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research. Here, we assessed the role of autophagy inhibitors, chloroquine and hydroxychloroquine on MDA-
MB-231 TNBC cell line and chemotherapy drug efficacy in this cell line when these autophagy inhibitors were
administrated in combination with chemotherapy, camptothecin and gemcitabine. The cell responses were
observed by continuous live cell imaging, robust method that enables detection of dynamic morphological
changes, thus providing better insights of complex cellular processes. Our data suggest that when MDA-MB-
231 cells were ptretreated with either 30 UM chloroquine or 30 UM hydroxychloroquine followed by
chemotherapy drug administration, in this case gemcitabine and camptothecin, dead cell area was in significant
increase, compared to drugs given as single agents. Moreover, even when chemotherapy drugs were
administrated at lower doses after chloroquine and hydroxychloroquine pretreatment it followed the same
pattern of significant dead cell area increase. These findings indicate potential anti-cancer effect of both
chloroquine and hydroxychloroquine and suggest further clinical investigation of these autophagy inhibitors
in combination with chemotherapeutics and in different cancer types due to their potential value in the

development of novel cancer therapies.

Keywords: Triple negative breast cancer, live cell imaging, autophagy, apoptosis, chemotherapy,
chloroquine, hydroxychloroquine




Eidesstattliche Erklarung

Ich erklare hiermit an Eides statt, dass ich die vorliegende Arbeit selbstandig und ohne unzuldssige fremde Hilfe
angefertigt habe.

Alle verwendeten Quellen (Literatur, Internet) sind im Literaturverzeichnis vollstdndig zitiert.

Villingen-Schwenningen, den 1. November 2020

Adresse: Staufener Stralle 29, 79115 Freiburg im Bresigau

UNEErSChrift: e






Abstract I

Triple negative breast cancer is heterogeneous type of breast cancer which, due to its high
proliferation, aggressiveness, rapid progression and poor prognosis, is still a challenge to treat.
These characteristics, together with distant metastasis, make this breast cancer subtype resistant to
standard treatment. With the lack of targeted therapy, conventional chemotherapy is still the only
established treatment option, where mostly taxanes and anthracyclines are chemotherapy of
choice. Therefore, there is a need for investigation and development of new effective therapy
regimens with goal to improve clinical therapy outcomes. Recently, it has been reported that
autophagy has a protective role in response to anti-tumor treatments in many cancer types,
including breast cancer, leading to chemotherapy resistance and has gained significant interest in
cancer research. Here, we assessed the role of autophagy inhibitors, chloroquine and
hydroxychloroquine on MDA-MB-231 TNBC cell line and chemotherapy drug efficacy in this
cell line when these autophagy inhibitors were administrated in combination with chemotherapy,
camptothecin and gemcitabine. The cell responses were observed by continuous live cell imaging,
robust method that enables detection of dynamic morphological changes, thus providing better
insights of complex cellular processes. Our data suggest that when MDA-MB-231 cells were
ptretreated with either 30 puM chloroquine or 30 M hydroxychloroquine followed by
chemotherapy drug administration, in this case gemcitabine and camptothecin, dead cell area was
in significant increase, compared to drugs given as single agents. Moreover, even when
chemotherapy drugs were administrated at lower doses after chloroquine and hydroxychloroquine
pretreatment it followed the same pattern of significant dead cell area increase. These findings
indicate potential anti-cancer effect of both chloroquine and hydroxychloroquine and suggest
further clinical investigation of these autophagy inhibitors in combination with chemotherapeutics
and in different cancer types due to their potential value in the development of novel cancer

therapies.
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1. Introduction

1.1. Cell culture

Since its development in the early 20" century, the cell culture system has become extremely
useful approach for in vitro studies (1). With the improvement of the cell culture methods over the
last few decades studying various mechanisms of cell behavior, function, growth and
differentiation became successfully performed. Nowadays, there is a wide range of areas where
cell culture techniques can be applied in order to better understand cell biology, mechanisms of
diseases as well as development, effect and outcome of new drugs (2). Moreover, this approach is
playing indispensable role in biotechnology production of monoclonal antibodies, vaccines and
new treatment methods as preclinical model systems with possible expansion to personalized

therapy strategies (3).

Cancer research is one of the fields where cell culture methods are used regularly. Discovery of
the HeLa cell line isolated by George Gey at John Hopkins University Hospital in Baltimore in
1951 opened a wide range of possibilities in this field of research. HeLa is the first cancer cell line
derived from women named Henrietta Lacks, who was diagnosed with cervical carcinoma (4).
With its establishment and stabilization, HeLa cells became first human continuous cell line,
making cell culture important experimental tool that enable scientists worldwide to gain deeper
knowledge in the field of cancer (5). With the right approach and the choice of cell culture methods
scientists are able to get insights into cancer biology, optimization and even discover of new

therapy strategies (6) aiming to achieve personalized therapies.

Currently, the 2D cell culture method is mostly performed in the labs using Petri dishes, multi-
well plates and culture flasks, although the 3D model is becoming popular due to aim of mimicking
in vivo features in cell culture (7,8). Nevertheless, 2D cultures are commonly used because of their
performance, simplicity, reproducibility and easy interpretation (9), ability to form a culture within

minutes to a few hours and low cost compared to 3D culture (8).



Unfortunately, this cell culture approach has numerous limitations, disadvantages and drawbacks.
As mentioned before, classical culture methodology, where cells are grown in monolayer, leads to
inability to imitate in vivo cellular conditions, therefore producing morphologically and
physiologically changed cell behavior which does not completely represent natural cellular
microenvironment (10,11). One possible solution and promising tool for providing desirable
physiological and biological microenvironment is usage of microfluidic systems with desired
perfusion strategy which allows continuous fresh media supply while removing metabolic products
in addition to adding substances of interest such as chemotherapeutic drugs at different
concentrations and with different schedules as well as drug combinations. Using this microfluidic
system, with more relevant experimental methodology in terms of recreating unique
microenvironment of cancer cells in vitro, makes it possible to monitor biological behavior under
desired conditions. This approach has huge potential to predict different biological outcomes of

resulting behavior, making progress in cancer treatment strategies (12).

1.2. Breast cancer

Cancer is referred to group of heterogeneous malignant diseases with ability to develop, grow and
spread in different parts of the body. Main characteristic of every cancer is ability to grow
uncontrollably. If these abnormal cells stars to evade other tissues and organs in the body without
control, known as metastasis, it can cause cancer-related death. Recurrence and metastasis are
major causes of death (more than 90% of cases) because of poor prognosis and treatment difficulty
(13).

Breast cancer is the most prevalent malignancy in woman with ~1.3 million reported cases each
year in the world. In terms of causes of death by cancer, it holds second position after lung cancer
with 627,000 death cases that occurred only in 2018 (14) (Figure 1). Due to heterogeneity of breast
tumors, with many diverse biological and pathological characteristics, that results in different
behaviors, treatment responses are varying among patients, making it still a challenge to treat (15).
Therefore, new treatment strategies are required. Knowing exact differences of these different
behaviors and grouping them into specific subtypes is one step further to proper therapeutic

approach since each subtype is responding differently to treatment (16).
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Figure 1. Percentages of new cancer cases and cancer deaths worldwide in 2018.
(Source: International Agency for Research on Cancer, GLOBOCAN 2018).

Based on presence or absence of classical immunohistochemical (IHC) breast tumor markers for
estrogen (ER) or progesterone (PR) receptors and human epidermal growth factor 2 (HER2, now
ERBB2) breast cancers are grouped into three major subtypes: hormone receptor-positive/ERBB2
negative (HR+/ERBB2-) with 70% of cases, ERBB2 positive (ERBB2+) with 15-20% of cases,
and triple-negative subtype (absence of all 3 molecular tumor markers) with ~15% of cases. All
these subtypes have distinct clinical and pathological features and hence demand specific treatment
strategies (17). With the development of microarray-based technologies the gene expression
profiling has led to different classification approach of breast cancer based on molecular rather
than morphological characteristics since there are various possible gene expression patterns in
breast cancer leading to different treatment responses and prognosis. In 2000 Perou and Sorlie
proposed molecular breast cancer classification with at least five main subtypes: luminal (A and
B subtypes), ERBB2-over expression, basal cell-like (BCL) and normal- like. The inclusion of
molecular classification in classical IHC breast cancer markers can provide more precise
information in terms of each patient prognosis, relapse risk and probability for pathological

complete response (18).



1.2.1. Triple negative breast cancer

Triple-negative breast cancer (TNBC), refers to breast cancer subtype characterized by lacking in
three main molecular targets presented on the surface of breast cancer cells — absence of ER and
PR receptor expression as well as lack of amplification or overexpression of HER2 (ERBB2) (18).
This heterogeneous BC subtype accounts for approximately 15-20% cases of breast cancers, of
which about 75% are “basal-like” (19). Basal-like TNBC is one of the six molecularly distinct
TNBC subtypes that are defined based on their gene expression profiles (basal-like — BL1 and
BL2; immunomodulatory — IM, mesenchymal — M, mesenchymal stem-like — MSL, and luminal
androgen receptor — LAR subtype) all of which have distinct biological pathways and prognosis.
The importance of researching this cancer group is due to unfavorable prognosis with shorter
disease-free survival (DFS) and overall survival (OS), its aggressiveness and high risk of both
local and distant relapses in first 3 to 5 years after diagnosis, and therapy resistance (20).
Recurrence is found in 50% of patients in the early stage of disease and 5-year mortality rate after
surgery is presented in 37% of patients (21). TNBCs metastasize mostly to the lungs and the central
nervous system, which differs from non-TNBCs where bones are usually metastatic target. Those
patients with this aggressive metastatic stage have shorter progression-free survival (PFS) after

chemotherapy failure (22).

