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Abstrakt 

Nádorová onemocnění představují významný celosvětový problém v oblasti zdraví. 

V nadcházejících dekádách  se předpokládá výrazný nárůst nových případů a je tak 

nezbytně nutné zlepšit prevenci, včasnou detekci a léčebné postupy. Chemoterapie sice 

zůstává standardní léčbou mnoha druhů rakoviny, její efektivita je však často omezena 

cytotoxickými účinky na zdravé buňky a četnými vedlejšími účinky. V reakci na tato 

omezení se objevily nové léčebné strategie, jako je kombinovaná léčba a systémy 

dopravující léčiva. V tomto projektu jsme studovali cytostatické a cytotoxické účinky dvou 

inhibitorů IAP (z ang. inhibitor of apoptosis) proteinů, LCL-161 a AZD5582, a jejich 

potenciál zvýšit protinádorovou aktivitu konvenčního cytostatika gemcitabinu. Aktivita 

těchto látek byla studována na pěti lidských nádorových buněčných liniích: pankreatických 

(PANC1, BxPC-3, MiaPaca-2), prostatickém (PC-3) a mamárním (MDA-MB-231) 

karcinomu. Oba inhibitory IAP prokázaly protinádorouvou aktivitu  jako samostatná léčiva, 

přičemž nejvyšší citlivost k působení IAP inhibitorů vykazovaly buněčné linie 

MiaPaca-2  a BxPC-3. Nebyla pozorována jasná korelace mezi hladinami exprese IAP genů 

(cIAP1, cIAP2, XIAP) a sensitivitou buněčných linií na IAP inhibitory. Poměr exprese 

těchto tří genů byl však u čtyř z pěti studovaných buněčných liniích srovnatelný. Inhibitory 

IAP byly schopny potencovat cytostatickou a cytotoxickou aktivitu gemcitabinu, přičemž 

nejvýznamnější synergie byla pozorována u buněčných linií MiaPaca-2 a MDA-MB-231. 

V další fázi projektu byly syntetizovány HPMA kopolymery nesoucí tato léčiva a byla 

testována jejich in vivo toxicita. Tyto výsledky naznačují potenciál systémů pro dopravu 

léčiv s kombinacií gemcitabinu a IAP inhibitoru při léčbě nádorových onemocnění 

a poukazují na potřebu dalšího studia jejich protinádorové účinnosti. 

 

Klíčová slova: gemcitabin, inhibitor IAP, HPMA kopolymery, kombinovaná terapie, 

doprava léčiv, řízené uvolňování léčiv, protinádorová aktivita 
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Abstract 

Cancer represents a significant global health challenge, with a substantially increasing 

incidence. There is a critical need for enhanced prevention, early detection, and improved 

therapeutic approaches to treat malignant diseases. While chemotherapy remains a standard 

treatment for many cancers, its efficacy is often limited by cytotoxic effects on healthy cells 

and numerous side toxicities. In response to these challenges, novel strategies such as 

combination therapies and drug delivery systems have emerged. In this project, we 

investigated the cytostatic and cytotoxic effects of two inhibitors of IAP (inhibitor of 

apoptosis) proteins, LCL-161 and AZD5582, and their potential to boost the anticancer 

activity of gemcitabine. These compounds were evaluated in five human cancer cell lines: 

pancreatic (PANC1, BxPC-3, MiaPaca-2), prostatic (PC-3), and breast (MDA-MB-231) 

carcinomas. Both IAP inhibitors demonstrated anticancer activity as single agents, with the 

MiaPaca-2 and BxPC-3 cell lines showing the highest sensitivity. No correlation was 

observed between the expression levels of IAP genes (cIAP1, cIAP2, XIAP) and the 

sensitivity of cell lines to IAP inhibitors. However, four of five tested cell lines possessed 

a consistent pattern in the expression of these three genes. IAP inhibitors were able to 

potentiate the cytostatic and cytotoxic activities of gemcitabine, with the most significant 

synergy observed in the MiaPaca-2 and MDA-MB-231 cell lines. Furthermore, HPMA 

copolymers bearing these drugs were synthesized and tested for toxicity in mice. These 

findings suggest the potential of drug delivery systems with the combination of gemcitabine 

and IAP inhibitors in cancer treatment, indicating the need for further investigation for their 

antitumor efficacy. 

