthermia; MFH, magnetic fluid hyperthermia; cDDP, cis-diammine-
dichloroplatinum (I1).

2.3.6. Enhanced passive transport of acridine orange in magnetic fluid

hyperthermia-treated cells

An alternative indirect approach was used to evaluate changes in membrane fluidity of
treated cells relative to untreated cells, by measuring the fluorescence intensity of cells exposed
to acridine orange (Figure 2.5). Green fluorescence intensity measurements (as measured using a
flow cytometer) were significantly higher in cells treated with mild hyperthermia relative to

untreated cells (Figure 2.5). Furthermore, the green fluorescence intensity of cells treated with
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magnetic fluid hyperthermia was significantly higher than that of cells treated with hot water
hyperthermia. As shown in Table 2.1, the fold increases in fluorescence intensity observed
between magnetic fluid hyperthermia and hot water hyperthermia were statistically different
(Table 2.1). Finally, qualitative imaging of samples (Figure 2.6) showed incorporation of
acridine orange. In agreement with flow cytometry measurements, an increase in green
fluorescence is more apparent in cells treated with mild hyperthermia, with magnetic fluid
hyperthermia-treated cells showing the most significant incorporation of the weak base. These
results suggest that the rate of passive diffusion of acridine orange had greater enhancement in
magnetic fluid hyperthermia-treated cells, presumably due to an increase in cell membrane
fluidity.

Table 2. 1. Fold increase in fluorescence intensity of treated cells (HWH and MFH) relative to untreated
cells

HWH treated cells MFH treated cells

FL1 intensity FL1 intensity
Mean 1.32* 1.87**
SD 0.08 0.05
SE 0.05 0.03

Notes: * Statistically different when compared to **. The numbers represent the mean of 3 independent
experiments.
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Figure 2. 5. Effect of mild hyperthermia on the fluorescence intensity (as measured by FL1 channel) in
acridine orange-stained cells (blue: magnetic fluid hyperthermia and red: hot water hyperthermia),
relative to untreated cells (black).

Note: Three independent experiments were done.

Figure 2. 6. Acridine orange incorporation in cells treated with mild hyperthermia (41°C). a. Untreated
cells. b. Cells treated with water bath hyperthermia for 30 minutes. c. Cells treated with MFH for 30
minutes (two independent experiments).
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2.4. Discussion

In the present work, we have shown that the presence of extracellular copper at a
concentration close to the Ky value of hCTR1 reduces cDDP-induced cytotoxicity in Caco-2
cells at cisplatin concentrations above 5 pM (Figure 2.1).% In order to determine whether the
aforementioned concentration of extracellular copper is able to affect mild hyperthermic-induced
cell toxicity, we treated Caco-2 cells with cDDP at 41°C with either magnetic fluid hyperthermia
or hot water hyperthermia, in the presence and absence of extracellular copper (Figure 2.2). We
had previously reported differences in cell viability after combined treatment of cDDP and mild
hot water hyperthermia or magnetic fluid hyperthermia at 41°C.*° At the aforementioned
temperature, differences in drug potentiation could be observed without compromising the fate
of our entire cell sample.

Our results show that while copper serves a protective role in the context of long-term
clonogenic survival when cells are treated concomitantly with hot water hyperthermia and
cDDP, this protective role is not evident when magnetic fluid hyperthermia is used instead. No
protective role in short-term cell viability was observed under our experimental conditions.
These results suggest that the synergistic potentiation of cDDP with magnetic fluid hyperthermia
differs from that of cDDP with hot water hyperthermia through a mechanism that appears to be
independent of hCTR1-mediated drug influx. It is possible that the presence of extracellular
copper is inhibiting the amount of cDDP that is being incorporated into cells exposed to hot
water hyperthermia and control cells through a competitive binding interaction with hCTRL1. In
the case of cells treated with cDDP and magnetic fluid hyperthermia, the absence of a protective
role by copper in the surviving fraction of cells suggests that this hyperthermic treatment might

allow cDDP incorporation via an alternative route. Mild hyperthermia has been shown to
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increase cell membrane fluidity in different cell lines.**? In this study, we have shown that
hyperthermia-induced cell membrane fluidity is one of the mechanisms responsible for cDDP
potentiation in cancer cells and that the extent of drug potentiation and membrane fluidity varies
greatly between the two forms of hyperthermia application, ie, magnetic fluid hyperthermia and
hot water hyperthermia. cDDP potentiation using magnetic fluid hyperthermia is caused, at least
in part, by an increase in cell membrane fluidity. Cells treated concomitantly with cDDP and
magnetic fluid hyperthermia or hot water hyperthermia had higher platinum uptake than control
cells. Cells treated at 41°C with magnetic fluid hyperthermia had a higher platinum uptake
compared with cells treated with hot water hyperthermia at the same temperature. These results
point to the possibility that magnetic fluid hyperthermia-induced cell membrane fluidity was
more significant than that induced by hot water hyperthermia, allowing a higher uptake of cDDP
to be transported passively across the cell membrane. In order to assess this possibility, we
performed two independent experiments aimed at characterizing the membrane fluidity of cells
exposed to magnetic fluid hyperthermia and hot water hyperthermia (Figure 2.4). Statistically
significant differences in fluorescence anisotropy were observed between untreated cells and
cells treated at 41°C. Furthermore, a significant reduction in fluorescence anisotropy was
observed in cells treated with magnetic fluid hyperthermia compared with hot water
hyperthermia, suggesting that magnetic fluid hyperthermia increases cell membrane fluidity
more dramatically. We also saw no significant differences in cDDP-induced membrane fluidity
at the drug concentration used in this work. Finally, we quantified the amount of acridine orange
which diffused into cells right after treatment with either magnetic fluid hyperthermia or hot
water hyperthermia. Acridine orange is a weak base that can passively diffuse through the cell

membrane. It fluoresces green when located in the cytoplasm and nucleus.*® Its fluorescence
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intensity is directly proportional to the amount of acridine orange that has entered into the
cytoplasm and nucleus. Previous studies suggest that internalization of acridine orange into cells
is mainly passive, so we hypothesized that its diffusion into cells would differ between
treatments that affect the fluidity of the cell membrane.* The fluorescence intensity of cells was
analyzed quantitatively and qualitatively using flow cytometry and confocal microscopy,
respectively. Statistically significant differences in fluorescence intensity were observed between
cells treated with magnetic fluid hyperthermia and hot water hyperthermia (Table 2.1).
Furthermore, qualitative differences in fluorescence intensity after exposure to acridine orange

were observed for cells exposed to magnetic fluid hyperthermia and hot water hyperthermia.

2.5. Conclusion

To our knowledge, this work provides the first direct evidence of a mechanistic
difference in the hyperthermic potentiation of a chemotherapeutic agent by hot water and
magnetic fluid hyperthermia. Specifically, we have demonstrated that magnetic fluid
hyperthermia enhances cDDP activity in cancer cells by enhancing passive uptake due to an
increase in membrane fluidity. This mechanism was demonstrated by comparison of the
reduction in cell viability and cDDP uptake in cells treated with magnetic fluid hyperthermia or
hot water hyperthermia and cDDP with and without blocking active uptake through the CTR1
transporter. These studies demonstrated enhanced activity and uptake of cDDP in cells treated
with magnetic fluid hyperthermia, regardless of the status of the CTR1 transporter. Further
experiments demonstrated increased membrane fluidity and passive uptake of the diffusing
species in cells treated with magnetic fluid hyperthermia. Although demonstrated in the context
of cDDP, the demonstrated mechanism of enhanced passive uptake could find application in

potentiation of other chemotherapeutics.
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Chapter 3

Magnetic Fluid Hyperthermia Enhances Bortezomib Cytotoxicity in
Sensitive and Resistant Cancer Cells lines

3.1. Introduction

The proteasome, a multisubunit proteinase machinery, is in charge of degrading 80%-—
90% of all nuclear and cytosolic proteins in cells* and plays an essential role in regulating the
intracellular concentration of specific proteins, thereby maintaining homeostasis within the
cell.*** Inhibition of the 26S proteasome prevents this targeted proteolysis, which can affect
multiple signaling cascades within the cell, leading to cell death."® As such, proteasome
inhibition has become an attractive target for cancer treatment.’

Bortezomib (BZ), a drug approved by the US Food and Drug Administration, is a
reversible inhibitor of the chymotrypsin-like activity of the 26S proteasome in mammalian cells.
It has been tested as a potential therapeutic agent for the treatment of several types of cancer
including breast, colon, ovarian, lung, and certain hematologic neoplasms.® Unfortunately, some
of these types of cancer do not respond to its therapeutic effect, because they have intrinsic or
acquired BZ resistance.® ™ The reason for this phenomenon is still unknown, but some molecular
mechanisms have been proposed. de Wilt et al demonstrated that intrinsic BZ resistance of non-
small-cell lung cancer is related to increased proteasome activity.** On the other hand, acquired

resistance was associated with mutation of the B5 subunit, which is the proteasome subunit
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where BZ binds.'* Overexpression of antiapoptotic protein Bcl-2 and heat-shock proteins 27, 70,
and 90 is also considered a mechanism of acquired BZ resistance.'>*°

Recent studies have provided evidence of enhanced efficacy of BZ when used in
combination with hyperthermia.***"*° Xu et al showed that hyperthermia using a water bath
sensitized resistant breast cancer cells to BZ, resulting in enhanced cell death.** Similar
observations were made with HT1080, HelLa, H1299, and HCT116 cells exposed to BZ and
hyperthermia.*®*® The mechanism by which hyperthermia enhances BZ cytotoxicity has not been
elucidated. However, protein unfolding and subsequent aggregation induced by hyperthermia is
considered one of the mechanisms by which hyperthermia sensitizes cells to proteasome
inhibition.”

Although in vitro studies of hyperthermia with BZ have shown promising results,
translation to the clinic has been limited due to challenges regarding application of hyperthermia
as a treatment modality. These include avoidance of nonspecific damage to adjacent tissues,
occurrence of tachycardia and malaise, and a detrimental impact on tissue metabolism, blood
flow, organ function, and tissue repair.??? For these reasons, alternative hyperthermia
application approaches are being actively pursued.

The use of magnetic nanoparticles for localized thermal oncotherapy is a novel and
attractive approach.” This approach, commonly called magnetic fluid hyperthermia (MFH),
takes advantage of the deposition of thermal and mechanical energy by magnetic particles under
an applied alternating magnetic field, resulting in local heating of cancerous tissue.** Recently,
we have demonstrated that application of MFH to treat a human epithelial colorectal
adenocarcinoma cell line (Caco-2) was more effective in reducing cell viability when compared

with hot water hyperthermia (HWH) at similar thermal doses.?® Also, combination treatment
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using cisdiamminedichloroplatinum(I1) and MFH induced significant cytotoxicity in the Caco-2
cell model, and was more effective than a combination of the drug with hyperthermia using a hot
water bath.? Subsequently, it was demonstrated that one of the mechanisms explaining why
MFH is significantly more effective in combination with cisdiamminedichloroplatinum(Il) than
HWH is an increase in membrane fluidity which allows higher intracellular drug accumulation.?’