TNBC is found to be more frequent in young women (under 40 years old) (23) and women of
specific ethnic groups (African-American and Hispanic) (20). Furthermore, mutation or abnormal
expression of BRCA (Breast Cancer gene) genes is also significantly associated with TNBC since
more than 75% of breast cancer cases with BRCA1/2 mutations are characterized with TNBC
phenotype, which can have an impact on sensitivity to chemotherapy treatment that possess DNA-
damaging effect (e.g. platinum-based agents) (24, 25). TP53 (tumor protein p53) and PTEN
(phosphatase and tensin homolog) genes are also found to be most frequently mutated or lost in
TNBC (26).

All this show that therapy failure and limited treatment options are challenging problem.
Therefore, improvement of current treatment approaches and chemotherapy combinations with

targeted therapy is necessary in case of TNBC.



1.2.2. Breast cancer treatment

In case of breast cancer that are not metastatic, primary goal is to prevent metastatic development.
Local therapy refers to removing the cancer from the local area (in the case of breast cancer these
are breast and axillary lymph nodes) and includes surgery which may or may not include radiation
therapy. On the other hand, neodjavunat and adjuvant systematic therapy administration depends
on diagnosed breast cancer subtype (Table 1.) (17).

Table 2. Therapeutic Options for the 3 Breast Cancer Subtypes. (17)
(HR)+/ERBB2- ERBB2+ (HR+ or HR-) Triple negative

Pathological > 1% Of tumor cells stain positive for Tumor cells stain strongly (3+) for ERBB2 Tumor does not meet

definition estrogen  receptor or  progesterone protein or ERBB2 gene is amplified in tumor ~ any pathologic criteria
receptor proteins cells. for  positivity  of
Approximately half of ERBB2+ tumors are  €strogen receptor,
also HR+. progesterone receptor,
or ERBB2
Endocrine therapy (all patients): Chemotherapy + ERBB?2 targeted therapy Chemotherapy (all
e Tamoxifen, letrozole, (all patients): patients):
Typical anastrozole, orexemestane e Paclitaxel/trastuzumab (TH) e AC
. e  Oraltherapy e  Adriamycin/cyclophosphamide/ e AC-T
Systemlc e 510y paclitaxel/trastuzumab + e TC
therapies for Chemotherapy(some patients): pertuzumab (AC-TH+P) e Intravenous
non e Adriamycin/cyclophosphamide e  Docetaxel/carboplatin/trastuzumab therapy
metastatic (AC) + pertuzumab (TCH=P) o 12-20wk
disease e Adriamycin/cyclophosphamid/p e Intravenous therapy
(agents, aclitaxel (AC-T) e 12-20 wk of chemotherapy;
route, and ¢ Docetaxel/cyclophosphamide e 1yof ERBB2-targeted therapy
duration) (TC) Endocrine therapy (if also hormone receptor
e Intravenoustherapy positive):
o 12-20wk e Tamoxifen, letrozole, anastrozole,
orexemestane
e Oral therapy
e 510y



Hence, for HR+/ERBB2— breast cancer endocrine therapy is the primary choice of treatment,
which blocks tumor growth by impairing estrogen function as well as lowering its level. Some of
the drugs used for this purpose are tamoxifen, aromatase inhibitors (letrozole, anastrozole, and
exemestane), gonadotropin-releasing hormone agonists (goserelin and leuprolide acetate). Five
years of estrogen therapy is considered as standard treatment that reduces recurrence (by ~50%)
and leads to OS rate improvement (17, 27), although it has been reported that longer estrogen
therapy administration, up to 10 years, leads to even better response (28). Because all these drugs
have different effects on cancer cells, combining endocrine drugs, sometimes also with
chemotherapy, is recommended for better effectiveness (17, 27). Due to the possibility of
developing resistance, researchers are now working on the development of new therapeutic
strategies, with major focus on the endoplasmic reticulum (ER)-related pathways, like the PI3K—
Akt—-mTOR and CDK4/6 pathways, since genes involved in those pathways are mostly mutated in
HR+/ERBB2- breast cancer and may contribute to endocrine therapy resistance (29).

Anti-ERBB?2 targeted therapy, in combination with chemotherapy, is typically applied treatment
approach in case of ERBB2+ breast cancers (27). After this treatment regimen administration,
surgery, radiation and additional anti-ERBB2 targeted therapy is performed. Since the
development of first targeted anti-ERBB2 therapy, trastuzumab, in 1998, improvement in OS has
significantly improved, especially in case of metastatic stage of disease (28). Since trastuzumab
resistance is being reported, both primary and acquired, the need for new drugs emerged. Some of
these new agents include trastuzumab pertuzumab, ado- trastuzumab emtansine as well as tyrosine
kinase inhibitor lapatinib (30). The chemotherapy combination of anthracycline and taxane is
shown to be most effective in high risk patients, whereas all other combination regimens (shown

in Table 1.) are considered to be a good choice for patients with lower risk (31).

Due to its poor prognosis, heterogeneity, aggressiveness and lack of target receptors (ER, PGR,
and ERBB2) treating TNBC is still clinical challenge. In this BC subtype administration of
chemotherapeutic agents, individually or in combination with surgery, is usually applied. Although
this BC has a better response to chemotherapy than other BC subtypes, recurrence and metastasis
are likely to happen (32). Pathologic complete response (pCR), is usually not achievable when
treating patients with chemotherapy, so there is a need for profound treatment research and
selection. pCR is considered to be an important prognostic marker in TNBC treated with

neoadjuvant chemotherapy since some studies show that neoadjuvant therapy, mostly with taxanes

6



and anthracyclines, is related with higher pCR compared to non-TNBC (33). Recently, platinum
based chemotherapeutic agents have gained popularity in TNBC treatment since BRCA1 mutation
and its pathway is related to DNA repair mechanism impairment in some TNBC. The main
mechanism of these drugs is DNA-crosslinking and activation of DNA repair mechanism that leads
to apoptosis induction, which leads to higher sensitivity to platinum-based agents according to
some preclinical and data. Therefore, adding platinum-based agents to neoadjuvant treatment,
despite the toxicity, should be considered as a promising treatment option (17, 34). Personalized
therapy is considered to be the most effective approach to treat patients with this breast cancer
subtype, mainly those who fail in chemotherapy response or express chemotherapy resistance.
Numerous studies are currently working on the molecular targets detection, which could be
efficiently targeted in TNBC either as single drugs, or they could have a significant role in
overcoming chemotherapy resistance. Since most of TNBCs that fail in chemotherapy treatment
response have alteration in pathways, development of these targeted chemotherapy agents for
targeting these altered pathways could lead to enormous improvements in the treatment of highly
resistant forms of TNBC. Some of these agents are PARP inhibitors, PI3K inhibitors, MEK
inhibitors, mTOR inhibitors (35).

Even though progress has been made in terms of understanding cancer biology and mechanism of
various chemotherapy drugs, dose and schedule of administration of these agents are considered
to be very important for chemotherapy efficiency, since toxic effects and chemotherapy resistance
are still major problem in cancer treatment. Therefore, a new schedule of administration, known
as metronomic chemotherapy (MCHT) has recently gained attention as currently most effective
treatment option, especially in high-risk group of patients and those with metastatic form of cancer.
mCHT refers to frequent and continuous administration of the minimum effective dose of
conventional chemotherapeutic drugs, with minimal between-dose intervals that leads to enhanced
antitumor efficacy with very low toxicity and minimal adverse effects that targets endothelial and
cancer cells that are in a stage of proliferation. This approach differs from the standard
chemotherapy regimen, where maximum tolerated dose (MTD) is used in 2-3 weeks intervals.
MTD will kill tumor cells that are sensitive to chemotherapy, but also will negatively affect and
Kill healthy blood vessels, stromal cells including native immune responders. This approach has

led to re-growth of cancer cells as well as the growth of clones with resistance to chemotherapy,



so that after the first few cycles there is a possibility for development of the metastatic cancer stage
without therapeutic response (36, 37, 38).

mCHT has multiple mechanisms of action with effects on cancer cells as well as their
microenvironment via tumor angiogenesis inhibition, stimulation of the anticancer immune
response by suppressing immune regulatory cells (Treg) and tumor dormancy induction (39). Data
from preclinical and clinical studies indicate that mMCHT is promising therapy regimen for different
tumors, including breast cancer, with the further aim to optimize this treatment strategy for

successful clinical use.

1.3. Apoptosis

In order to maintain homeostatic balance in multicellular organisms, cells constantly grow, divide,
differentiate and those that are damaged and unwanted are being removed through highly
conserved programmed cell death known as apoptosis. Also, this process is part of many
physiological conditions as it occurs normally during development and aging as well as in immune
reactions. Cell death, especially apoptosis, is one of the most studied process among scientists
since pathogenesis of many diseases, including cancer, are related to deficient or excessive level
of cell death (40). Therefore, understanding the apoptosis pathways and regulation is necessary for

better understanding of diseases and the development of new therapeutic strategies.