   

Keywords: gemcitabine, IAP inhibitor, HPMA copolymers, combination therapy, drug 

delivery, controlled drug release, anticancer activity 
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1 Introduction 

1.1 Cancer 

Cancer represents a group of diseases characterised by the uncontrolled proliferation of cells 

and the migration from their primary site of origin to other body parts [1].  In 2020, 

an estimated 19.3 million new cancer cases and nearly 10 million cancer-related deaths were 

reported worldwide. Cancer is also recognised as the leading cause of death in every 

country, with the number of new cases and deaths rapidly increasing over the years. 

Additionally, a 47% rise from 2020 is expected in 2040 with an estimated 28.4 million new 

cases [2]. To overcome this increase, improved treatment, early cancer detection, and 

prevention are needed [3].  

There are more than 200 types of cancer that are distinguished by the tissue of origin 

[1], [4]. The largest group are carcinomas, which are derived from epithelial cells and 

represent 85 % of all cancers and more than 80 % of cancer-related deaths in developed 

countries [1], [5]. Examples of carcinomas include cancers of the mouth, stomach, small 

and large intestines, skin, pancreas, mammary gland, liver, lung, gallbladder, and prostate. 

Carcinomas are divided into two groups: squamous cell carcinomas, tumors derived from 

epithelial cells forming protective layers, and adenocarcinomas, which arise from 

specialised epithelial cells that produce substances into the cavities or ducts [5].  

The other types of tumors are derived from nonepithelial tissues. These include 

neuroectodermal tumors, which originate in the central and peripheral nervous system, 

leukemias and lymphomas, which arise from different hematopoietic cells, and sarcomas, 

derived from mesenchymal cell types. Leukemias and lymphomas can emerge from 

hematopoietic cell lineages (e.g. T and B lymphocytes) and constitute approximately 2.5 % 

of tumors [5], [6]. Less than 1 % of all tumors are sarcomas which can originate from 

fibroblasts, adipocytes, osteoblasts and myocytes [5].  

Cancers originating from different cell types exhibit distinct characteristics. 

These include different molecular mechanisms responsible for carcinogenesis or the 

invasion of cells from the primary site. However, despite the differences in molecular and 

cellular routes, the underlying mechanism of the disease is comparable [1].  

After thorough analysis, Hanahan and Weinberg defined six hallmarks of cancer in 

2 000. Their theory suggested that acquiring the capability for evasion of growth inhibitory 

signals, autonomous growth signals, unlimited replicative potential, evasion of apoptotic 

cell death, angiogenesis, and invasion/metastasis are essential for carcinogenesis. A couple 
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of years later, they added two emerging hallmarks, i.e. avoiding immune destruction and 

reprogramming energy metabolism. They defined two enabling characteristics, 

tumor-promoting inflammation and genome instability, which are critical for acquiring the 

six hallmarks of cancer [5], [7], [8]. In 2022, they also proposed cellular plasticity as the 

next one to be added to the list [9].  

The invasion of cells from the primary site of origin to distant tissues is the 

distinction between a benign and a malignant tumor [5]. A malignant tumor is invasive and 

metastasises to other parts of the body. On the other hand, benign tumors do not and are not 

defined as cancer [1]. These tumors arise from the same factors that cause malignant tumors 

(e.g. genetic disorders or stress) but typically do not require treatment or removal [3]. 

However, they can still be life-threatening because of their location or because of damaging 

other tissues [1]. For example, benign tumor formation and growth in the brain might affect 

the brain's normal functioning. In contrast, lung tumor growth can cause a blockage in the 

bronchus, leading to different respiratory disorders [3].  