Our past work motivated us to search for other anticancer drugs that could potentially be
enhanced by the application of MFH, particularly in cases of intrinsic or acquired
chemoresistance. Given the expectation that delivery of thermal energy to the interior of a cell
could result in enhanced protein denaturation, we hypothesized that proteasome inhibitors in
combination with MFH should possess enhanced cytotoxicity that is greater than each individual
treatment. In order to test this hypothesis, dose response curves and proteasome activity curves,
as a function of BZ concentration were conducted. The following cell lines were selected to
conduct the experiments: human epithelial breast carcinoma cells (MDA-MB-468),
heterogeneous human colorectal adenocarcinoma cells derived from colon carcinoma (Caco-2),
and human epithelial ovarian cancer cells established from the tumor tissue of an untreated
patient (A2780). Two of these are BZ-sensitive (MDA-MB-468, Caco-2) and one is BZ-resistant
(A2780). The cell response to BZ in combination with MFH at two different conditions (43°C
for 30 minutes and 45°C for 30 minutes) was then measured and the combined cytotoxicity was
compared with that of HWH and BZ. Results indicated that enhancement of cytotoxicity between
MFH and BZ is greater than the effect produced by HWH and BZ at similar thermal doses. Our
results confirm the effectiveness of MFH for potentiation of BZ, even in cell lines that show
intrinsic resistance to this drug, making this an attractive approach for enhancing the

effectiveness of a drug already approved by the US Food and Drug Administration.
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3.2. Material and Methods

3.2.1. Cell culture

MDA-MB-468 and Caco-2 cells were obtained from the American Type Culture
Collection (Manassas, VA, USA). The cells were cultured in 75 cm? flasks (Costar, Corning,
NY, USA) using Dulbecco’s modified Eagle’s medium (Sigma, St Louis, MO, USA) containing
10% fetal bovine serum (Invitrogen, Carlsbad, CA, USA), 1% nonessential amino acids
(Invitrogen), 100 units/mL of penicillin (Sigma), and 100 pg/mL of streptomycin (Sigma), and
supplemented with 2 mM L-glutamine and 24 mM sodium bicarbonate. The cells were
maintained at 37°C, 95% relative humidity, and 5% CO,. A2780 cells were donated by Dr Anil
K Sood from the MD Anderson Cancer Center, Houston, TX, USA. They were cultured in
Roswell Park Memorial Institute medium (Sigma) with 15% fetal bovine serum and 0.1%

gentamicin (Sigma) at 37°C under 5% CO,.
3.2.2. Drug

BZ (LC Laboratories, Woburn, MA, USA) was dissolved in dimethylsulfoxide (Sigma),
aliquoted, and stored at —20°C. Aliquots were thawed and diluted in Dulbecco’s modified

Eagle’s medium before use.
3.2.3. Synthesis of iron oxide nanoparticles

Iron oxide nanoparticles were synthesized by the coprecipitation method and coated with
carboxymethyl dextran, as described previously.?® An aqueous iron solution (Fe**:2Fe*?) and an

ammonium hydroxide solution were mixed at 80°C. The pH of this reaction mixture was
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maintained at 8.0 while stirring for one hour with bubbling nitrogen. After this reaction period,
the solution was centrifuged at 1,500 rpm for 5 minutes, the supernatant was discarded, and the
magnetic nanoparticles were peptized with tetramethyl ammonium hydroxide (1 M). The
peptized nanoparticles were dried at 65°C using a vacuum oven. Next, 1.125 g of peptized iron
oxide nanoparticles were functionalized with 3-aminopropyltriethoxysilane (APS) in a solution
containing 75 mL dimethylsulfoxide, 5 mL of APS, 1.25 mL of water, and 100 pL of acetic acid.
This solution was stirred for 36 hours in a shaker at 150 rpm and room temperature. At the end of
the reaction, the nanoparticles were washed four times with ethanol by centrifugation and left to
dry at room temperature. The iron oxide nanoparticles coated with APS were then functionalized
with carboxymethyl dextran via reaction with N,N-(3-dimethylaminopropyl)-N’-ethyl-
carbodiimide hydrochloride (EDC)/N-hydroxysuccinimide (NHS) in order to form covalent
bonds between APS and carboxymethyl dextran. This reaction was achieved by mixing a
solution containing 1 g of carboxymethyl dextran, 10 mL of deionized water, 12.25 mg of EDC,
and 7.25 mg of NHS at pH 4.5-5 with 0.1 g of 10-APS dissolved in 10 mL of deionized water at
pH 4.5-5. This mixture was stirred at 150 rpm for 36 hours at room temperature. After this
reaction period, the nanoparticles were washed three times with ethanol by centrifugation and
left to dry in a vacuum oven at 65°C.%*

The nanoparticles were sterilized at a temperature of 121°C and 15 psi for 60 minutes
before the in vitro experiments. They were then characterized and suspended in Dulbecco’s
modified Eagle’s medium prior to the experiments. The final particle concentration was 3.848

mg particles per mL (0.5 mg 1O/mL).
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3.2.4. Characterization of Nanoparticles

The physical size and morphology of the iron oxide nanoparticles were determined using
an energy-filtered transmission electron microscope (LEO 922 Omega, Carl Zeiss Meditec AG,
Jena, Germany) at 200 kV. The hydrodynamic diameter of the synthesized and functionalized
nanoparticles suspended in deionized water was determined by dynamic light scattering using a
particle size analyzer (BI-90 Plus, Brookhaven Instrument Corporation, Holtsville, NY, USA).
Inorganic core content was estimated using a thermogravimetric analyzer (TGA/DSC1, Mettler
Toledo Inc, Columbus, OH, USA). The magnetic properties of the nanoparticles were
determined using a SQUID magnetometer (MPMS XL-7, Quantum Design Inc., San Diego, CA,
USA). The specific absorption rate of the iron oxide nanoparticles was obtained by placing a
solution of nanoparticles in deionized water at a concentration of 0.5 mg 10/mL in an induction
heater (HFI 3 KW RF heating system, RDO Induction LLC, Washington, NJ, USA) with
magnetic field intensities ranging from 24.18 kA/m to 34.73 kA/m. The specific absorption rate

is reported as watt per gram of iron oxide.

3.2.5. Bortezomib Dose-Response Curve

MDA-MB-468 and Caco-2 cells were seeded in 96-well plates (Fisher Scientific,
Suwanee, GA, USA) and allowed to adhere for 48 hours in Dulbecco’s modified Eagle’s
medium solution. A2780 cells were allowed to adhere for 24 hours in Roswell Park Memorial
Institute medium. These time periods were chosen to ensure that the cells were in log phase
growth before treatment. After this incubation period, the cells were exposed to varying
concentrations of BZ (2-1,000 nM) for 48 hours. The cells were then washed twice with

phosphate-buffered saline (Sigma), stained with Cell Titer Blue™ (Promega, Madison, WI,
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USA) and analyzed fluorometrically (Spectra MAX Gemini EM, Molecular Devices, Sunnyvale,

CA, USA).
3.2.6. Proteasome activity

Cells were seeded in 96-well plates (10,000 cells per well) and allowed to adhere in
medium solution as described before. Adhered cells were exposed to various concentrations of
BZ (2-1,000 nM) for 3 hours. Next, 100 puL of Proteasome-Glo™ Chymotrypsin-Like Assay
(Promega), containing a substrate which luminesces when recognized and degraded by the
proteasome, was added per well and allowed to react at room temperature for 15 minutes in the
dark. After this period, luminescence measurements were made in a spectrofluorometer (Spectra

MAX Gemini EM).

3.2.7.Combined Hyperthermia Treatment

Approximately 5 x 10° cells were transferred to 10 mL glass tubes. Cells to be treated by
HWH were suspended in 2.5 mL of complete medium with and without BZ. Next, samples in the
presence of BZ were left in the incubator for 3 hours to promote proteasome inhibition before
hyperthermic treatment. After pretreatment, the samples were placed in a temperature-regulated
water bath for 30 minutes at 43°C or 45°C. Cells to be treated by MFH were suspended in 2.5
mL of DMEM solution with or without BZ, concomitantly with a concentration of 3.8 mg/mL of
auto claved carboxymethyl dextran-coated magnetite nanoparticles. Samples containing BZ were
incubated for 3 hours prior to applying the alternating magnetic field. The samples were then
placed in an induction heater coil (HFI 3 KW RF heating system) and magnetically heated to
43°C or 45°C for 30 minutes. A magnetic field of 29.39 kA/m or 34.73 kA/m was applied to

maintain the sample temperature at 43°C or 45°C, respectively. A frequency of 233 kHz was
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applied at both temperature conditions. Control tubes had the same dimethylsulfoxide
concentration as the experimental group (0.1%) but remained in the incubator at 37°C. After
treatment, 100,000 cells were transferred to six-well plates (Fisher Scientific) exposing cells
continuously to the drug to maintain a constant proteasome inhibition for an additional of 48
hours at 37°C and 5% CO,. After incubation, the cells were trypsinized and cell viability was
measured using the trypan blue exclusion method (Sigma). Our previous work using anticancer
drugs such as cisplatin in combination with hyperthermia has shown similar tendencies between
viability ratio and surviving fraction using trypan blue and clonogenic survival fraction

respectively. For this reason, we only determined the viability ratio in this study.

3.2.8. Statistical analysis

Unless otherwise stated, the sample size was n=3. Statistical analyses were conducted
using the Student’s t-test (two-tailed distribution, two samples with unequal variances).

Differences were considered to be statistically significant at P<0.05.

3.3. Results

3.3.1. Nanoparticle characterization

The cluster size of the synthesized magnetic nanoparticles determined by transmission
electron microscopy was approximately 69+4 nm, consisting of primary nanoparticles 11 nm in
diameter (Figure 3.1A shows a representative image of a cluster of particles). The hydrodynamic
diameter of the iron oxide nanoparticles coated with carboxymethyl dextran determined by
dynamic light scattering was ~70 nm (Figure 3.1B), with some aggregates of ~300 nm visible in

the volume-weighted diameter distribution. The inorganic mass was determined by
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thermogravimetric analysis (Figure 3.1C), and was determined to be 14% by weight. The
specific absorption rate of the nanoparticles was 46.9 W/g of iron oxide at a magnetic field
amplitude of 34.73 kA/m and frequency of 233 kHz. Finally, SQUID magnetization
measurements showed the nanoparticles to be superparamagnetic, with a saturation
magnetization of ~58 Am?/kg at 300 K (Figure 3.1D). The nanoparticles used in this study were

not cytotoxic at a concentration of up to 0.5 mg 10/mL (data not shown).
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Figure 3. 1. (A) Representative transmission electron microscopy image of magnetic nanoparticles
synthesized by the coprecipitation method and coated with carboxymethyl dextran. (B) Volume-weighted
hydrodynamic diameter distribution. (C) Remnant mass as a function of temperature for carboxymethyl
dextran-coated iron oxide nanoparticles determined by thermogravimetric analysis. (D) Equilibrium
magnetization as a function of field at room temperature.
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3.3.2. Sensitivity of cancer cells to BZ

Recent studies have shown that the sensitivity of cancer cells to BZ is cell line-
dependent.®**%!2 To assess the sensitivity of different cancer cell lines to the therapeutic effect
of BZ, the viability of three different cell lines (Caco-2, MDA-MB-468, and A2780) was
determined after exposing the cells to increasing concentrations of BZ for 48 hours.