Apoptosis is characterized by multiple morphological changes (Figure 2.), that includes cell
shrinkage, chromatin condensation (pyknosis) followed by plasma membrane blebbing and
nucleus fragmentation (karyorrhexis) leading to the formation of apoptotic bodies. These bodies
contain different cell organelles, with or without nucleus fragments, tightly folded inside an intact
plasma membrane and signals that attract phagocytic cells are released. Macrophages or
neighboring cells then detect and engulf apoptotic bodies by phagocytosis that are then degraded
within phagolysosomes. Since the cells that undergo apoptosis do not release any cellular
components into extracellular fluid nor produce anti-inflammatory cytokines and due to rapid
phagocytosis, there is no inflammation within an apoptotic process. This is one of the main

differences of apoptotic and necrotic cell death, since necrosis causes inflammation (40, 41, 42).
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Figure 2. Different stages of apoptosis. (43)

Various enzyme-dependent biochemical processes occur during apoptosis: caspases activation,
DNA breakdown, membrane changes and phagocytic recognition. Caspases are a family of
cysteine proteases which can activate themselves as well as other caspases, leading to initiation of
proteolytic cascade. These enzymes possess proteolytic activity, ability to cleave proteins at
aspartic acid residues and the ability to activate DNAase for further DNA degradation. Caspases
involved in apoptosis are categorized into initiators (caspase-2,-8,-9,-10), effectors or executioners
(caspase-3,-6,-7) and inflammatory caspases (caspase-1,-4,-5) (44). There are two major apoptotic
pathways by which caspases are activated. Mitochondrial (intrinsic) pathway starts in
mitochondria where intracellular signals (free radicals, toxins, radiation, hypoxia and the absence
of certain growth factors are produced in response to severe cellular stress. This leads to

mitochondrial transmembrane potential and increased mitochondrial permeability, release of pro-



apoptotic proteins into the cytoplasm which activate caspase-dependent mitochondrial pathway by
activating caspase-3 and -9. Second pathway is death receptor (extrinsic) pathway, where death
ligands are binding to a death receptor, usually members of the tumor necrosis factor (TNF)
receptors, such as type 1 TNF receptor (TNFR1) and Fas receptor, resulting in the death signal
transmitted from the cell surface to intracellular signaling pathways. These death signals also lead
to the recruitment of adapter proteins from cytoplasm which are then associating and activating
caspase-8. Both pathways are resulting in the execution phase, the final phase of apoptosis where
execution caspases are activated, and morphological changes occur. Although caspase activation
is a biochemical process characteristic for apoptosis, this type of cell death can be caspase-
independent. Macrophages can recognize dead cells at the early stage and rapidly phagocyte them
with minimal effect on surrounding tissue. This is possible due to expression of phosphatidylserine
(PS) in the outer layers of the plasma membrane, which is normally facing inner cell membrane
bilayer. Phosphatidylserine is one of the cell surface markers that is presented on cell surface and
recognized by macrophages (40, 42, 44).

Evasion of apoptosis is one of the six distinctive biological capabilities of cancer, known as cancer
hallmarks, which result in damaged cell accumulation causing uncontrolled cancer cell growth and
malignant transformation. There are few mechanisms which results in apoptosis evasion and
carcinogenesis: decreased caspase activity, changes in pro-apoptotic (usually down-regulated) and
anti-apoptotic (usually up-regulated and overexpressed) proteins that causes impaired balance
between them and damaged signaling in death receptors (45). Cancer cells can also acquire
resistance to apoptosis, when pro-apoptotic proteins, such as Bax, are mutated or down-regulated
or due to the over-expression of anti-apoptotic proteins, such as Bcl-2. Cell signaling pathways
can also be defected leading to apoptosis dysregulation and cancer formation. The p53 tumor
suppressor gene is an important cell cycle regulator that, if damaged, severely reduces tumor
suppression. This gene is mutated in more than 50% of all human cancers. The inhibitor of
apoptosis proteins (IAPs) are also involved in regulation of apoptosis, which act as endogenous
inhibitors of caspases. Abnormal expression of these proteins is found in many cancers and can
lead to chemotherapy resistance. Impairments in the death signaling pathways, such as receptor
downregulation or defected function and reduced death signal levels are found to be responsible

for apoptosis evasion and, based on some studies, can lead to acquired drug resistance (45, 46, 47).
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Apoptosis-targeting therapies, used in combination with other chemotherapy drugs, with a focus
on targeting the caspase cascade (small molecules that act as caspase activators or caspase-3 gene
therapy), Bcl-2 family proteins (anti-Bcl-2 small molecules or silencing the anti-apoptotic genes
and proteins by Bcl-2 specific SIRNA) as well as other factors associated with apoptosis signaling

are experiencing significant progress thus becoming promising cancer therapeutics (45, 48).

1.4. Autophagy

Autophagy has gained notable interest in cancer research and has recently become a potential
anticancer target, although its role in cancer is still not completely understood. This cellular
process is described as a highly conserved catabolic mechanism, tightly controlled by autophagy-
related genes (ATGs) and important for cellular homeostasis and damage control by which
misfolded proteins, dysfunctional/long-lived organelles, intracellular pathogens and all other
unnecessary macromolecules are removed (49). Under various stress conditions, including
oxidative and metabolic stress, nutrient deprivation and hypoxia it enables proper energy balance
through ATP generation and cell survival for both normal and cancer cells, therefore having a

significant role in tumorigenesis.

During autophagy, targeted macromolecules are sequestrated into phagophore
(preautophagosomal structure), double membrane vesicle formed from the endoplasmic reticulum,
Golgi or mitochondria. When this structure is expanded, upon autophagy activation, it engulfs
intracellular cargo leading to autophagosome formation (Figure 3). Autophagy is facilitated by an
autophagosome cargo protein, p62/sequestosome 1 (SQSTML) that binds to targeted intracellular
macromolecules and ATGs mediate further steps of p62/SQSTM1-tagged cargo destruction (49).
Once loaded with this cargo, autophagosome fuses with lysosome and forms autophagolysosme.
Lysosomal fusion facilitates the degradation of nonfunctional cellular components by lysosomal

acid proteases (50).
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Figure 3. Schematic representation of autophagy. (A) Formation of isolated, limited membrane followed by
(B) cargo sequestration that can occur in bulk or in a selective manner mediated by soluble protein
receptors. After engulfment (C), the autophagosome traffics (D) via microtubules and delivers cargo to
lysosomes through membrane fusion (E) to form an autolysosome where cargo is degraded by lysosomal
hydrolases (F). (51)

The involvement of some tumor suppressor genes, such as Beclin-1 and PTEN in the autophagy
process indicates that autophagy plays significant role in malignant transformation. It has been
found that loss or low expression of beclin-1, which is involved in autophagy induction and
progression, leads to tumor formation in different cancer types, including breast cancer (52).
Although autophagy is found to be slowing down tumor growth in the initial phase of tumor growth
and development, when primary tumors and metastases are developed this process has tumor-
promoting role. Indeed, in breast cancer, autophagy is involved in drug resistance and metastasis,
where it is found to be a crucial mechanism for survival of disseminated dormant tumor cells,
known as breast cancer stem cells (BCSCs), cells with unlimited self-renewal and migratory
properties that initiate tumor growth during tumor recurrence and metastatic dormancy (53).

Therefore, it has been proposed that triggering autophagy can be a potential cancer treatment
strategy, since some cancer cell lines are responding to chemotherapy drugs when autophagy is
triggered. Moreover, since chemotherapy resistance is still a major concern when treating different
types of cancer, including breast cancer, autophagy inhibition is proposed as a mechanism that
sensitize cells to chemotherapy and helps in overcoming resistance. Autophagy inhibitors, such as
chloroquine and hydroxychloroquine, in combination with chemotherapy had gained interest as a
potential cancer treatment strategy. Although autophagy in cancer is generally considered to have
protective role and enhance evasion of apoptosis, due to lack of reliable biomarkers for better

understanding if autophagy is having tumor-promoting or suppressing role in different cancer
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types there is a need for further studies to better understand the correlation between autophagy and

current therapies and their potential effects (54, 55).

1.5. Chloroquine and Hydroxychloroquine in cancer research

The chloroquine family of drugs, chloroquine (CQ) and hydroxychloroquine (HCQ), are 4-
aminoquinoline-based drugs that has been widely used for the prophylaxis treatment of malaria.
Due to their anti-inflammatory and immunosuppressive properties these drugs are used for
treatment of rheumatoid arthritis, systemic lupus erythematosus, and Sjégren syndrome (56). HCQ
was developed after chloroquine, as its analogue, by the addition of the hydroxyl group into CQ
which resulted in a significant toxicity decrease (~40%) (57). In a project named “The Repurposing
Drugs in Oncology” the importance of potential utilization of some already known and described
non-cancer drugs for treating cancer is described. Among many drugs, CQ and HCQ are mentioned
as drugs with potential ability to make cancer cells more sensitized to chemotherapy (58).