  Maintaining the integrity of the genome is essential and alterations of the 

deoxyribonucleic acid (DNA) can be harmful [10]. Cancer can be caused by inherited gene 

alterations or by agents called carcinogens, with most of them defined as mutagens. 

This subgroup causes mutations or modifications to the DNA. Therefore, cancer belongs to 

genetic diseases and is caused by mutations ranging from point mutations (single base 

mutations) to large chromosomal aberrations. Carcinogenesis is a complex process 

involving the accumulation of cell mutations over time. This elucidates why cancer 

incidence has escalated over the centuries alongside a prolonged human lifespan and why 

the risk of cancer increases with age [1], [11]. 

Carcinogenesis is a process caused by the accumulation of genetic and epigenetic 

changes which lead to the disturbance of a cell.  Plenty of factors are important for 

carcinogenesis, and the interaction between them has the biggest contribution to the 

development of the disease. 80 to 90 % of malignant tumors result from external 

environmental factors [12].  

The most important ones are diet, excessive alcohol consumption, and smoking. 

Moreover, for women, giving birth has also been associated with reduced cancer 

development. Alteration of these lifestyle factors can prevent most cancers and 

approximately 35 % of cancer-related deaths  [1], [12]. It was observed in 1775 that chronic 

exposure to soot led to a higher incidence of nasal cancer in chimney sweeps. Moreover, the 

formation of pyrimidine dimers due to unprotected exposure to the sun can increase the risk 

of melanoma. Another interesting observation is connected to having children, as it was 
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associated with a decreased risk of developing breast cancer in women [1]. Furthermore, 

chronic alcohol drinking has been connected with an increased risk of cancer of the breast, 

liver, throat and mouth, while smoking is the main cause of lung cancer [1], [12]. Lung 

cancer is the dominant type of cancer worldwide and is responsible for 40 % of all cancer 

deaths. The main reason for that is the identification of at least 81 carcinogens in cigarette 

smoke. In addition, the incidence of cancer has also been linked to different diets of various 

populations all around the world. For example, stomach cancer is a prevalent cancer in the 

Japanese population and a minor one in the USA. Notably, a decreased risk of developing 

this cancer has been observed in Japanese people who have migrated to the USA only if 

they switched to the American diet [1]. 

1.1.1 Pancreatic Cancer 

Pancreatic cancer accounts for approximately 2 % of all cancers and is responsible for about 

5 % of cancer-related deaths worldwide. Risk factors include obesity, smoking, advanced 

age, diabetes, alcohol consumption and family history (about 7-10 % of those affected). 

It is one of the deadliest malignant tumors. Its global burden has more than doubled in the 

last 25 years, with the highest incidence regions being Europe, North America and Australia 

[13], [14], [15].  

Mutations in genes such as TP53, KRAS, BRCA2 and CDKN2 have been connected 

with an increased chance of developing this cancer. Moreover, epigenetic changes, like 

alterations in DNA methylation and histone modification, can also contribute to the 

development of the disease [13], [16]. Pancreatic cancer is categorized into two main 

categories: exocrine pancreatic cancer, which arises from exocrine cells and constitutes over 

95 % of all pancreatic cancers (including adenocarcinoma, squamous cell carcinoma, 

and adenosquamous carcinoma), and neuroendocrine pancreatic cancer, which develops 

from cells in the endocrine gland [17].  

One of the main challenges is, that the disease has no early signs, spreads rapidly 

and the majority of patients displaying symptoms associated with pancreatic cancer are in 

an advanced stage. Pancreatic cancer is a highly aggressive type of cancer, with a median 

survival of 9-15 months for patients with locally advanced disease and 3-6 months for those 

with metastatic disease. The standard treatment for patients with advanced disease involves 

FOLFIRINOX (a combination of folinic acid, fluorouracil, irinotecan and oxaliplatin), 

and a combination of gemcitabine and paclitaxel or gemcitabine and radiation therapy [13], 

[16], [18], [19]. 
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1.1.2 Breast Cancer 

Breast cancer belongs among the 3 top most common cancers worldwide and is the most 

common malignancy in women [20]. In 2020, there were over 2.3 million diagnosed breast 

cancer cases and approximately 685 000 deaths associated with the disease worldwide [21]. 