The Caco-2 and MDA-MB-468 cell lines were significantly more sensitive to BZ than
A2780 cell lines, showing half maximal inhibitory concentrations of 15 nM, 9 nM, and 250 nM,
respectively (Figure 3.2). This result confirms that A2780 has intrinsic BZ resistance. For
subsequent experiments, the maximum BZ concentration was kept at 100 nM, because this is the

maximum concentration clinically achieved in the plasma of patients treated with BZ.
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Figure 3. 2. Dose-response curve for MDA-MB-468, Caco-2, and A2780 cell lines. Cells were exposed
to BZ concentrations of 2-1,000 nM for 48 hours. Error bars represent the standard error of eight
independent experiments.
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3.3.3. Proteasome activity curves

BZ is a reversible proteasome inhibitor and a modified dipeptidyl boronic acid
specifically designed to fit the active sites of the proteasome.® Proteasome inhibition is a function
of exposure time and concentration of the drug. To evaluate the effect of hyperthermia in
combination with BZ for BZ-sensitive and BZ-resistant cells under the same conditions, it is
necessary to choose a BZ concentration that achieves the same proteasome inhibition before
applying hyperthermic treatment. Therefore, proteasome inhibition curves, as a function of BZ
concentration, were determined by exposing cells to the drug for 3 hours. Proteasome activity

was measured after this incubation period.

The proteasome activity curve for Caco-2 cells (Figure 3.3) illustrates that, above 10 nM
BZ, proteasome activity does not change further for this exposure time. Proteasome inhibition is
approximately 57% at 6 nM BZ. Proteasome activity also decreases in MDA-MB-468 and
A2780 cell lines as a function of drug concentration. At 10 nM BZ, the proteasome activity is
59% for MDA-MB-468, while for A2780 at 30 nM the proteasome activity is 56%. It was
observed that A2780 cells showed greater proteasome activity than the other cell lines at a given
concentration of BZ. In order to verify enhanced cytotoxicity using BZ and hyperthermia in BZ-
sensitive and BZ-resistant cells under the same conditions, for subsequent experiments we
exposed cells to a lower drug concentration which produced approximately the same level of
proteasome inhibition for a pre-exposure time of 3 hours in all cell lines. The concentrations used

were 10 nM, 6 nM, and 30 nM for MDA-MB-468, Caco-2, and A2780 cells, respectively.
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Figure 3. 3. Proteasome activity for MDA-MB-468, Caco-2, and A2780 cell lines treated with different
concentrations of BZ (2-1,000 nM) for 3 hours of exposure time. Error bars represent the standard error
of three independent experiments.

3.3.4. Enhanced potentiation between MFH and BZ in sensitive and resistant cells

Recent studies have reported enhanced potentiation using hyperthermia and proteasome
inhibitors in cancer cells.*®**° In an effort to assess this enhanced cytotoxicity, studies using BZ
in combination with MFH in two BZ-sensitive (MDA-MB-468, Caco-2) and one BZ-resistant
(A2780) cancer cell line were performed and compared with potentiation using HWH. Cells
were pretreated with BZ for 3 hours, followed by exposure to hyperthermic treatment for 30
minutes at 43°C or 45°C. To achieve this, HWH samples were placed in a water bath at the
target temperature for 30 minutes and MFH samples were placed in an alternating magnetic field
of sufficient amplitude to achieve temperatures of 43°C (29.39 kA/m) and 45°C (34.73 KA/m)

for 30 minutes. Experiments with a similar target temperature had similar temperature-time
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profiles, hence the samples were subjected to similar thermal doses as quantified using the

cumulative equivalent minutes dose metric of Dewey et al.*

After treatment, the cell samples
were allowed to recover for a period of 48 hours. Cell viability was then measured by cell
counting. BZ concentrations were chosen individually for each cell line based on the amount of
drug that would result in similar proteasome inhibition (6 nM for Caco-2, 10 nM for MDA-MB-
468, and 30 nM for A2780).

Enhanced cytotoxicity was evident when BZ was combined with either type of
hyperthermic treatment (Figure 3.4). Cell death was not observed when Caco-2 cells were
exposed to 6 nM BZ for as long as 48 hours at 37°C (Figure 3.4A). However, when BZ was
combined with hyperthermia, this resulted in a significant decrease in cell viability, as shown by
the results at 43°C (89%z=5.6% reduction for BZ + MFH and 60%=10% reduction for BZ +
HWH, P<0.05) and 45°C (~99%z=1.2% reduction for BZ + MFH and 94%z=2.3% reduction for
BZ + HWH, P<0.05). Consistent with prior observations,?® MFH showed significantly more cell
death than HWH for both temperature conditions. Similarly, both types of hyperthermia
enhanced BZ cytotoxicity in MDA-MB-468 cells (Figure 3.4B). Cells treated with MFH or
HWH in combination with BZ showed more cell death when compared with cells treated with
BZ alone at 37°C. Again, MFH was significantly more effective in inducing cell death than
HWH under the same temperature conditions, as shown by the results at 43°C (76%+7%
reduction for BZ + MFH and 55%+8% reduction for BZ + HWH, P<0.05) and 45°C (~88%%2%
reduction for MFH + BZ and 78%z=4% reduction for HWH + BZ, P<0.05). Finally, as previously
noted, A2780 cells were resistant to BZ, with approximately 60%+4% of cells viable even at 100
nM BZ (Figure 3.2). At 30 nM BZ when treated in an incubator, these cells demonstrated no

significant cytotoxic response. Interestingly, the effect of BZ was greatly enhanced in the
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presence of hyperthermia, with MFH treatment showing the greatest response (Figure 3.4C). At
43°C, cell death was evident (91%z=4.9% reduction for BZ + MFH and 70%+10% reduction for
BZ + HWH, P<0.05). However, when hyperthermia was applied for 30 minutes at 45°C to
pretreated samples with BZ, almost complete eradication of cell viability was observed
(~99.7%=+0.6% reduction for BZ + MFH and 98%+0.5% reduction for BZ + HWH, P<0.05).
Taken together, these results demonstrate enhancement of cytotoxicity by BZ with hyperthermia
in both sensitive and resistant cell lines and that MFH is more effective than HWH at enhancing

BZ cytotoxicity under the same temperature conditions.
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Figure 3. 4. Viability ratio for BZ-sensitive and BZ-resistant cell lines pretreated for 3 hours with BZ,
exposed to hyperthermic treatment (MFH and HWH) at 43°C and 45°C for 30 minutes, and incubated for
a recovery period of 48 hours in the presence of BZ. (A) Caco-2 viability ratio using 6 nM of BZ.(B)
Viability ratio for MDA-MB-468 cell line using 10 nM of BZ. (C) A2780 viability ratio using 30 nM of
BZ. Error bars represent the standard error of three independent experiments.

Abbreviations: Control, cells maintained in the incubator; BZ Inc, cells with BZ in incubator; HWH,
cells treated by hot water hyperthermia; MFH, cells treated by magnetic fluid hyperthermia; BZ,
bortezomib.
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3.4. Discussion

Caco-2 and MDA-MB-468 cells exhibited greater sensitivity to BZ, while A2780 showed
a minimal response to BZ, with half maximal inhibitory concentrations of 15 nM, 9 nM, and 250
nM, respectively. This result suggests that the A2780 cell line possesses intrinsic BZ resistance,
while Caco-2 and MDA-MB-468 are sensitive to the therapeutic effect of BZ. Although it was to
be expected that the response to BZ would be cell type-dependent, this expectation had not been
tested for Caco-2, MDA-MB-468, and A2780 cell lines before. This difference in sensitivity to
proteasome inhibitors remains poorly understood. However, some studies have reported that
intrinsic BZ resistance is related to high proteasome activity, implying that BZ-resistant cell lines
need a higher BZ concentration to produce the same proteasome inhibition compared with BZ-
sensitive cell lines.** For example, Xu et al demonstrated that the proteasome activity of BZ-
sensitive cells was less than that of BZ-resistant cells under the same conditions.**

Proteasome activity curves were determined in order to assess the effect of BZ
concentration in all the cell lines. Proteasome activity results revealed that the A2780 cell line,
which is resistant to BZ as reported in Figure 3.2, demonstrated higher proteasome activity than
the other two BZ-sensitive cell lines (Figure 3.3). This result is consistent with reports in the
literature mentioned above.™

It is known that hyperthermia can sensitize cells to some anticancer drugs, thereby
enhancing their efficacy.’®*°?°% This has been attributed to cellular events triggered by
hyperthermia, such as changes in membrane fluidity which produce alterations in intracellular
drug concentration, cytoskeletal, lysosomal and endoplasmic reticulum changes, inhibition of

repair enzymes, impairment of RNA/DNA synthesis, unfolding, and subsequent protein
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aggregation.?’32* The way in which hyperthermia is applied can intensify some of these cellular

events.2"%

In this study, we tested the effect of hyperthermia induced in two different ways (using a
water bath and using magnetic nanoparticles) in combination with BZ in cells sensitive and
resistant to BZ. To evaluate the effect of hyperthermia in combination with BZ under the same
conditions, we used a BZ concentration that resulted in a similar proteasome inhibition in all cell
lines prior to application of hyperthermia. Our results confirm that hyperthermia enhanced the
effectiveness of the drug in all cell lines. We observed that MFH in combination with BZ
produced more cell death than HWH under the same conditions. Although BZ-sensitive and BZ-
resistant cells showed similar levels of proteasome inhibition, thermal sensitization induced by
MFH in combination with BZ in cells resistant to BZ resulted in significant cell death.

The mechanisms of the enhanced cytotoxicity seen with MFH and BZ are yet to be
elucidated. A recent study by our group demonstrated that MFH induced significant membrane
fluidity with better subsequent intracellular accumulation of cisplatin.?” While the therapeutic
effect of cisplatin is limited by transport into the cell, BZ does not appear to have this limitation.
BZ has rapid effects on the cell, as shown by pharmacokinetic and pharmacodynamic
evaluation.® Additionally, several studies have suggested that BZ is not affected by the efflux
pumps involved in multidrug resistance.*®3® However, it is possible that the membrane fluidity
induced by MFH can enhance intracellular accumulation of BZ, and we will explore this
possibility in future research.

It is known that hyperthermia (40°C-46°C) causes proteins to unfold, exposing
hydrophobic groups that can interact to form aggregates.? Recent studies have shown that

hyperthermia using a water bath interrupts protein homeostasis in the cell.® Taking into account
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the fact that MFH produces marked effects on the cell as shown by recent studies,?’*°

one
potential cause of this enhanced cytotoxicity could be related to increased production of unfolded
proteins and their subsequent aggregation induced by heat delivered by the magnetic
nanoparticles, drastically affecting protein homeostasis.