CQ and HCQ are lipophilic and amphiphilic weak bases which at the physiological pH of 7.4 are
not protonated and have high ability to penetrate the membrane. As these compounds enter the
cell, they are trapped in acidic organelles, with pH between 4-5, and there they become protonated.
This protonated form leads to intra—organellar pH raise inside these organelles which affects the
function of endosomes, lysosomes, autophagosomes, and autophagolysosomes. Because of its high
affinity for lysosomes, CQ and its analogues predominantly accumulate in this organelle, becomes
protonated, increase lysosomal pH thus inhibiting the lysosomal degradative enzymes (Figure 4).
This fusion of lysosome and autophagosome and subsequent degradation of autophagolysosome

which occurs in the latter stage of autophagy (59).
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Figure 4. Autophagic process. CQ and HCQ inhibit autophagy through interference with the lysosomal

acidification (Step 2). (61)

Since autophagy promotes cancer survival as well as induces chemotherapy resistance, inhibition
of lysosomal acidification, thereby inhibition of autophagy, by CQ is found to sensitize many
cancer cells to the antiproliferative effect of radiation and chemotherapy, such as cisplatin, 5-
fluorouracil and oxaliplatin and increase the intracellular targets of drugs (60). Because of this
ability to suppress autophagy CQ and its derivate became an important subject in cancer research
as anticancer targets and cancer-specific chemosensitizers thus increasing effectiveness of cancer

therapies.

Another reported anticancer effects of CQ and its derivate are cell-cycle arrest and apoptosis
induction, p53 stabilization and activation of p53-dependent transcription of proapoptotic genes
(61). Moreover, it has been reported that CQ leads to vascular normalization which is important
for metastasis reduction, tumor hypoxia decrease and improvement of drug delivery and response
(62).

Although many preclinical studies have reported beneficial effects of CQ, applied as single
treatment agent, drug dose, tumor type, and other study parameters significantly vary between
these studies, making it difficult to interpret the results. Numerous preclinical studies with these
agents, usually in combination with other chemotherapy drugs, have been performed, both in vivo
and in vitro and, due to its highly safe profile, they are recommended to be used as part of
combination therapy with other chemotherapy agents. The vast majority showed improved
therapeutic outcome, when only single chemotherapy drug is applied, due to CQ and HCQ ability

to block pro-survival autophagy and enhance drug effectiveness (61). Many clinical trials with this
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setup have been performed with some of them still ongoing, since, currently, these two drugs are
only two autophagy-inhibiting agents that are studies in clinical trials in solid tumors. Some of
these trials reported tumor shrinkage, although others did not achieve that outcome, possibly
because CQ and HCQ did not reach the effective concentration in the patient’s plasma (63). Major
focus of most completed clinical trials was addressing how safe and tolerable are CQ and HCQ in
cancer where these drugs are found to be safe and tolerable, which, together with preclinical data
that indicated positive anti-cancer effects, strengthen the idea of utilizing these drugs in cancer
treatment (61).

1.6. Live cell imaging

Live-cell imaging is a well-established analytical tool in various biomedical research disciplines.
The ability to follow a biological process, such as cell-cell interactions, inter- and intracellular
transport, cytotoxic compound uptake, and protein-protein interaction of single molecules in living
cells and tissues, has gained great interest over the last decade, as it provides the extra dimension
of "real time." The main factors for successfully performed live-cell imaging are achieving image
quality and maintaining cell health. However, different synthetic fluorophores or fluorescent
proteins are often used in live-cell imaging experiments, which can require strong light to excite
the fluorophores that can lead to photodamage and phototoxic side effect in live samples.
Therefore, short exposure times, lower light source intensity and longer excitation wavelengths
are recommended. In order to obtain meaningful data in live-cell imaging experiments, monitoring
temperature, CO2 level, media composition and humidity are crucial, since cultured cells require
conditions as close to physiological norms as possible. Nowadays, with technology advancement,
small stage-top incubators, large boxes in which whole microscope is placed, environmental
chambers are developed for achieving optimal conditions of live-cell imaging experiments.
Currently, fourth dimension (time-lapse) imaging is widely used method for monitoring different
biological processes can be monitored over an extended period of time, from just a few seconds to

several weeks or even months (Figure 5.) (64, 65).
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Figure 5. Examples of various dynamic processes that can be monitored and quantified in living cells by

automated live-cell imaging. (66)

Live-cell imaging found its application in target and drug discovery where it can be extremely
useful for kinetic studies of the drug”s mechanism of action as well as closely mimic in vivo cellular
responses instead of standard approach where fixed cells that requires staining and endpoint assays
are used (67). The latest advances in live-cell imaging techniques makes this approach powerful
tool for studying various dynamic molecular processes and tracking cellular behavior as well as
drug responses that enables gaining deeper insight into the whole mechanism of disease
development, uncovering precise drug’s mode of action and quantification of drug responses that

may provide new insight into old drugs (68).
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2. Objective — Hypothesis and Aims

Aim - Examination of chemotherapy drug efficacy on Triple Negative Breast Cancer (TNBC) cell
line (MDA-MB-231) in combination with chloroquine and hydroxychloroquine by automated
continuous live cell imaging.

Objectives:

e Detect and evaluate cell death in TNBC MDA-MB-231 when treated with combination of
chloroquine/hydroxychloroquine and chemotherapy drug.

e Evaluate the efficacy of chosen chemotherapy drugs on TNBC MDA-MB-231 in
comparison with chloroquine/hydroxychloroquine pretreated TNBC MDA-MB-231.

e Define imaging parameters for image analysis.
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3. Materials and Methods

3.1. MDA-MB-231 cell line

The MDA-MB-231 breast cancer cell line (Figure 6.) is an epithelial-like, human breast cancer
cell line with a spindle-shaped phenotype and a doubling time of ~35-40 hours. Since it lacks ER,
PR expression and HER2 (ERBB2) amplification, the MDA-MB-231 breast cancer cell line is
being characterized as TNBC with extreme aggressiveness, invasiveness and lack of
differentiation. This TNBC cell line was obtained from a pleural effusion of a 51-year-old
Caucasian female patient that was diagnosed with metastatic mammary adenocarcinoma and is
one of the most frequently used cell lines in cancer research and drug development, both in vitro

and in vivo.

Figure 6. MDA-MB-231 TNBC cell line; 20X, Microscope: Lionheart Fx.

MDA-MB-231 cells were cultured at density of 1x10° cells/ml in Dulbecco’s Modified Eagle
Medium (DMEM) (Gibco Thermo Fisher Scientific, USA) containing 10% fetal bovine serum
(FBS) (Gibco Thermo Fisher Scientific, USA), 1% Penicillin-Streptomycin (10,000 U/ml) (Gibco
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Thermo Fisher Scientific, USA). The cells were maintained in a 37°C incubator with humidified
5% COs,. Cells were subcultured to a new flask with fresh medium every third day, once they
reached ~ 90% confluence. For this, Trypsin-EDTA 0.05 mg/ml (Gibco Thermo Fisher Scientific,
USA) was used and cells were incubated for 5 minutes at 37°C. The cells were washed with
phosphate buffer followed by centrifugation at 1200 rpm for 5 minutes. Finally, the cells were
resuspended in fresh DMEM medium (complemented with 10% FBS and 1% Penicillin-
Streptomycin).

3.2. Cell culture devices

3.2.1. Falcon 96-well Clear Flat Bottom TC-treated Culture
Microplate

The Falcon 96-well Clear Microplate (Figure 7.) (Corning, USA) is comprised of clear tissue
culture (TC)-treated polystyrene that enables cell attachment. The plate has flat bottomed wells, a
working volume of 100-200 uL, and is suitable for analysis of cells that grow in a monolayer. The
low evaporation design of the lid allows optimal gas exchange while minimizing the risk of
containation and evaporation (69).

Figure 7. Design of Falcon 96-well Clear Flat Bottom TC-treated Culture Microplate. (69)
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3.2.2. IBIDI p-Slide 4 Well Ph+ ibiTreat

An open p-Slide 4 Well Ph+ Chip (Ibidi, Germany) with 4 wells and special intermediate plate is
optimized for phase contrast and fluorescence microscopy. The phase plate diminishes or removes
the disturbance from the meniscus, so that the entire well can be examined (Figure 8). Openings
near the corners provide access to the wells for easy filling and aspiration of liquids. Each of the 4
wells has a volume of 700 pL. This chip is made of a polymer of the highest optical quality and
an optimal thickness of 170 pum, making it compatible with even high-resolution microscope
objectives. The polymer coverslip on the bottom exhibits extremely low birefringence and
autofluorescence, similar to that of glass. The ibiTreat surface is a physical surface modification
that is optimized for adhesion of most cell types and is suitable for perfusion strategies analaysis
(70).

Lid

Intermediate plate

Four wells
each with 700 pl volume

Slide format \
255mmx755mm N\

No. 1.5
ibidi Polymer Coverslip bottom

Figure 8. Design of an Ibidi p-Slide 4 Well Ph+ Chip. (70)

3.3.  Microscopes

3.3.1. Incucyte® S3

The Incucyte® S3 Live-Cell Analysis System (Figure 9.) is real-time quantitative system for live-
cell imaging. This system quantifies and visualizes different cellular processes, such as cell health
and viability, migration, invasion, apoptosis and many other cellular changes over days and weeks
in standard incubator. Images are automatically collected and analyzed which provides time-lapse,

kinetic evaluation of dynamic cellular processes in living cells. In this way cells can be analyzed
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for days or even weeks since they are provided with stable environmental conditions inside the
incubator. The system offers the possibility of accommodating up to six different plates in the
incubator at the same time, with the possibility to determine specific schedule and imaging
parameters (image acquisition, magnification) in parallel, with phase, red and green fluorescence

modes.

Figure 9. Incucyte® S3 Live-Cell Analysis System. (70)

In the experiments performed here, images were taken every 60 minutes for 48 hours using the
20X objective.

3.4. Cell death analysis
3.4.1. Cell death evaluation with Pl

For cell death evaluation propidium iodide — PI (Sigma-Aldrich, Germany) was used. Pl is a red-
fluorescent intercalating agent used for staining cells and nucleic acids. Since it is not permeant to
live cells, it used to detect dead cells within a population. It binds to DNA by intercalating between
the bases with little or no sequence preference (Figure 10). MDA-MB-231 cells were loaded into
96-well Microplate or into IBIDI p-Slide 4 Well Ph+ through one of the openings on the
intermediate plate under steril conditions. Either 100 puL (96-well Microplate) or 700 pL (4-well
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u-Slide) of cell suspension was seeded at a concentration of 1x10%/ml in each well and left
onvernight (24 hours) in the incubator at 37°C for the cells to attach. After incubation all wells
were washed with sterile phosphate buffered saline (PBS) and then treated with desired drug
combinations dissolved in Fluorobrite DMEM media (media without phenol red to reduce he
background) containing PI (0,25 pg/ml). Cells were incubated for 30 minutes at 37 °C prior to
imaging and placed in the Incucyte® S3 Live-Cell Analysis System. Four images were taken per
well, every hour, for 48 hours using 20X magnification, phase and red objectives. Pl evaluation
was done by assessing the area of red fluorescent cells compared to all cells per well, detected as
avarage phase contrast area. The avarage of the difference between all four positions describes

each well for both, phase contrast and red fluorescent images.
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Figure 10. Propidium iodide (PI) intercalation in DNA of the dead cell. (71)

3.4.2. Chloroquine/Hydroxychloroquine and chemotherapy
combination therapy evaluation in 96 well plate

MDA-MB-231 cells were loaded into a 96-well Microplate as described previously. After
incubation all wells were washed with sterile phosphate buffered saline (PBS) and experiment was
designed as follows: no treatment (control), 30 uM Chloroquine (Sigma-Aldrich, Germany), 30
UM Hydroxychloroquine (Sigma-Aldrich, Germany), pretreatment with 30 uM Chloroquine
followed by chemotherapy drug (Gemcitabine, Camptothecin — Sigma-Aldrich, Germany),
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pretreatment with 30 uM Hydroxychloroquine followed by chemotherapy drug (Gemcitabine,
Camptothecin) and chemotherapy drug (Gemcitabine, Camptothecin) alone. After 6 hours
incubation at 37°C, the wells were washed with PBS and the wells pretreated with Chloroquine or
Hydroxychloroquine were treated with different concentrations of the chosen chemotherapy drugs
(Gemcitabine, Camptothecin) dissolved in Fluorobrite DMEM media (media without phenol red
to reduce the background) containing Pl (0,25 pg/ml) or left untreated (control). Cells were
incubated for 30 minutes at 37 °C prior to imaging and placed in the Incucyte® S3 Live-Cell
Analysis System. Images were taken every 1 hour for 48 hours using 20X phase and red objective
and 4 images per well were obtained. Dead cell evaluation is done by assessing the area of red
fluorescent cells (Pl-red fluorescence) compared to the area covered by all cells per well. All

experiments were performed in triplicates.

3.4.3. Chloroquine/Hydroxychloroquine and chemotherapy
combination therapy evaluation in 4-well p-Slide

In order to continue with work that has been done before by our collegue (72) where IBIDI p-Slide
4 well Ph+ ibiTreat was used in order to follow the breast cancer cell growth in a developed live-
imaging fluidic system we decided to use the same chip for evaluation of different treatment
strategies in TNBC MDA-MB-231 cell line. Cells were loaded onto a IBIDI u-Slide 4 Well Ph+
as described previously. After incubation all wells were washed with sterile phosphate buffered
saline (PBS) and the experiment was designed as follows: no treatment (control), pretreatment
with 30 uM Chloroquine followed by chemotherapy drug (Gemcitabine), pretreatment with 30
UM Hydroxychloroquine followed by chemotherapy drug (Gemcitabine) and chemotherapy drug
(Gemcitabine) alone. After 6 hours of incubation at 37°C, the wells were washed with PBS and
the wells pretreated with Chloroquine or Hydroxychloroquine were treated with different
concentrations of choosen chemotherapy drugs (Gemcitabine) dissolved in Fluorobrite DMEM
media (media without phenol red to reduce the background) ontaining PI (0,25 pg/ml) or left un
treated (control). Cells were incubated for 30 minutes at 37 °C prior to imaging and placed in an
Incucyte® S3 Live-Cell Analysis System. Images were taken every 1 hour for 48 hours using

phase contrast and red fluorescence with the 20x objective and four images per well were obtained.
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Dead cell evaluation was done by assessing the area of red fluorescent cells (PI-red fluorescence)

compared to the total area covered by cells per well.

3.5.  Image analysis

Images were obtained using the Incucyte® S3 Live-Cell Analysis System and analyzed using the
Incucyte® Analysis Software which contains purpose-built tools for image processing and
analysis. First, analysis definition from images collected from each performed experiment is
created which is then applied to every obtained image which needs to be analyzed. In order to
evaluate cell death, the area covered by dead cells (Pl-red fluorescence) is used as an indicator,
where images were analyzed from the first until last the hour of the experiment, thus following the
changes of area covered by dead cells over time. Four images were taken for each well and the
average of the difference between all four positions describes each well for both, phase contrast

and red fluorescent images.

3.6. Statistical analysis

To assess the statistical differecne between various treatment strategies and control SigmaPlot 14.0
(Systat Software, San Jose, CA, USA) software for Windows was used. The one-way ANOVA
was performed, followed by Tukey test for multiple comparison. The difference between each

group was considered statisticallz significant for p-value of 0.05 or less.
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4. Results

Chloroquine and its analogues have gained significant interest in cancer treatment where they have
been incorporated in chemotherapeutic regimens and several clinical trials combining these drugs,
in combination with chemotherapy. Many therapeutic approaches for highly aggressive and
metastatic cancers, including breast cancer, involve the use of chloroquine, hydroxychloroquine
and other chloroquine analogues application together with chemotherapy or radiotherapy due to
their potential sensitizing role (73, 74). Because of the importance of finding new effective
approaches in breast cancer treatment, we investigated the effectiveness of chloroquine and
hydroxychloroquine on sensitizing the TNBC cell line to different chemotherapy drugs.

4.1. Effects of chloroquine, hydroxychloroquine, gemcitabine and
camptothecin as single agents and in combination at higher concentrations

Cell death was determined after treatment with 30 uM chloroquine, 30 uM hydroxychloroquine,
10 uM gemcitabine, 2 UM camptothecin and pretreatment with either 30 uM chloroquine or
hydroxychloroquine for 6 hours after which 10 UM gemcitabine or 2 UM camptothecin was
administrated. After treatment with these different drugs, cells were incubated for half an hour
prior to 48-hour live cell imaging. Different biological proccesses can be observed within this
system, from cell division to cell death. Figure 11. shows time-lapse imaging sequences where the
initial (0. hour) and final (48. hour) state of cells after no treatment, as well as after treatment with
30 uM chloroquine or hydroxychloroquine. Images obtained after 10 uM gemcitabine, and its
combination with 30 UM chloroquine or hydroxychloroquine are depicted in Figure 12. As
expected, non-treated cells are growing and dividing, which can be seen by the higher percentage
of area occupied by cells at the end of the experiment. In contrary, when cells are treated with
different drugs they are not dividing and cell death, such as due to apoptosis, can be observed. In
the case of chloroguine and hydroxychloroquine given as single drugs not a lot of dead cells can
be seen at the end of the experiment, though cells are not growing. In contrast, after treating cells

with gemcitabine and its co-administration with chloroquine and hydroxychloroquine, cell death
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was increasing during the 48-hour experiment, which can be observed by increases in the red
fluorescent intesity of the dead cell staining (Figure 12.)
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Figure 11. MDA-MB-231 cellular sponses in 96-well plate. In this image sequence red dy (I is an indicator
of dead cells. A) Control — 0 hour; B) Control — 48 hours; C) 30 uM chloroquine — 0 hour; D) 30 uM
chloroquine — 48 hours: E) 30 uM hydroxychloroquine — 0 hour; F) 30 uM hydroxychloroquine — 48 hours.
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Figure 12. MDA-MB-231 cellular responses in 96-well plate after a different treatment strategy was applied. In this
image sequence red dye (PI) is an indicator of dead cells. A) 10 uM gemcitabine — 0 hour; B) 10 uM gemcitabine — 48
hours; C) Pretreatment with 30 uM chloroquine (6h) + 10 uM gemcitabine — O hour; D) Pretreatment with 30 uM
chloroquine (6h) + 10 uM gemcitabine — 48 hours: E) Pretreatment with 30 pM hydroxychloroquine (6h) + 10 uM
gemcitabine; F) Pretreatment with 30 uM hydroxychloroquine (6h) + 10 uM gemcitabine.
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Figure 13. Image analysis of TNBC MDA-MB-231 response to different treatment strategies followed for
48 hours. Cells were treated with 30 uM chloroquine, 30 uM hydroxychloroquine, 10 uM gemcitabine or
pretreated with 30 uM chloroquine or hydroxychloroquine for 6 hours after which 10 pM gemcitabine is
added. A. Cell population was assessed by analyzing cell area covered by cells over 48 hours. B. Dead
area over 48 hours is determined by detecting red fluorescence per each well.
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The cell area per well (Figure 13A.) is related to the entire cell population of the sample, whereas
the dead area (Figure 13B.) was measured by detection of the area covered by red fluorescence
(PI). Images were taken every hour at four positions per well, whereas the average value of the
four positions is used to decsribe each well.