Overall, our results are significant because they demonstrate the enhanced potential of
MFH to sensitize resistant and nonresistant cancer cells to the drug BZ. Future work will explore
possible causes of this enhanced potentiation, such as interruption of protein homeostasis,

differences in uptake of magnetic nanoparticles, and morphologic changes induced by

hyperthermic treatments.

3.5. Conclusion

Our findings demonstrate that combined treatment of BZ and MFH results in greater cell
death in BZ-sensitive and BZ-resistant cells, as compared with MFH or BZ alone, or BZ in
combination with HWH. The fact that MFH induced greater BZ cytotoxicity than HWH in BZ-
sensitive and BZ-resistant cancer cell lines makes it an attractive method for inducing local
hyperthermia without causing discomfort and the side effects associated with other types of
hyperthermia. Additionally, the combination of MFH and BZ could enable treatment of cancers
that are sensitive and resistant to the proteasome inhibitor BZ. We believe that this enhanced
potentiation between MFH and BZ is due to denaturation of proteins and their subsequent

aggregation caused by the heat dissipated by the magnetic nanoparticles in MFH.
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Chapter 4

Enhanced Proteotoxic Stress is Responsible for Hyperthermic
Potentiation of the Proteasome Inhibitor Bortezomib Using
Magnetic Nanoparticles

4.1. Introduction

The use of magnetic nanoparticles to induce hyperthermia, also known as magnetic fluid
hyperthermia (MFH), in conjunction with anticancer drugs has shown promising results in the
treatment of cancer. »® Recently, we have demonstrated that the in vitro therapeutic effects of the
combination treatment of bortezomib (BZ) and heat were greater when heat was applied through
MFH when compared to conventional hot water hyperthermia (HWH). * The explanation of this
phenomenon is intriguing. A recent study proposed that induction and subsequent aggregation of
misfolded proteins, which results in an increase in the toxicity of the proteotoxic stress
(enhanced proteotoxic stress) in the cell, is a potential cause for the enhanced potentiation of BZ
using hyperthermia.’

Bortezomib (BZ) is a reversible inhibitor, specifically designed to fit the active sites of the
proteasome. The proteasome is responsible for degradation of non-functional or misfolded
proteins, preventing their aggregation and accumulation within the cell.”® Aggregated proteins
increase the toxicity of the proteotoxic stress, which can lead to programmed cell death. To
protect the cell from accumulation of such aggregates, they are transported via microtubules to
an aggregate deposition site located near the microtubule-organizing centre (MTOC) and named

the ageresome.”!! BZ is attractive as a drug that increases the toxicity of proteotoxic stress in
gg g yolp
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cancer cells, because such cells produce significant amounts of misfolded and non-functional
proteins, such that alternative mechanisms of cell protection against proteotoxic stress can be
overwhelmed.” '° Recent studies have indicated that BZ induces an enhanced proteotoxic stress
by promoting the accumulation and subsequent aggregation of ubiquitinated proteins in MDA-
MB-231, MDA-MD-453, and HT1080 cancer cell lines.'* '?

Magnetic fluid hyperthermia is an attractive method to induce local hyperthermia without
causing damage to adjacent tissues.'*'® Essentially, it takes advantage of the dissipation of
magnetic field energy in the form of heat caused by the physical rotation or internal dipole
reorientation of magnetic particles in an alternating magnetic field. This heat is deposited into
nearby tissues, raising their temperature above 37°C. Recent studies have shown that magnetic
fluid hyperthermia produces marked cellular effects, possibly due to additional stress induced by
magnetic nanoparticles, beyond thermal effects.”* ' Alvarez-Berrios et al showed that MFH
induces higher membrane fluidity than hot water hyperthermia under the same temperature
conditions." When HeLa cells were exposed to hyperthermia via magnetic nanoparticles, high
levels of microtubule damage were observed, resulting in significant cell death.'® Studies have
postulated that hyperthermia induces significant protein damage and this is one of the possible
causes of cell death.'”?' These cellular effects can significantly enhance the action of anticancer
drugs. %

In this study we have tried to elucidate the mechanisms of potentiation between MFH and
BZ. We hypothesized that MFH in combination with BZ can significantly increase the toxicity of
the proteotoxic stress by a combination of microtubule damage, an increase in the amount of
aggregated proteins, and their subsequent accumulation in the cytosol. To test this hypothesis we

first determined cell response to BZ in combination with MFH at 43 °C or 45 °C as a function of
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recovery time by measuring DNA content profile, cell viability and clonogenic potential of the
cells. Results were compared with those obtained using HWH. Measurements of aggresome
formation and microtubule stability as a function of recovery time were made to evaluate the
increase in aggregated proteins and interruption of their transport to the perinuclear area induced
by hyperthermic treatment (MFH or HWH). Our results indicate that the combination of cellular
effects induced by MFH, such as microtubule disruption and protein damage, induces
progressive enhanced proteotoxic stress, which accelerates cell death and is one of the
mechanisms responsible for the improved potentiation between MFH and BZ in the MCF-7 cell

line.

4.2. Materials & methods

4.2.1. Cell culture and drug preparation

MCEF-7 cells were generously donated by Dr. Edna Mora from the UPR Comprehensive
Cancer Center. Cells were cultured on 75cm’ flasks (Costar, Corning, NY) with Dulbecco’s
modified Eagle medium (Sigma, St. Louis, MO) containing 10% fetal bovine serum (Invitrogen,
Carlsbad, CA), 1% nonessential aminoacids (Invitrogen, Carlsbad, CA),100 units/mL of
penicillin (Sigma, St. Louis, MO), 100 pg/mL of ampothericin B (Sigma, St. Louis, MO), 2 mM
L-glutamine and 24 mM sodium bicarbonate. Cells were maintained at 37°C, under 5% CO, and
95% relative humidity. Cell passages were performed 48 hours before all experiments to ensure
cells in log phase growth. The proteasome inhibitor bortezomib (LC laboratories, Woburn, MA)
was dissolved in DMSO (Sigma, St. Louis, MO) to a final concentration of 100mM. Then, this
solution was aliquoted and stored at -20 °C. Aliquots were thawed, and diluted in Dulbecco’s

modified Eagle medium before experiments.
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4.2.2. Synthesis and characterization of nanoparticles

Nanoparticles used in this study are the same as those used in our previous study.’ Below
we summarize their preparation and characterization. Nanoparticles were synthesized by the co-
precipitation method using an aqueous solution of ferric and ferrous salts at a molar ratio of 1:2,
in combination with an ammonium hydroxide solution. This mixture was maintained at 80 °C
and a pH of 8 over a period of one hour. The solution was bubbled with nitrogen during the
reaction. After this period, nanoparticles were recovered by centrifugation and peptized with
tetramethyl ammonium hydroxide (1 M). Then, peptized nanoparticles were functionalized with
APS solution consisting of 5 ml of 3-aminopropyltriethoxysilane (APS), 75 ml DMSO, 1.25 ml
of water, and 100 ul of acetic acid. The reaction proceeded for 36 hr at room temperature.
Afterwards nanoparticles were washed 4 times with ethanol and stored in a vacuum oven until
completely dry. Nanoparticles coated with APS were functionalized with carboxymethyl dextran
(CMDx) via reaction with 1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide
hydrochloride (EDC) / N-hydroxysuccinimide (NHS). The hydrodynamic diameter of the
nanoparticles was determined using dynamic light scattering (DLS) (BI-90 Plus, Brookhaven
Instrument Corp, Holtsville, NY, USA).16 The iron oxide content was determined by
thermogravimetric analysis (TGA/DSCI1, Mettler Toledo Inc, Columbus,0OH).> Magnetic
properties were estimated using a SQUID magnetometer (MPMS XL-7, Quantum Design,Inc,
San Diego, CA, USA) and the specific absorption rate (SAR) was obtained by measuring the
increase in temperature as a function of time for nanoparticles in deionized water at a
concentration of 0.5 mg IO/ml using an induction heater (RDO Induction, Washington, NJ,
USA) with magnetic field intensities ranging from 24.18 kA/m to 34.73 kA/m.*>** Before each

experiment nanoparticles were sterilized at a temperature of 121°C and 15 psi for 60 minutes.
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Then they were suspended in DMEM at a final concentration of 10mg particles/ml. The final

particle concentration used for in vitro experiments was 3.848 mg particle/mL (0.5 mg 1O/mL).
4.2.3. Dose-response curve for BZ

Cells (1x10%) were seeded in 96-well plates (Fisher Scientific, Suwanee, GA) for 48h in
DMEM solution. Adhered cells were exposed to BZ concentrations ranging between 2-1000 nM
for 48h. Subsequently, cells were washed twice with HBSS buffer, stained with CellTiter Blue™
(Promega, Madison, WI) and analyzed using a spectrofluorometer (Spectra MAX Gemini EM,

molecular devices, Sunnyvale, California).*
4.2.4. Proteasome activity

Proteasome activity was determined using a fluorogenic substrate.” Briefly, cells (1x10°)
were seeded in 96 well-plates for 48h in DMEM solution. Then, cells were exposed to
concentrations of bortezomib between 2nM and 1000nM for 3h. After this incubation period,
100 puL Proteasome-Glo™ Chymotrypsin-Like Assay solution (Promega, Madison, WI) was
added and samples were incubated for 15 minutes in the dark at room temperature. Afterwards,
luminescence was measured in a spectrofluorometer (Spectra MAX Gemini EM, molecular

devices, Sunnyvale, California).
4.2.5. Combination treatment

Cells to be treated by HWH (5x10° cells in suspension) were transferred to a glass tube,
then, BZ was added to obtain a final concentration of 100 nM in a final volume of 2.5 ml
(DMEM solution was added to obtain the final volume). For MFH experiments, samples

contained 3.848 mg particle/mL in a final volume of 2.5 ml. Cells with or without BZ were
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maintained in an incubator for 3 hours; after this period, samples with or without BZ were
exposed to hyperthermic treatment for 30 minutes at 43 °C or 45 °C. This treatment combination
schedule was chosen to ensure proteasome inhibition before heat application. Cells treated by hot
water hyperthermia with or without BZ were placed in a temperature-regulated water bath for the
conditions mentioned above. On the other hand, cells treated by MFH were placed in the coil of
the heat induction equipment and exposed to a magnetic field of 29.39 kA/m or 34.73 kA/m and
a frequency of 233 kHz. Control tubes had the same DMSO concentration as the experimental
group (0.1% DMSO) and they remained in the incubator at 37°C. After treatment, cells were left
in an incubator at 37°C and 5% CO, for a recovery time of 30 minutes, 2.5 hr or 48 hr in the
presence of bortezomib in order to maintain constant proteasome inhibition. Cells (at 30minutes
or 2.5 hr of recovery time) were washed with PBS and fixed in 70 % ethanol at 4 °C for 2 hours.
After this period, cells were washed with PBS and resuspended in a solution of PBS containing
40 pg/ml RNase A, 0.2 % triton-100 and 25 pg/ml propidium iodide for 15 minutes at 37 °C.
Cells were stored at 4 °C and analyzed in the FL2 channel of an Accuri ¢6 Flow cytometer (BD,
Ann Arbor, MI). Apoptotic cells were identified by the sub G1 peak (evidence of fractional DNA
content) localized left of the G1 peak in the DNA content profile. DNA content profile using
propidium iodide was used as a reliable method for these early recovery times, because it does
not depend on characteristic cell changes (membrane fluidity). In first instance we tried to use
trypan blue exclusion method; however, at 30 minutes of recovery time all cells treated by MFH
incorporated trypan blue, suggesting detrimental membrane disruption (data not shown).
Previous studies by our group have demonstrated that MFH induces increased membrane
fluidity*’, which may be the reason why trypan blue is incorporatedrapidly after 30 minutes of

MFH application.
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After 48 hours of incubation, cells were trypsinized and cell viability was measured by
cell counting using trypan blue (Sigma, St. Louis, MO). For clonogenic assays, the drug was
removed after a period of 48 hours and cells were seeded with different dilutions into six-well
tissue culture plates in absence of the drug. Colonies formed were fixed, stained with crystal

violet, and counted after 10 days of incubation.?
4.2.6. Aggresome formation

Cells (1 x 10°) in log phase were pretreated with BZ for 3 hours, exposed to hyperthermia
in combination with BZ for 30 minutes at 43 'C or 45 'C and left in an incubator for a recovery
time of 30 minutes or 2.5 hours in presence of BZ. Cells untreated with BZ were left in incubator
for 3 hours, then exposed to hyperthermia treatment and incubated for a recovery time of 30
minutes and 2.5 hours. This recovery time was chosen in order to evaluate aggresome formation
as a function of time. After recovery, cells were washed twice with PBS (sigma, St. Louis, MO),
fixed in 4 % paraformaldehyde ( Sigma, St. Louis, MO) in PBS for 30 minutes, washed with
PBS and resuspended in permeabilizing solution (0.5% Triton X-100( Sigma, St. Louis, MO),
3 mM EDTA( Sigma, St. Louis, MO), pH 8) for 30 minutes on ice. Then, cells were washed with
PBS and resuspended in ProteoStat”Aggresome solution (Enzo Life Sciences, Inc. Plymouth
Meeting, PA). For cell analysis by flow cytometer, samples were resuspended in 500 pl
ProteoStat solution and incubated for 30 minutes at room temperature, protected from light. No
washing was required for samples for flow cytometric analysis. Then, fluorescence was
measured in the FL2 channel using an Accuri ¢6 Flow cytometer (BD, Ann Arbor, MI). For cell
analysis by confocal microscopy, samples were resuspended in 100 pl of Dual Detection Reagent
(Enzo Life Sciences, Inc. Plymouth Meeting, PA) (prepared according to kit instructions) and

incubated for 30 minutes at room temperature, protected from light. Cells were then washed and
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resuspended in PBS buffer and 20 pL of the cell suspension were aliquoted onto a microscope
slide and immediately overlaid with a cover slip. Pictures were captured with an Olympus
Spinning Disk (31 system, Dever, CO) Confocal Microscope (Olympus IX81, Denver, CO)
equipped with a Xenon FI source for visualization. Images were obtained using a 60X oil
immersion objective and Rolera EM-C2 camera (Quantitative Imaging Corporation). Two
independent experiments were done and two images were captured for each sample with

identical exposure time.
4.2.7. Microtubule damage determination

Cells (1 x 10% in log phase were exposed to hyperthermia for 30 minutes at 43 °C and
45°C and incubated at 37 °C for a recovery time of 30 minutes and 2.5 hours. Afterwards, cells
were washed by centrifugation with PBS, fixed in 4 % paraformaldehyde in PBS for 10 minutes
at 37 °C. Then, paraformaldehyde solution was removed by centrifugation. Cells were
resuspended in PBS and chilled on ice for 1 minute. Ice-cold methanol was added to chilled cells
to a final concentration of 90% methanol and incubated for 30 minutes on ice. After this period,
methanol solution was removed; cells were washed twice with 0.5 % of bovine serum albumin in
PBS (incubation buffer), resuspended in 100 pl of incubation buffer, and incubated for 10
minutes at room temperature. After this period, incubation buffer was discarded; cells were
resuspended in 50 pl of a 1:50 dilution of o/B-Tubulin Antibody (Cell signaling Technology,
Danvers, MA) in incubation buffer and incubated for 1 hour at room temperature. Then, cells
were washed twice with incubation buffer and resuspended in 500 pl of a 1:1000 dilution of
Anti-rabbit IgG (H+L), F(ab')2 Fragment (Alexa Fluor® 488 Conjugate)(Cell Signaling
Technology, Danvers, MA) in incubation buffer and Incubated for 30 minutes at room

temperature. Afterwards, samples were further rinsed as before in incubation buffer, resuspended
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in 0.5 ml PBS and analyzed in the FL1 channel using an Accuri c¢6 Flow cytometer (BD, Ann

Arbor, MI).
4.2.8. Statistical analysis

The sample size was n = 3 for all experiments except for confocal images (n = 2) and
dose response curve (n = 8). Statistical analyses were conducted using Student’s test (two-tailed
distribution, two samples with unequal variances). Differences were considered significant at P <
0.05. Standard error and surviving fraction for clonogenic assay studies were determined using
the approach described by Gupta et.al’’ Aggresome formation data determined by flow
cytometry was analyzed by comparison of the aggresome propensity factor (APF). APF is a
measurement of the amount of aggregated proteins that are accumulated within the aggresome or
inclusion bodies in the presence and absence of proteasome inhibitors or other inducers of

aggresome and protein aggregation. This unitless term is defined as:

MFlireatea — MFIcontrol
MFItreated

) X 100

Where, MFI (eatea 1S the mean fluorescence intensity of treated samples and MFI ontror 18
the mean fluorescence intensity of untreated cells. APF values higher than 25 are considered as
indicative of aggresome formation (a significant amount of aggregated proteins were produced

and accumulated within the a,g,rglresorne).28
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4.3. Results

4.3.1. Nanoparticle characterization

Nanoparticles used in this study are from the same batch used in our past work.* These
consisted of iron oxide nanoparticles, with primary diameters of ~11 nm according to
transmission electron microscopy, coated with the polysaccharide carboxymethyl dextran and
with a hydrodynamic diameter of ~70nm, determined by dynamic light scattering. We’ve
demonstrated that particles produced by our methods are colloidally stable in cell culture media
and possess low cytotoxicity in the absence of applied alternating magnetic fields *°. Thermo-
gravimetric analysis indicated that the iron content was 14% by weight. At a magnetic field
amplitude of 34.73 kA/m and frequency of 233 kHz the specific absorption rate (SAR) value of
the nanoparticles was 46.9W/g. The saturation magnetization of the nanoparticles was

determined to be ~58 Am?/kg at 300 K using SQUID magnetization measurements.
4.3.2. Cell response to the therapeutic effect of BZ

To assess the response of MCF-7 cells to BZ, cells were exposed to BZ concentrations
ranging between 2-1000 nM for 48 hours. After this period, cell viability as a function of BZ
concentration was measured (see Figure 4.1). The MCF-7 cells had a low response to BZ in the
concentration range between 2-30 nM. However, above 30 nM cell viability showed a significant
decrease, with a minimum cell viability of approximately 40% at 1000 nM. MCF-7 cells showed

an ICsg value of 100 nM, which coincides with previous studies.'?
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Figure 4. 1. Dose- response curve for MCF-7 cells after exposure for 48 hours to various BZ
concentrations (2-1000nM). Error bars represent the standard error of eight independent experiments.

4.3.3. Proteasome activity as a function of BZ concentration

To obtain a BZ concentration that significantly inhibits the activity of the proteasome
before hyperthermic treatment, MCF-7 cells were exposed to various BZ concentrations (2-
1000nM) for 3 hours. Then, proteasome activity was measured at these conditions. Proteasome
activity is concentration dependent, as illustrated in Figure 4.2. Higher BZ concentrations
produced higher inhibition of the proteasome. For example, for this particular case, proteasome
inhibition at a concentration of 2 nM was approximately 25%, whereas at 1000 nM it was found

to be 70%. This behavior in proteasome activity as a function of BZ concentration is in
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agreement with past studies, however at higher BZ concentration the viability is significantly

affected.*** For subsequent experiments, the ICso concentration (100 nM) was employed.
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Figure 4. 2. Proteasome activity curve as a function of BZ concentration for an exposure time of 3 hours.
Error bars represent the standard error of the mean of three independent experiments.

4.3.4. Enhanced potentiation between MFH and BZ

To assess cell response to combined treatment between hyperthermia and BZ as a
function of recovery time, cells were exposed to BZ for 3 hours. Afterwards, hyperthermic
treatment for 30 minutes at 43 °C or 45 °C was applied in presence of BZ. Samples were
incubated for additional periods of 30 minutes, 2.5 hours, or 48 hours in the presence of BZ.

Then, propidium iodide was used to evaluate the percentage of apoptotic cells at 30 min or 2.5
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hours of recovery time, trypan blue exclusion method was used to determine viability ratio at 48
hours of recovery time, and surviving fraction was determined by clonogenic assay at 10 days of
recovery time in absence of BZ.

Propidine iodide assay results indicated that exposing cells to BZ alone, HWH, or MFH
resulted in increased cell death over untreated cells (Table 4.1). At 43 °C and 30 minutes of
recovery time we did not observe a statistically significant difference between MFH and HWH.
However, at 2.5 hr of recovery time a statistically significant difference between hyperthermic
treatments was observed. At 45°C and 30 minutes of recovery time a statistically significant
difference between MFH and HWH was observed, and at 2.5 hr of recovery time MFH also
induced higher cell death than HWH. BZ combined with hyperthermia induced higher cell death
than BZ alone or hyperthermia alone at the recovery times assessed (Table 4.1). At 43°C and 30
minutes or 2.5 hr of recovery time, MFH + BZ induced higher percentage of apoptotic cells than
HWH+BZ (at 30 minutes of recovery time: 10 + 0.4% of apoptotic cells for cells treated by
MFH+BZ and 7.33 + 0.32% for cells treated by HWH+BZ, statistically different with p<0.05; at
2.5 hours of recovery time: 12.80+0.85% of apoptotic cells for MFH+BZ and 8.73+0.12% for
HWH+BZ; statistically different with p<0.05). This behavior was also observed at 45 °C (at 30
minutes of recovery time: 14.27+1.3% of apoptotic cells for MFH+BZ and 10.97+0.2% for
HWH+BZ; statistically different with p<0.05; at 2.5 hours of recovery time: 20.174+0.76% of
apoptotic cells for MFH+BZ and 17.80+0.90% for HWH+BZ, statistically different with

p<0.05).
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Table 4. 1 Cell death analysis by DNA content profile.