We observed that the cell area in the untreated control samples increased constantly compared to
all of the other conditions, in which different drugs were administrated. The differences were
significant (p<0.05) between control and every treatment strategy. A significant difference
(p<0.05) was also observed in the case of dead area covered by red fluorescence where dead area
was significantly higher in sample pretreated with 30 uM hydroxychloroquine followed by 10 uM
gemcitabine compared with drugs applied as single agents. Dead area in the case of 30 uM
hydroxychloroquine pretreatment is slightly increasing at the beginning of the experiment and after
25-hours it is in constant increase, with the highest amount of dead cells present after 48 hours
compared to all other conditions in the experiment. When cells are pretreated with 30 puM
chloroquine the area covered by dead cells followed a similar pattern as in the case of 30 uM
hydroxychloroquine pretreatment, with no significant difference (p=0.993) between these two
treatment approaches. In this case, bigger increases in dead cell area can be observed in first 24
hours (4-fold more dead cell area after the first 10 hours) after which cells continued to die but in
slower manner, with significant difference (p<0.05) observed between chloroquine pretreatment

followed by gemcitabine and all three conditions when the drugs were applied as single agents.

Camptothecin, human DNA topoisomerase | inhibitor, was also used in this experiment. As
previously described, cells were treated with 30 UM chloroquine and 30 UM hydroxychloroquine
as a single agent as well as 2 uM camptothecin and pretreated with 30 uM chloroquine and 30 uM
hydroxychloroquine for 6 hours. After pretreatment, 2 uM camptothecin was added and the cells
were incubated for 30 minutes before the start of imaging. Images of MDA-MB-231 TNBC
obtained during these treatment strategies are shown in Figure 14. Similarly to the gemcitabine
response, after image analysis was performed it can be observed that cell area during 48 hours is
not increasing in the case of treatment with the different drugs, both as single agents and in the
combinations as administrated in respect to control samples, with significantly (p<0.05) lower area
occupied by cells. Red fluorescent detection increased constantly when cells were pretrated with
30 puM chloroquine and 30 pM hydroxychloroquine, where, in case of hydroxychloroquine

pretreatment, few dead cells were detected within the first hour of live-cell imaging (Figure 15.),

30



whereas when the same concentration of chloroquine was administrated prior to camptothecin
administration, the dead area covered by cells started to grow with every hour. After 24 hours cell
death increases, reaching a slightly higher amount of area covered by dead cells with respect to
Hhydroxychloroquine pretreatment (Figure 15.). Additionally, no statitstically significant
difference was found between these two treatment approaches (p=0,053), but the difference was
significant (p<0,05) between single drug treatments and hydroxychloroquine pretreated cells, as
well as between all five conditions when drugs were applied compared to the control. In the case
of chloroquine pretreatment, statistically significant differences were not observed (p=0,146) when
this treatment strategy was compared with camptothecin alone, which means that
hydroxychloroquine pretreatment was more efficient in sensitizing cells to camptothecin during a
48-hour observation. Moreover, the difference between the camptothecin and chloroquine
combination, the camptothecin and hydroxychloroquine combination and chloroquine and
hydroxychloroquine when administrated as single drugs were not statistically significant (p=0,995;
p=0,882; p=0,993 respectively).
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Figure 14. MDA-MB-231 cellular responses in 96-well plate after different treatment strategy were applied. In this image
sequence red dye (PI) is an indicator of dead cells. A) 2 uM camptothecin — 0 hour; B) 2 UM camptothecin — 48 hours;
C) Pretreatment with 30 uM chloroquine (6h) + 2 uM camptothecin — 0 hour; D) Pretreatment with 30 uM chloroquine
(6h) + 2 uM camptothecin — 48 hours: E) Pretreatment with 30 uM hydroxychloroquine (6h) + 2 UM camptothecin; F)
Pretreatment with 30 uM hydroxychloroquine (6h) + 2 uM camptothecin.
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Figure 15. Image analysis of TNBC MDA-MB-231 response to different treatment strategies followed for 48
hours. Cells were treated with 30 uM Chloroquine, 30 UM Hydroxychloroquine, 2 pM Camptothecin or
pretreated with 30 uM Chloroquine or Hydroxychloroquine for 6 hours after which 2 pM Camptothecin was
added. A) Cell population was assessed by analyzing cell area covered by cells over 48 hours. B) Dead area
over 48 hours is determined by detecting red fluorescence per each well.
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Since MDA-MB-231 TNBC response to 10 uM gemcitabine and 2 pM camptothecin showed
significant increases in the dead cell areas during 48-hour live-cell imaging, lower concentrations
of gemcitabine and camptothecin were applied in next experiment, combined with the same

concentration of chloroquine and hydroxychloroquine as pretreatments.

4.2. Effects of chloroquine, hydroxychloroquine, gemcitabine and
camptothecin as single agents and in combination at lower concentrations

As in the previous experiment, cells were treated with 30 uM chloroquine, 30 uM
hydroxychloroquine, 0,5 puM gemcitabine and 0,5 pM camptothecin and their combination
(pretreatment with 30 uM chloroquine or 30 uM hydroxychloroquine for 6 hours followed by 0,5
MM gemcitabine and 0,5 uM camptothecin) with a 30 minute incubation period before imaging.
Area covered by dead cells was analyzed, with red fluorescence serving as an indicator of dead
cells. Cell response in the control samples (images not shown), followed similar patterns as in the
previous experiment, where cells were actively dividing, thus occupying more area of the well
throughout the 48-hour imaging period. Significant differences (p<0,05) were observed between
the control and all of the drug treatments, either alone or in combinations. Similarly, when
chloroquine and hydroxychloroquine were given as single agents, cells were neither dying nor
dividing (images not shown), which shows that these drugs exert effects on cancer cells.
Representative images from the beginning and the end of the experiment (Figure 16.) show that
hydroxychloroquine enhanced the anticancer effect of gemcitabine at the lower concentration (0,5
MM) with higher dead area at the end of the experiment compared to gemcitabine alone, but this
difference was not statistically significant (p=0.063). Cell death after 48 hours can also be observed
when chloroquine was administrated as a pretreatment agent, but with less dead cell area at the
end of the experiment, although a significant difference (p<0.05) was still observed between the
two pretreatment strategies. From image analysis results (Figure 17.) it can be observed that both
pretreatment strategies were significantly more efficient compared to gemcitabine given as a single
agent, meaning that these drugs may have sensitizing effect on chemotherapy drugs, in this case
gemcitabine, at 0,5 uM concentration. This observaation is also supported by statistical analysis,
where statistically significant differences (p<0,05) was found when chloroquine and

hydroxychloroquine co-administration with gemcitabine was compared with gemcitabine
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treatment alone. Although cells with chloroquine pretreatment showed slightly greater dead cell
area in the first hour of experiment, after 32 hours there was no increase in amount of dead cells
by end of the experiment. In contrast, hydroxychloroquine administration followed by gemcitabine
was constantly increasing. Similar to the previous experiment, after 24 hours, we can observe a
significant increase in area covered by dead cells, when the cells were treated with higher (10 uM)
gemcitabine concetration. Gemcitabine given as a single agent, with 0,5 UM concentration resulted
in far less dead cell area during the 48-hour imaging period, as well as chloroquine and
hydroxychloroquine alone, with no statistically significant difference between these three drugs
(p=0.655; p=0.307, respectively).
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Figure 16. MDA-MB-231 cellular responses in a 96-well plate after different treatment strategy was applied. In this image
sequence red dye (PI) is an indicator of dead cells. A) 0,5 uM gemcitabine — 0 hour; B) 0,5 uM gemcitabine — 48 hours;
C) Pretreatment with 30 uM chloroquine (6h) + 0,5 UM gemcitabine — 0 hour; D) Pretreatment with 30 uM chloroquine
(6h) + 0,5 UM gemcitabine — 48 hours: E) Pretreatment with 30 uM hydroxychloroquine (6h) + 0,5 uM gemcitabine; F)
Pretreatment with 30 uM hydroxychloroquine (6h) + 0,5 uM gemcitabine.
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Figure 17. Image analysis of TNBC MDA-MB-231 response to different treatment strategies followed for 48
hours. Cells were treated with 30 uM chloroquine, 30 uM hydroxychloroquine, 0,5 UM gemcitabine or
pretreated with 30 UM chloroquine or hydroxychloroquine for 6 hours after which 0,5 uM gemcitabine is added
A) Cell population was assessed by analyzing cell area covered by cells over 48 hours. B) Dead area over 48
hours is determined by detecting red fluorescence per each well.
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Another set of images obtained during MDA-MB-231 live-imaging when camptothecin at lower
concentration (0,5 pM) was administrated, alone or after chloroquine and hydroxychloroquine
pretreatments (30 M concentration) was analyzed. The biological response to these treatment
strategies is presented in Figure 18. Again, cell response to hydroxychloroquine pretreatment
followed by camptothecin resulted in the highest number of dead cells, which increased constantly
during 48-hours of live cell imaging, a with five-fold increase within the first 22 hours (Figure
19.). Likewise, after chloroquine pretreatment the cells were not growing, but dying, where these
dying cells occupied slightly less area compared to those from the hydroxychloroquine
pretreatment. No statistically significant difference was observed between these two treatment
strategies (p=995). When cells were treated with chloroquine, hydroxychloroquine and
camptothecin as single agents the red fluorescent detection was lower compared to combination
of these drugs, although the area occupied by dead cells in case of 0,5 M camptothecin increased
by three-fold at the end of the experiment. After applying a Tukey test for multiple comparison,
statistically  significant difference (p<0.05) between single drug treatments and
chloroquine/hydroxychloroquine pretretament strategies followed by camptothecin was detected.
The results with lower concentrations of gemcitabine and camptothecin co-administrated after
chloroquine and hydroxychloroquine have led to the conclusion that these drugs enhance
anticancer effects of chemotherapy drugs in the case of the MDA-MB-231 TNBC cell line, when

we applied Gemcitabine and Camptothecin as our drugs of choice.
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Figure 18. MDA-MB-231 cellular responses in a 96-well plate after different treatment strategy was applied. In this image
sequence red dye (PI) is an indicator of dead cells. A) 0,5 uM camptothecin — 0 hour; B) 0,5 uM camptothecin — 48 hours;
C) Pretreatment with 30 pM chloroquine (6h) + 0,5 pM camptothecin — 0 hour; D) Pretreatment with 30 uM chloroquine
(6h) + 0,5 pM camptothecin — 48 hours: E) Pretreatment with 30 uM hydroxychloroquine (6h) + 0,5 pM camptothecin; F)

Pretreatment with 30 uM hydroxychloroquine (6h) + 0,5 uM camptothecin.
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Figure 19. Image analysis of TNBC MDA-MB-231 response to different treatment strategies followed for 48 hours.
Cells were treated with 30 UM chloroquine, 30 UM hydroxychloroquine, 0,5 uM camptothecin or pretreated with 30
MM chloroquine or hydroxychloroquine for 6 hours after which 0,5 uM camptothecin is added A) Cell population was
assessed by analyzing cell area covered by cells over 48 hours. B) Dead area over 48 hours is determined by detecting
red fluorescence per each well.
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4.3. Effects of chloroquine, hydroxychloroquine and gemcitabine as single
agents and in combination in 4-well chip

Since the further goal of the chloroquine/hydroxychloroquine co-administration with
chemotherapy drugs is to apply different perfusion strategies in order to closely mimic in vivo
situation, we repeated the experimental conditions with lower concentration of gemcitabine in the
IBIDI p-Slide 4 well Ph+ ibiTreat, chip that was already established in a live-imaging fluidic
system by our collegue (72). Again, the MDA-MB-231 cell line were imaged for 48 hours and
analyzed as described previously.

Cellular behavior in the control, as well as when above mentioned treatment strategies were
applied, is presented in Figure 20, where representative images show the initial and final cellular
states. At the end of the experiment, in the case of the control, the cells covered the whole area of
the well, meaning that they were continuously dividing during the 48-hour observation period.
This is in contrast with all three treatment strategies, where statistically significant differences
(p<0.05) were observed in respect to the control. Dead cells after all three applied drug
administration approaches were detected at the end of the experiment, with slightly more dead cell
area present after hydroxychloroquine pretreatment. Image analysis showed that the most effective
treatment was hydroxychloroquine pretreatment followed by gemcitabine. Chloroquine
pretreatment followed by gemcitabine and gemcitabine alone resulted in a similar response, where
no statistically significant difference (p=0.998) was found. In these cases, constant increase in dead
cell area, with a maximum value the end of the experiment can be seen (Figure 21.). The most
efficient treatment strategy was when cells were treated with hydroxychloroquine with co-
administrated gemcitabine, where the area occupied by dead cells increased by fivefold after the
first 15 hours and continued to increase by the end of the experiment, with statistically significant
differences compared to chloroquine pretreatment and gemcitabine administrated as a single agent.
When cells were imaged under the same conditions in a 96-well plate (Figure 13B.) results were
slightly different, where chloroquine pretreatment followed by gemcitabine resulted in more dead
cells than gemcitabine alone. This slight variation in biological behavior under same conditions
shows how different commercial tissue culture vessels and their material surface properties can
make a difference in biological experiments and the importance of selecting and consistently using

the same tissue culture vessel throughout an experiment.
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Figure 20. MDA-MB-231 cellular responses in a 4-well plate after different treatment strategy was applied. In this image
sequence red dye (PI) is an indicator of dead cells. A) Control — no treatment — 0 hour; B) Control — no treatment — 48 hour;
C) 10 pM gemcitabine — 0 hour; D) 10 uM gemcitabine — 48 hours; E) Pretreatment with 30 uM chloroquine (6h) + 10 uM
gemcitabine — 0 hour; F) Pretreatment with 30 uM chloroquine (6h) + 10 pM gemcitabine — 48 hours: G) Pretreatment with
30 puM hydroxychloroquine (6h) + 10 uM hemcitabine; H) Pretreatment with 30 pM hydroxychloroquine (6h) + 10 pM
gemcitabine.




A MDA-MB-231

Cell Area Per Well [pm*Well)

C0 (30 pM)
_.-‘ID pM Gemcitabing
HCQ (30 pM) +
o ¢ 10 ® @ - 25 . * * * * "'mum Gemeitabine
B ®- 10 M Gemcitabine
Control -
2000000 & no treatment
1800000
1800000
=
@ 1400000
2
5 1200000
3
Z 1000000
]
o
E 800000
<L
=
3 600000
[=]
400000
200000
0

Figure 21. Image analysis of TNBC MDA-MB-231 response to different treatment strategies followed for 48
hours. Cells were treated with 10 UM gemcitabine or pretreated with 30 uM chloroquine or hydroxychloroquine
for 6 hours after which 10 uM gemcitabine is added A) Cell population was assessed by analyzing cell area
covered by cells over 48 hours. B) Dead area over 48 hours is determined by detecting red fluorescence per each
well.
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5. Discussion

Triple negative breast cancer, characterized by absence of three main receptors and molecular
targets (ER, PR, ERBB?2) is still a challenge to treat due to lack of targeted therapy. Therefore, it
is managed with chemotherapy drugs. Since TNBC is BC subtype that grows rapidly and results
in metastasis and relapses, treatment failure and resistance are frequently reported. One of the
biological processes that has been related with treatment resistance is autophagy, which is
considered to be mechanism that leads tumor cells to overcome chemotherapy sensitivity, thus
having protective role in many cancer types, including breast cancer. There is an increased interest
in drug repositioning with goal to develop novel treatment strategies and overcome treatment
resistance in TNBC. One of these drugs is chloroquine and its derivates which are able to block
the late stage autophagy by preventing lysosome acidification. Combination of these agents with
well-known chemotherapy drugs, that are leading to autophagy induction and promote tumor cell
survival, is extensively researched, both, in vivo and in vitro and many preclinical studies
demonstrated their sensitizing role to various chemotherapy drugs (61). Taking into consideration
of the promising chloroquine and hydroxychloroquine therapeutic effect, we investigated
antitumor effects of these agents in combination with conventional chemotherapy drugs in triple
negative breast cancer cell line, MDA-MB-231. After administrating different drug combination
the cells were visualized in real-time, by live-cell imaging for 48 hours in order to observe dynamic

cellular behavior and morphology during different treatments.