Percentage of apoptotic cells at 43 °C Percentage of apoptotic cells at 45° C

30 minutes of 2.5 hours of 30 minutes of 2.5 hours of

recovery time recovery time recovery time recovery time
Untreated cells 2.70£0.1% 2.70+0.1% 2.63+0.06% 2.63%0.06%
BZ 3.83+0.15% 5.63+1% 3.70+0.1% 5.87+0.61%
HWH 4.97+0.49% 6.30+0.56% 6.67+0.06% 10+0.26%
MFH 6.43+0.1% 8.73x0.67% 9.27+0.25% 12.81+0.51%
HWH+BZ 7.33+0.55%* 8.73+0.21%** 10.97+0.35%*** 17.80+0.35%****
MFH+BZ 10.00+0.7%* 12.80+1.47%** 14.27+0.83%*** 20.17£19%****

Percentage of apoptotic cells for MCF-7 cells untreated or treated with BZ for 3 hours, exposed to
hyperthermia for 30 minutes at 43 °C or 45 °C in presence of BZ, and left to incubate for a recovery time
of 30 minutes or 2.5 hours. * Statistically different with P<0.05. ** Statistically different with P<0.05.
*** Statistically different with P<0.05. **** Statistically different with P<0.05. The numbers represent
the average and standard deviation of three independent experiments.

On the other hand, when viability was measured after 48 hours of recovery time using
trypan blue exclusion method, cell death was much greater for those samples treated by MFH or
HWH in combination with BZ (Figure 4.3). At 43 °C the viability ratio was 28 + 10% for
HWH+BZ and 17 + 3% for MFH+BZ (statistically different with p<0.05) and at 45 °C the
viability ratio was 8 = 1.7% for HWH+BZ and 3 + 2.4% for MFH+BZ (statistically different
with p<0.05). Cell death using trypan blue exclusion method is greater than propidium iodide
assay because of the time that was needed for cells to recover which is higher for the first
method.

The clonogenic assay determines the ability of unlimited division of a single cell, that is,

its ability to form colonies.”® This assay is the gold standard for measuring cell response to
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cytotoxic agents.”’ For that reason, surviving fraction results are often considered more relevant
in terms of evaluating anti-cancer potential of anticancer drugs. Our results showed that there is
not a statistically significant difference between untreated cells and cells treated with BZ
according to clonogenic assays, indicating that cells were able to recover in the absence of BZ
(Figure 4.3.). Nevertheless, when BZ was combined with hyperthermia the anticlonogenic effect
was evident and cells were unable to recover, as shown by results at 43 °C, for which the
surviving fraction was approximately 33+1.33% for cells treated with HWH+BZ and 20+0.82%
for cells treated with MFH+BZ (statistically different with p<0.05) and at 45 °C, for which the
surviving fraction was 8+0.42% for cells treated with HWH+BZ and 2+0.1% for cells treated
with MFH+BZ, statistically different with p<0.05).

Results for apoptotic cell death, viability ratio, and colony forming capacity indicated that
MFH in combination with BZ produces higher cytotoxicity in MCF-7 cells than HWH in
combination with BZ, at both temperature conditions tested. In order to understand this enhanced
potentiation between MFH and BZ studies of microtubule disruption and aggresome formation

were performed.
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Figure 4. 3. Surviving fraction and viability ratio for MCF-7 cells treated or untreated with 100 nM of BZ
for 3 hours, exposed to hyperthermia with or without BZ at 43 °C or 45 °C for 30 minutes. Error bars
represent the standard error of three independent experiments.

4.3.5. Aggresome formation in MCF-7 cells is interrupted by MFH

To assess if there is an increase in the amount of aggregated proteins induced by
hyperthermic treatment, a qualitative and quantitative analysis of aggresome formation was
carried out by confocal microscopy and flow cytometry. Samples were tested at 30min and 2.5h
recovery times in order to evaluate the progressive increase in aggregated proteins.

Confocal images of aggregated protein vesicles (red), produced during aggresome

formation, are shown in Figure 4.4. In these images, the agregated protein vesicles appear in
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close proximity of the nucleus (blue, DAPI stain) of the MCF-7 cells, suggesting that at the time
the cell samples were fixed (pretreated or untreated for 3 hours with BZ, exposed to heat
treatment, and left in incubator for 30 minutes or 2.5 hr of recovery time) the aggregated protein
vesicles were already transported to the MTOC near the nucleus. Increased aggresome formation
was evident as a function of time for cells treated with BZ. Cells treated with MFH or BZ+MFH
at 43 °C and 30 minutes of recovery time showed more protein aggregates surrounding the
nucleus, compared to HWH or HWH+ BZ respectively. However, at 2.5 h recovery time we did
not observe an increase in these aggregated proteins when compared to 30 minutes of recovery
time for MFH or MFH+BZ treated cells. At 45 °C the quantity of aggregated protein vesicles
around the nucleus was lower than at 43 °C, particularly after 2.5 h recovery. At this temperature
condition confocal microscopy also revealed that cells treated with MFH+BZ had nuclear
fragmentation at 2.5 hour of recovery time, indicative of cell death and in agreement with results

from the propidium iodide assay (Table 4.1).
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Figure 4. 4. Confocal images captured for MCF-7 cells after hyperthermic treatment in combination with
100 nM of bortezomib. Pictures were obtained at 30 minutes or 2.5 hours of recovery time. Aggresome
(red), nucleus (blue). Dashed line shows nucleus fragmentation. Scale bars represent 10 pm.
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Flow cytometer measurements were analyzed using the aggresome propensity factor
(APF), which is a measure of the amount of aggregated proteins that have been packed in the
aggresome in the presence or absence of an inducer of aggregated proteins. APF values higher
than 25 mean that significant quantities of aggregated proteins have been transported to the
perinuclear area to be packed within the aggresome. The resulting values are shown in Table 4.2.
At 43° C hyperthermic treatments with or without BZ induced aggresome formation (APF>25) at
both recovery times assessed. At 30 minutes of recovery time, aggresome was not formed in
cells treated by BZ alone; in contrast, HWH and MFH induced aggresome formation at this
condition. After 2.5 hr recovery time aggresome formation for cells treated with BZ in the
incubator was evident (APF>25). However, cells treated with HWH showed higher aggresome
formation than BZ treated cells. At this time point, we did not observe a significant difference in
aggresome formation between cells treated with MFH and cells treated with BZ alone. After 30
minutes of recovery time MFH induced higher aggresome formation than HWH. But, after 2.5 hr
of recovery time the opposite was observed, cells treated by HWH showed higher aggresome
formation than those treated by MFH. When bortezomib was combined with hyperthermia at 43
°C aggresome formation was evident. At 30 minutes of recovery time, MFH+BZ or BZ+HWH
induced higher aggresome formation than BZ alone. On the other hand, cells treated by
MFH+BZ showed higher aggresome formation than cells treated by MFH alone. However, no
statistically significant difference in aggresome formation was observed between HWH and
HWH+BZ at this time point. At 2.5 hr of recovery time we did not observe a significant
difference in aggresome formation for BZ in combination with MFH treated cells when
compared to MFH or BZ alone. At this recovery time significant differences between cells

treated with HWH+BZ and BZ alone were observed, however we did not observe differences
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between cells treated by HWH and HWH+BZ. Cells treated by MFH + BZ showed higher
aggresome formation than those treated by HWH + BZ after 30 minutes of recovery time. At
longer recovery time (at 2.5 hr of recovery time) HWH+BZ induced higher aggresome formation
than MFH+BZ. Finally, no statistically significant difference was observed between 30 minutes
and 2.5 hours of recovery time for those cells treated by MFH or MFH+BZ. However, samples
treated by HWH or HWH+BZ had an increase in aggresome formation after recovery for 2.5 hr
when compared to 30 minutes. Samples treated at 45 °C did not show a significant difference in
aggresome formation for both recovery times assessed.

The results above suggest the possibility that the transport of aggregated proteins to the
perinuclear area (aggresome) is being interrupted by an additional effect induced by MFH, which
results in an enhanced proteotoxic stress due to significant accumulation of aggregated proteins
in the cytosol. To evaluate this possibility, microtubule damage as a function of recovery time
was assessed.

Table 4. 2. Aggresome propensity factor (APF) measurements.

APF at 43°C APF at 45°C
30 minutes of 2.5 hours of 30 minutes of 2.5 hours of
recovery time  recovery time recovery time recovery time
BZ 2145 31+4 2145 31+4
HWH 277 46+3 25+22 2410
MFH 41+4 40+26 12+5 232
HWH+BZ 42+11* 71+12* 32423 %r*x 30£14%+x*
MFH+BZ 61+9** 61+16%** 29 wkx* 30£2%***

Aggresome determination for cells pretreated or untreated with BZ for 3 hours, exposed to
hyperthermia (30 minutes at 43 °C or 45 °C) using HWH and MFH and left in incubator for 30 minutes
and 2.5 hr of recovery time. * Statistically different with P<0.05 when compared to**. ** Statistically
equal with P>0.05 when compared to ***. **** Statistically equal with P>0.05 when compared between
them. The numbers represent the average and standard deviation of three independent experiments.
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4.3.6. Hyperthermia induced microtubule disruption in MCF-7 cells

When proteasomes are overwhelmed or inhibited, aggregated proteins are transported
through microtubules to the perinuclear area, forming aggresomes.”"! If microtubule dynamics
are lost, the transport of aggregated proteins is interrupted and they accumulate in the cytosol.’
To evaluate the possible interruption of transport of aggregated proteins to the perinuclear area in
MCEF-7 cells, microtubule damage was determined as a function of recovery time. Cells were
exposed to hyperthermia treatment at 43 °C or 45 °C for 30 minutes, incubated for a recovery
time of 30 minutes or 2.5 hours and then anti-tubulin fluorescence was determined by flow
cytometer. Results were normalized to the control fluorescence. Microtubule disruption is related
to a decrease in anti-tubulin fluorescence relative to the control. For that reason, values lower
than 1 in Figure 4.5 indicate microtubule damage.

Both heat treatments (MFH and HWH) induced microtubule disruption. Normalized anti-
tubulin fluorescence for HWH and MFH at both 43°C and 45°C are equal at both temperatures
for the recovery time periods assessed, except after 2.5 hour of recovery at 43°C. At 43 °C with a
recovery time of 30 minutes no significant microtubule disruption was induced by either
hyperthermic treatment (HWH and MFH). However, at 2.5 hour of recovery time microtubule
damaged induced by MFH was evident; samples treated by HWH showed intact microtubules at
this condition. At 45°C similar damage to microtubules at both recovery times was observed for
MFH and HWH. This may be attributed to the fact that the temperature is relatively high;
causing extensive damage that precludes distinguishing the two forms of heat application. These
results suggest that microtubule damage can play a significant role in the mechanisms by which
MFH enhances BZ cytotoxicity. We speculate that the combination of microtubule damage and

increased protein aggregation can explain the thermal enhancement of BZ.
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Figure 4. 5. Microtubule damage determination: Flow cytometer analysis for cells untreated with BZ,
incubated for 3 hours, exposed to heat treatment (30 minutes at 43 °C and 45 °C) using HWH and MFH
and left in incubator for 30 minutes and 2.5 hr of recovery time. Numbers were normalized to the control
fluorescence. Error bars represent the standard deviation of the mean of three independent experiments.

4.4. Discussion

The results presented above show that application of hyperthermia (30 minutes at 43°C or
30 minutes at 45°C) promoted time-dependent cell death in BZ pretreated cells. Apoptotic cells
were detectable after 30 minutes of heat treatment application and they increased with recovery
time (Table 4.1). At 48 hours of recovery in the presence of BZ, cell death increased
significantly, as shown by viability ratio results. Even when BZ was withdrawn after 48 hours
recovery time and cells were left to form colonies for 10 days, those cells treated with

hyperthermia in combination with BZ were unable to recover. For all these recovery times, BZ
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potentiation was higher using MFH. This progressive cell death induced by MFH is likely due to
a time-dependent increase in the toxicity of the proteotoxic stress.
Hyperthermia has been shown to increase the toxicity of the proteotoxic stress in cancer

21
cells.”

In this study we found that in addition to protein damage, hyperthermia caused by
magnetic nanoparticles also induces microtubule damage, which can intensify this proteotoxic
stress. These cellular effects and BZ potentiation vary between HWH and MFH. We
hypothesized that the combination of microtubule disruption and an increase in the amount of
aggregated proteins are responsible for BZ potentiation using MFH; consequently, the cell has
greater concentration of aggregated proteins in the cytosol, accelerating cell death. To test this
hypothesis, we first determined aggresome formation as a measurement of protein damage
induced by the two hyperthermic treatments (HWH and MFH) at two conditions (30 minutes at
43 °C and 30 minutes at 45 °C) as a function of recovery time (30 minutes or 2.5hr of recovery
time). Total quantity of aggregated proteins in the cytosol was not measured in this study, only
the formation and accumulation of aggresomes in the perinuclear region.

Results indicated that BZ alone did not induce aggresome formation at 30 minutes of
recovery time (APF <25) (Table 4.2). However, at 2.5 hr of recovery time an APF value of 31 +
4 was observed, indicating that at this period of time a significant quantity of aggregated proteins
had been transported to the perinuclear area to form aggresomes. At 43 °C and 30 minutes of
recovery time cells treated by MFH had higher aggresome formation than cells treated by HWH.
This same trend was observed for cells treated by MFH+BZ when compared to HWH+BZ
treated cells. Aggresome formation increased as recovery time passed for those cells treated with

HWH or HWH+BZ, as shown by results at 2.5 hr recovery time. Nevertheless, we did not

observe a difference in aggresome formation between 30 minutes and 2.5 hr of recovery time for
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cells treated by MFH or MFH+BZ. Although cell death induced at 45 °C is detrimental,
aggresome formation was less evident than at 43 °C. These results suggest that an additional
cellular effect induced by hyperthermic treatments interrupts transport of aggregated proteins to
the perinuclear area, and probably accelerates cell death by their accumulation in the cytosol.
This transport interruption was more evident when MFH was applied as shown by results at 43°C
(Table 4.2).

Microtubules play an important role in the transport of aggregated proteins to the
aggresome.” The literature proposes that aggregated proteins are first produced throughout the
cytoplasm of the cell, after which they are quickly transported through microtubules towards the
microtubule organizing center (MTOC), found close to the cell nucleus, where they are packed
into the aggresome.”!’ Microtubule disruption interrupts the motility of aggregated proteins to
the aggresome, allowing their accumulation throughout the cytosol.’” Hyperthermia induces
microtubule damage (mass loss and dynamic instability interruption) as established by previous
studies.'®*"*3? We speculated that MFH induces significant damage to microtubules, interrupting
the transport of aggregated proteins to the aggresome. This additional cellular effect could
explain our observations of aggresome formation and BZ potentiation. To assess this possibility,
microtubule disruption studies for both hyperthermic treatments were performed (Figure 4.5).
Our results suggest that microtubule disruption is temperature and recovery time dependent
under both hyperthermic treatments. At 45°C, the temperature is so detrimental to the cells that
similar damage to microtubules is observed, regardless of the type of hyperthermic treatment
used. This damage is more evident as time passes by, coinciding with previous reports where the
loss of microtubule dynamics is progressive.'™ >* In contrast, at 43°C and short recovery times

there was no difference in microtubule damage between MFH and HWH, whereas a difference
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emerged at longer recovery times, with MFH showing greater damage. This suggests that MFH
affects microtubules, which in turn can slow formation of aggresomes and results in greater
concentration of misfolded and aggregated proteins in the cytoplasm, leading to greater enhanced
proteotoxic stress.

Our hypothesis is supported by analyzing together aggresome formation and microtubule
stability measurements. When cells are exposed to conditions that disrupt protein homeostasis,
and microtubules are not compromised, aggresome formation becomes a direct measurement of
aggregated proteins.” ' At 43 °C and 30 minutes of recovery time MFH or MFH+BZ induced
higher aggresome formation than HWH or HWH+BZ respectively (Table 4.2), at this condition
both hyperthermic treatments did not induce significant microtubule damage (Figure 4.5),
suggesting that MFH induces higher protein damage than HWH. HWH or HWH+BZ treated
cells showed an increase in aggresome formation as 2.5 hr recovery time passed; at this point
microtubule damage induced by HWH was not evident. Moreover, we see that at this condition
aggresome formation for MFH or MFH+BZ treated cells did not show a statistically significant
difference when compared to 30 minutes recovery time. At 2.5 hour recovery time a significant
decrease in normalized anti-tubulin fluorescence is also observed for MFH treated cells,
suggesting that microtubule disruption is responsible for these differences in aggresome
formation. That is, aggregated proteins cannot go through microtubules to the perinuclear area in
order to be packed into the aggresome.

Although we observed differences in normalized anti-tubulin fluorescence at 45°C
between 30min and 2.5 hour of recovery time for both MFH and HWH, aggresome formation for
BZ+MFH and BZ+HWH was statistically similar at both time points. This suggests that the

microtubule disruption attained at 30 minutes of recovery time was enough to impact aggresome
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formation. Overall our results suggest that combined treatment with MFH and BZ induces a
progressive enhanced proteotoxic stress by combination of an increase in the amount of
aggregated proteins and microtubule instability. Aggregated proteins accumulated in the cytosol
cannot be transported through microtubules to the perinuclear area to form aggresome, resulting
in greater concentration of misfolded and aggregated proteins in the cytoplams leading to greater

enhanced proteotoxic stress and cell death.

4.5. Conclusion

Our work presents evidence of one of the mechanisms involved in the hyperthermic
potentiation of the anti-cancer bortezomib by heat released using magnetic nanoparticles. Our
results suggest that MFH improves BZ cytotoxicity due to the increase of the toxicity of
proteotoxic stress by the combination of microtubule damage, an increase in the amount of
aggregated proteins, and their subsequent accumulation in the cytosol. This mechanism was
evaluated by comparison of cellular effects such as microtubule damage and aggresome
formation in cells treated by MFH or HWH with or without BZ. These results showed that these
cellular effects were more evident when hyperthermia was induced by magnetic nanoparticles,
compared to hyperthermia using a water bath. The combination of nanoscale heat delivery using
magnetic nanoparticles and the anti-cancer drug bortezomib resulted impaired transport of
aggregated proteins to the aggresomes, hence causing their accumulation in the cytosol and

enhancing the toxicity of proteotoxic stress.
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Chapter 5

Magnetic Fluid Hyperthermia Enhances the In Vivo Therapeutic
Effect of Cisplatin

5.1. Introduction

Recently, magnetic fluid hyperthermia (MFH) has gained great interest as an alternative
treatment to treat cancer.’” Studies have demonstrated that this novel therapeutic approach can
promote cell death in vitro and tumor remission in vivo.>*! Jordan et al, confirmed that MFH

1.2 Other studies also showed the

was a feasible method in a rat prostate carcinoma mode
effectiveness of this treatment to inhibit tumor growth.> " ** ** For example, Dennis et al,
demonstrated that breast cancer tumors had nearly complete regression after magnetic fluid
hyperthermia application.® Similarly, Hilger et al. and Wang et al. reported that hyperthermia
using iron oxide nanoparticles inhibited breast tumor growth in mice and rats respectively.'® 4

It is known that heat improves the therapeutic effects of chemotherapeutic agents, even
those with limited clinical use.” The platinum based drug cisplatin is an anticancer drug used to
treat many forms of cancer, however it induces significant side effects and some types of cancer
develop drug resistance, limiting the therapeutic effect of this drug.'®*® Ohno et al. showed that
the effect of cisplatin in combination with whole body hyperthermia was significantly improved
in fibrosarcoma models.®® Additional animal and clinical studies also revealed that the
therapeutic outcome of cisplatin in ovarian cancer was potentiated by hyperthermia using

microwave and hot water tubes respectively.”” #* However, these types of hyperthermic

treatments were painful and invasive. They also induced a significant amount of side effects such
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as metabolic or hematologic toxicities, nausea and vomiting. These effects had limited the
clinical use of conventional hyperthermia as an adjutant to improve the therapeutic outcome of
anticancer drugs.*

Recently, MFH has been explored as an adjuvant to enhance the cytotoxicity of
chemotherapeutics agents to overcome limitations, such as severe side effects and drug
resistance.® This treatment is attractive because it can generate targeted heat without causing
damage to adjacent tissues.”™ ?* Li et al. showed that inducing hyperthermia via magnetic
nanopowder in combination with carboplatin produced significant tumor inhibition in a liver
carcinoma model without obvious side-effects.? Combining MFH with geldanamycin resulted in
antitumor effect in a mouse melanoma model.?* In vitro and in vivo studies also have
demonstrated that MFH enhances the therapeutic effect of cisplatin.” *> % % Babincova et al.
conducted one of the first studies that demonstrated the synergistic effect between cisplatin and
MFH.?" Our group have shown that caco-2 cells treated by cisplatin in combination with MFH
demonstrated significant cell death when compared to hot water hyperthermia under similar heat
doses.® Petryk, et al demonstrated that combined treatment (cisplatin with MFH) was more
effective that the treatments alone in a murine mammary adenocarcinoma model.?®

Although there are several in vitro studies that have demonstrated the effectiveness of the
combined treatment of cisplatin and MFH, only a few in vivo studies have been conducted. In
this study we have evaluated the enhanced cytotoxicity of cisplatin by MFH in an ovarian model.
We hypothesized that MFH will enhance the in vivo therapeutic effect of cisplatin. To test this
hypothesis a preliminary study in nude mouse treated by cisplatin with or without MFH was
performed. Results indicated that MFH improved the therapeutic effect of cisplatin inducing an

intermediate effect.
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5.2. Materials and methods

5.2.1. Drug and nanoparticles

The total dose of cisplatin was chosen taking into account the maximum tolerated dose
(MTD) in mice which is based on body weight.?® ® Cisplatin (Sigma, St. Louis, MO) was
dissolved in saline solution (0.9%) and then, a total dose of 7mg/kg was administrated per mouse
according to the following order: a dose of 2 mg/kg in a volume dose of 20 ul was injected
directly in the tumor with or without 50 mg/kg of nanoparticles. An additional dose of 5mg/kg of
cisplatin in a dose volume of 100ul was injected intraperitonealy after hyperthermic treatment.
The synthesis and characterization of the magnetic nanoparticles are established in the materials
and methods section of the chapter 3 of this dissertation. Nanoparticles were injected directly in
the tumor in a dose volume of 20 pl at 50mg Fe/kg with or without cisplatin as established

before.
5.2.2. Cell culture and subcutaneous tumors

A2780/CP20 cells were donated by Dr. Edna Mora from the UPR Comprehensive Cancer
Center. They were cultured in RPMI (Sigma, St. Louis, MO) with 15% fetal bovine serum and
0.1% gentamycin (Sigma, St. Louis, MO) at 37°C under 5% CO2. To form tumors, A2780/CP20
cells (8X10°) in a total volume of 100 pl were injected subcutaneously in the back of nude mice.
Then, mice were left to recover for three weeks until tumors were measurable. All the protocols
that were used to carry out this experiment were approved by the Institutional Animal Care and