Here, we observed significant increase in the amount of dead cells after chloroquine and
hydroxychloroquine were administrated in combination with gemcitabine and camptothecin,
compared to these drugs given as single agents. The most efficient drug strategy was combination
of hydroxychloroquine with different concentrations of chemotherapy drugs, although no
significant differences were observed between same approach with chloroquine and chemotherapy
drugs was applied Moreover, even when these chemotherapy agents were administrated at lower
concentrations after pretreatment with chloroquine and hydroxychloroquine, the area covered by
dead cells was in constant increase. gemcitabine, although mostly first choice for pancreatic cancer

treatment, is also being used for treating breast and non-small cell lung cancers and it acts as DNA
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synthesis inhibitor. This anticancer drug is also inducing apoptosis via caspase signaling (75). It
has also been reported that gemcitabine is inducing tumor protective autophagy in MDA-MB-231
TNBC cell line (76). Another drug used in this research was camptothecin, which is well-known
for inhibiting topoisomerase-I activity, causing double-strand DNA breakage in S-phase that
results in apoptosis induction (77) when camptothecin was administrated to several breast cancer
cell lines, including TNBC MDA-MB-231 it resulted in autophagy induction (78). Since many
studies reported that autophagy may lead to the therapy resistance in TNBC, the research of
chloroquine and hydroxychloroquine anti-cancer properties is rapidly expanding. One of the
benefits for using these drugs is their safety and reduced toxicity, especially hydroxychloroquine
that showed less side effects than chloroquine. Since chloroquine dose above 10 mg/kg (~31 puM)
is related to serious retinal toxicity, for our study we decided to use 30 uM chloroquine, so that it
is representing clinically realistic dose, which can be further applicable in translational research.
Same dose was chosen for hydroxychloroquine, although, due to addition of hydroxyl group,
hydroxychloroquine administration results in less side effects compared to chloroquine, so, this
drug can be applied in higher doses. After examining drug combinations with higher concentration
of chemotherapy agents we observed significant increase in the area of dead cells, detected by red
fluorescent marker for dead cells, PI, we administrated lower doses of chemotherapy drugs and
repeated the experiments with chloroquine and hydroxychloroquine pretreatments. Even though
cell growth was reduced when cells were treated with lower concentration of gemcitabine and
camptothecin alone, when these drugs were administrated after 6-hour chloroquine and
hydroxychloroquine pretreatment significant difference in the area of dead cells was observed
between these drugs combination and drugs alone. During 48-hours live cell imaging, stages of
apoptotic cell dead, such as blebbing and apoptotic bodies, can be observed on obtained phase
contrast images, mostly when combination of chloroquine or hydroxychloroquine with
chemotherapy was administrated. Increased apoptosis was also observed in few other studies,
when chloroquine and hydroxychloroquine were added to conventional chemotherapy treatment.
When autophagy inhibitor were administrated together with osimertinib (79), gefitinib (80)
Cyclophosphamide +Adriamycin (CA) (81) in MDA-MB-231 TNBC cell line it resulted in
increased chemotherapeutics efficiency and cancer cell killing. These findings, together with our
observation suggest that apoptosis and autophagy are opposed processes where increased level of

one processes leads to decrease and inhibition of another.
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A study from 2014., performed by Chen et al, showed that gemcitabine administration is resulting
in autophagy induction in MDA-MB-231 TNBC cell line. Here they demonstrated that autophagy
induction is found to have tumor protecting role, leading to MDA-MB-231 loss of sensitivity to
this chemotherapy drug. Moreover, when cells were pretreated with 5 uM Chloroquine for one
hour prior to gemcitabine administration significantly reduced cell viability and more dead cells
were observed compared to gemcitabine administrated alone. They also found that the levels of
anti-apoptotic Bcl-xL protein decreased whereas and the levels of p53 and pro-apoptotic Bax gene
increased when chloroquine was administrated tin combination with gemcitabine, thus promoting
apoptosis. This was not observed when gemcitabine was given as single agent (82). These results
suggest that the gemcitabine-induced autophagy has protective role in this TNBC cell line and
leads to apoptosis inhibition and cancer cell survival, thus showing that this treatment strategy
might be effective therapeutic approach for TNBC. Chittaranjan et al., showed on both, in vivo
and in vitro models, that epirubicin treatment leads to autophagy induction in MDA-MB-231 and
SUM159 TNBC cell lines, leading to epirubicin resistance. When autophagy was inhibited in vitro
with RNAI methods, and in vivo by administrating hydroxychloroquine in MDA-MB-231
xenograft mice, they noticed that this approach resulted in significant tumor growth and survival
reduction, compared to single epirubicin treatment. Also, they derived epiruicin-resistant MDA-
MB-231 TNBC cell line in which increased basal autophagy was also observed, suggesting that
chemotherapy resistance is maintained even in absence of the drug, in this case epirubicin. When
these resistant cells were treated with epirubicin and chloroquine alone, as well as their
combination, significant reduction in cell viability was observed (73). Another research from 2016
by Liang et al. reported impaired DNA damage repair and damage in mitochondrial structure in
CSCs, as well as reduced metastatic ability in MDA-MB-231 TNBC cell line. The efficacy of
carboplatin and reduction in tumor growth was also increased in carboplatin-resistant TNBC
xenograft models. These findings are important for further development of new treatment
strategies, prevention of metastasis and overall improvement of patients outcome since CSCs are

found to play significant role in chemotherapy resistance and metastasis development (83).

Furthermore, it has been found that chloroquine does not only inhibit autophagy but has another
anti-tumor properties, such as tumor vasculature normalization, thus improving tumor perfusion,
reducing hypoxia, cancer cell invasion as well as improving the delivery and response to

chemotherapeutics. This is also beneficial for metastatic cancer stage, where it leads to metastatic
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reduction and better drug efficiency (84). Vera-Ramirez et al. reported, both, in vivo and in vitro,
that survival of dormant breast cancer cells is significantly decreased upon autophagy inhibition
with hydroxychloroquine (85).

Although previously mentioned studies showed that autophagy exhibits tumor-promoting function
and improves the chemotherapy efficacy, another studies reported that this is largely depended on
cancer type, stage and chosen chemotherapy treatment. For example, Shen et al. used MDA-MB-
231 and MDA-MB-453 TNBC cell line to investigate the role of autophagy on chemotherapy
response and found that, when autophagy was inhibited with 3-methyladenine, the docetaxel
efficacy was increased while cisplatin cytotoxicity was impaired (86). This indicates that
autophagy mode in the same cell line, but under different therapeutic strategy, is not the same. In
another study, that involved MDA-MB-231 TNBC and MCF-7 ER+ xenograft mice models,
reduction in tumor growth, after chloroquine, was observed in MDA-MB-231, while this was not
observed in MCF-7 xenograft model, although autophagy was inhibited in both models. These

results suggest that chloroquine potency is largely dependent on particular cell line (87).

So far, several clinical with autophagy inhibitors co-administrated with some well-known
chemotherapy agents for different tumor types, including breast cancer, have been performed.
Mostly these clinical trials are still ongoing and those that are completed were mostly with focus
on safety of chloroquine and hydroxychloroquine in cancer treatment, which is found to be safe
and tolerable with promising therapeutic role in cancer treatments. however some clinical trials
with chloroquine were not that successful since the drug did not reach effective concentration. One
of performed clinical trials involved hydroxychloroquine and ixabepilone for metastatic breast
cancer (88) and chloroquine combination with taxane and taxane-like drugs (taxotere, abraxane,
ixabepilone) (89).

Our study was performed in 2D static manner, where MDA-MB-231 TNBC cell line was treated
with chloroquine, hydroxychloroquine and two chemotherapy drugs of choice, gemcitabine and
camptothecin, alone or in combination. The cells were observed from first hour of treatment, till
last (48. hour) by continuous live cell imaging, that involved fluorescent marker for following dead
cells thus providing the value of area these cells occupied compared to live cells. As in studies
mentioned before, our results also suggested the potential anti-cancer effect of autophagy

inhibitors, chloroquine and hydroxychloroquine, when they were administrated together with
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chemotherapy drugs, which resulted in enhanced chemotherapy efficacy and increased cancer cell
killing. Further studies will involve perfusion strategy for drug delivery as well as incorporation
of autophagy and apoptosis markers for better and more detailed insight into the dynamic
autophagy and apoptotic processes after delivery of chosen treatment strategy. Due to TNBC
heterogeneity, the same treatment approach that was applied in this study will be applied to another
TNBC cell lines with aim to support the results observed in MDA-MB-231 TNBC cell line.
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6. Conclusion

In our study, we observed that the autophagy inhibitors, chloroquine and hydroxychloroquine in
combination with chemotherapy drugs, gemcitabine and camptotecin, enhance the chemotherapy
efficacy in MDA-MB-231 TNBC cell line. The experiments were performed by continuous live
cell imaging, powerful technique that allows observation of dynamic cellular behvaiour in real-
time. This is particularly useful for monitoring cell responses to various treatment strategy since it
allows deeper insight of cellular behaviour and morphological changes during cell response to
administrated drugs. Even when chemotherapy drugs were administrated at lower doses in
combination with chloroquine and, especially, hydroxychloroquine the cell growth was inhibited
and cell dead enhanced. One of the mechanisms that is involved in chemotherapy resistance and
reduced chemotherapy response is autophagy, which is mostly considered to have a tumor-
promoting role in TNBC and allows cancer cells to evade apoptosis. Thus, we conclude that
incorporation of these agents, that are found to inhibit autophagy, to conventional chemotherapy
may be benefical for cancer treatment with potential to improve survival rates of breast cancer
patients, especially in cancers lacking in efficient targeted therapy, such as TNBC. Administration
of these drugs are proven to be safe and tolerable and growing number of preclinical and clinical
data are encouraging further investigation of autophagy inhibitors and their potential anti-cancer
role. Although we observed sensitizing effects to chemotherapy when chloroquine and
hydroxychloroquine were applied, this is largely dependent on the cancer type and stage as well
as administrated chemotherapy drug and its mechanism of action. In cancer where autophagy is
not having protective role, this approach can even lead to worsen the treatment response.
Therefore, further research with another TNBC cell lines as well as cell lines from another cancer
types and utilization of autophagy and apoptosis markers are neccesary to elucidate the complex
autophagy role in tumor cells. This may also confirm our findings and encourage further

investigation of repurposing drugs for cancer treatment.
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