Use Committee (IACUC) of medical sciences, university of Puerto Rico at Rio Piedras.
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5.2.3. Cisplatin in combination with MFH

Mice were randomly divided in four groups as follows: group 1 (control group) which
was injected with 100 pl of saline solution intraperitoneally and 20 pl directly in the tumor;
group 2: formed by mice treated with cisplatin as follows: a dose of 2mg/Kg in a total volume of
20 pl was injected in the tumor and a dose of 5mg/kg in 100 pl was injected intraperitoneally;
group 3: mice injected with 50mg Fe/Kg directly in the tumor in a dose volume of 20 pl and
group 4: mice injected directly in the tumor with 20 ul of a solution containing a dose of 2mg/Kg
of cisplatin and 50mg Fe/Kg. Groups injected with nanoparticles with or without cisplatin (group
3 and 4) were allowed to recover for 30 minutes to promote distribution of nanoparticules in the
tumor. After this period of time, mice were anesthetized and type T thermocouples (Omega
Engineering, Stamford, CT) were introduced into the tumor using a 20G syringe (Figure 1).
Additional thermocouples were located in the wall of the mouse holder tube, and in the anus.
Mice were then placed in the induction heating equipment and a magnetic field of 29.39 KA/m
was applied (Figure 1). The tumor temperature was held for 30 minutes at the maximum
temperature reached in the tumor, which varied between 38°C to 43 °C. After hyperthermic
treatment, 100 ul of saline solution was injected intraperitoneally to those mice treated by MFH
alone and an additional dose of 5mg/kg of cisplatin in a dose volume of 100 ul was injected
intraperitoneally in mice treated by MFH with cisplatin. Our previous work demonstrated that
MFH produces significant membrane fluidity, which induces higher intracellular accumulation
of cisplatin.®® For that reason, we chose this injection sequence for cisplatin in combination with
magnetic nanoparticles. After treatment, mice were allowed to recover for 1 week and the size of
the tumor was measured. Having completed the final period of experimentation, the mice were

sacrificed according to protocol established by IACUC.
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Tumor volume was determined using the following formula®*;

2
V (mmd) = #; where a is the shortest diameter and b the largest diameter.*

Wall Temperature

Figure 5. 1. Experimental set up for in vivo experiments (the mouse was adapted from Lee et al.).*®

5.2.4. Assessing antitumor activity

There are several statistics and analysis methods to evaluate the effectiveness of
combined treatments in solid tumor xenograft models.*® *" However, tumor volume curve as
function of time is required for the application of most of these methods. In this preliminary
study the tumor volume for all groups was measured only after 8 days of treatment; for that
reason, the method chosen to analyze this data was the end point analysis method tumor volume

(T/C) value which has been used for the determination of antitumor activity.** 3 3" T/C is

RTV treatment

defined as: 100X
RTV control

(RTV is calculated for each mouse and is defined as:

final volume ). Agents producing a T/C of <15% are considered highly active, those with a T/C of

initial volume

< 45% but>15% are considered to have intermediate activity, and those with mean T/C values >

45% are considered to have low levels of activity.®® %
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5.3. Results and discussion

Hyperthermia has been used as an adjutant to enhance the cytotoxicity of anticancer
drugs.™ ?* However, side effects induced by conventional hyperthermic methods have limited
his clinical application. Application of hyperthermia via magnetic nanoparticles is an attractive
and novel method.” Several studies have demonstrated that magnetic fluid hyperthermia
enhances the in vitro therapeutic effect of cisplatin.”*> However, there are a few in vivo studies
of this combined treatment reported. To evaluate the enhanced cytotoxicity of cisplatin using
MFH in animal models, magnetic nanoparticles with or without cisplatin were directly injected
in the tumor of nude mice. Particles were allowed to distribute and the drug to permeabilize for
30 minutes. After this period, a magnetic field of 29.39 kA/m was applied to each mouse for 30
minutes (Figure 5.1). Temperature profile results (Figure 5.2, Figure 5.3.) illustrated that the
maximum temperature reached in the tumors varied from 38 °C to 43 °C under similar magnetic
field conditions. For example, only three of the four mice treated by MFH alone were exposed to
mild hyperthermia (40°C - 43°C). It was also observed that not all mice in the group treated by
MFH in combination with cisplatin reached the same tumor temperature. Tumor temperature of
mice 1, 3 and 4 reached mild MFH, however the tumor temperature of mouse 2 only reached
39°C. This difference in temperature among tumors can be due to several aspects such as, the
location of the thermocouple and distribution of nanoparticles inside the tumor.®* *° Tumors are
complex, for that reason the distribution of magnetic nanoparticles within them depends on many
factors such as heterogeneity, size, pH and blood flow of the tumor. The injection rate and dose
of the magnetic fluid also plays an important role in nanoparticle distribution.”> Additional
studies about how to inject magnetic nanoparticles into the tumor must be done, in order to

obtain homogenous magnetic fluid and temperature.
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Additional challenges were found while this experiment was performed. For example, the
discontinuity observed in the temperature profile of the tumors (Figure 5.2, 5.3.) was because the
mice sometimes awakened in the middle of treatment, and it was necessary to take out the mouse
and give him an additional infusion of anesthesia. There were also problems with the
thermocouple placed in the anus; it could not remain into de anus of the animal for a long time.

For that reason, body temperature was always lower than 37 °C. For future studies it is necessary

to explore other techniques of anesthesia to maintain the mice asleep for a longer time.

Temperature (°C)

Temperature (°C)

Mouse 1 Body
44 — wall Mouse 2 5\;’:'?’
42 At this point the mouse woke up Tumor " At this point the mouse woke up Tumor

T T T T T T T d
0 500 1000 1500 2000 2500 3000 3500 4000

Temperature (°C)

42
40

38
36
30
28
24
16

34
e
20 i" 1
14
104

32
26
22
18
12
T T T T T T T J
0 500 1000 1500 2000 2500 3000 3500 4000

Time (seg) Time (seg)
Mouse 3  [— Body Mouse 4
At this point the mouse woke up Bod
44 ] — wall a4 y
424 Tumor 42 — Wall
40 A 40 Tumor

38
36 1
344
32+
30
28
26
24 1
22+
204
18
16 +
14 4
12 4

10

T T T T T T T d
0 500 1000 1500 2000 2500 3000 3500 4000

Time (seg)

Temperature (°C)

al

38
36
34
32
30
28
26
24
22
20
18
16
14
12
10+

e
o

0

T T T T T T T !
500 1000 1500 2000 2500 3000 3500 4000
Time (seg)

Figure 5. 2. Tumor temperature profile for mice treated with MFH for 30 minutes at a magnetic field of
39.29 KA/m.
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Figure 5. 3. Temperature profile of the tumors for mice treated by cisplatin in combination with MFH for
30 minutes at a magnetic field of 39.29 KA/m.

After heat treatment mice were injected intraperitoneally with an additional dose of
cisplatin of 5mg/Kg or saline solution and allowed to recover for 8 days. At the end of this

period of time, the tumor size was measured for each group and tumor volume values (T/C) were
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determined to evaluate the effectiveness of treatments. T/C for control group was 100% as
expected; tumors grew as a function of time (Table 5.1). Cisplatin as a single agent had low
activity showing a T/C value of 61%. This result is consistent, because A2780/CP20 cells are

resistant to cisplatin.*" *2

We also observed that MFH did not show any activity as a single
treatment (table 5.1). Nevertheless, the combination of MFH and cisplatin induced intermediate
activity (table 5.1), indicating that MFH enhances the cytotoxicity of the anticancer drug
cisplatin. However, this is a preliminary result because we only used an endpoint analysis

method (T/C). For futures experiments tumor volume must be determined at least every two days

to make a complete analysis using statistic and analysis methods.

Table 5. 1. Therapeutic response of mice treated with MFH with or without cisplatin.

Group RTV ratio T/C (%) Response
Control 15 100 -
cDDP 9 61 Low activity
MFH 12 81 Low activity
cDDP+MFH 6.7 45 Intermediate activity

5.4. Conclusion

This preliminary work provides evidence of the potentiation of cisplatin using magnetic
fluid hyperthermia in animal models. MFH or cisplatin alone did not show therapeutic activity as
single treatments under the described doses. However, the combination treatment demostrated
intermediate activity. Although these results are promising, there are challenges that need to be

addressed such as, the way to accumulate and distribute magnetic nanoparticles into the tumor.
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Chapter 6

Final Remarks: Conclusions and Thesis Contributions

The aim of this dissertation was to study MFH as an adjutant to improve the cytotoxicity of
anticancer drugs and the potential mechanisms by which this potentiation occurs. To accomplish
this goal, two anticancer drugs which have shown limited clinical effects were chosen: bortezomib
and cisplatin. Then, cellular studies were conducted for BZ in sensitive and resistant cancer cell
lines, in vitro and in vivo studies were evaluated for cisplatin and finally potential in vitro
mechanism was evaluated for both drugs. In vitro results were compared with an external source
of heat as a control (HWH).

Results presented in this dissertation demonstrated that hyperthermia via magnetic
nanoparticles enhances the therapeutic effect of bortezomib and cisplatin. MFH combined with BZ
induced cell cytotoxicity in sensitive and resistant cell lines, to a higher extent than HWH at the
same temperature conditions. On the other hand, combination of MFH and cisplatin proved to be
most effective in reducing cell viability and clonogenicity than those cells treated by HWH.
Preliminary in vivo studies also showed that MFH enhances cisplatin cytotoxicity.

This work also showed that MFH induces marked cellular effects which are responsible for
the potentiation of these drugs. Our data provided convincing evidence that MFH-induced cell
membrane permeability is significantly greater than that induced by HWH under similar
temperature conditions, and it is at least one of the mechanisms responsible for MFH
potentiation of cDDP in Caco-2 cells. One of the mechanisms by which MFH enhances BZ

cytotoxicity in MCF-7 cells is the formation and subsequent accumulation of aggregated proteins
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in the cytosol due to the interruption of their transport to the perinuclear area through
microtubules.

This work demonstrated that the employment of magnetic nanoparticles to induce local
hyperthermia (MFH) is a powerful tool to enhance the therapeutic effects of chemotherapeutics
even when drug resistance has been developed, converting it as a potential platform for cancer
treatment. The mechanisms by which MFH improves BZ or cDDP cytotoxicity proposed in this
dissertation could contribute to the rescue of other anti-neoplastic drugs which have not shown
activity as single agents. However, there are still some issues that need to be optimized in order
to translate this platform to the clinic, such as the way to accumulate and distribute magnetic

nanoparticles into the tumor.
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Appendix A

Authorization for the in vivo experiment issued by IACUC
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