However, mortality in the European Union and North America has decreased in the last few 

years. This is mostly due to efficient systemic therapies and early detection [20].  

There are 4 main types of breast cancer based on gene expression of estrogen 

receptor (ER), progesterone receptor (PgR) and human epidermal growth factor receptor 2 

(HER2): luminal A and luminal B (hormone-positive), triple-negative and HER2 positive. 

These subtypes differ in their biological characteristics, prognoses, treatment strategies and 

responses [20]. The most common type of breast cancer is hormone-dependent 

(approximately 65 %). Therefore, hormone therapy is used as the primary therapeutic 

approach. Medications include tamoxifen, an estrogen blocker, or exemestane, which 

inhibits hormone production in the ovary [22].  

Moreover, multiple anti-HER2 monoclonal antibodies, such as trastuzumab and 

pertuzumab, are used in the case of HER2-positive patients in combination therapies. 

The treatment of triple-negative breast carcinoma (TNBC) remains the biggest challenge, 

with the standard approach involving chemotherapy [22].  Standard treatments typically 

involve docetaxel, paclitaxel, doxorubicin, cyclophosphamide, carboplatin, cisplatin, 

and gemcitabine [20], [23].   

1.1.3 Prostate Cancer 

Prostate cancer is the second most common carcinoma in men, with over 1.4 million new 

cases and approximately 375 000 deaths in 2020 worldwide [24], [25]. While localised 

prostate cancer is characterised by high long-term survival, metastatic prostate cancer 

remains incurable [26]. Localised prostate cancer can often be characterised by 

morphological heterogeneity within individual patients. This can be observed as multiple 

tumor foci with genetic differences in the prostate, which can lead to treatment resistance 

and metastatic spread. Patients with distant metastases have a low 5-year overall survival 

rate of just 30 % [24].  

Overall, mutations in various genes are a common factor in prostate cancer 

development. These include alterations in Ras, Raf, MYC, PTEN, and TP53 [27]. 

Additionally, genes associated with testosterone metabolism and the androgen signaling 

pathway are also implicated in the disease [28]. Nowadays, the detection of prostate-specific 
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antigen (PSA) levels is used as a screening test for prostate cancer detection. However, as 

the PSA levels can be increased in many other conditions, the testing suffers from a high 

rate of false positive findings [24]. Another marker of this disease, prostate-specific 

membrane antigen (PSMA), is used in clinical practice for imaging and detection of prostate 

cancer throughout the body. PSMA levels correlate with the more advanced stage of this 

disease and PSMA-positive lesions can be detected by positron emission tomography (PET) 

[29], [30]. 

Surgery and radiation therapy are standard for localised prostate carcinoma. 

For metastatic disease, agents reducing the circulating androgen levels are being used, 

including darolutamide and enzalutamide [24]. Docetaxel chemotherapy is the gold 

standard for patients not responding to androgen deprivation therapy (ADT). However, as 

resistance caused by upregulation of the multidrug resistance (MDR) 1 gene became 

a problem, cabazitaxel, a second-generation therapy is also used. Moreover, different 

combination therapies based on ADT and docetaxel have been used and tested 

(e.g. radiation, thalidomide, apalutamide or gemcitabine) [28], [31]. 

1.2 Cancer Therapy 

Cancer represents a global health problem and the development, as well as improvement 

of cancer therapy, have become an important task. The primary conventional methods today 

include surgery, chemotherapy, and radiotherapy [32]. Surgery is most effective only in the 

early stages of the disease, while chemotherapy and radiation therapy can harm healthy cells 

and tissues. Another challenge is the development of drug resistance by cancer cells, leading 

to a decrease in sensitivity and a reduction in the effect of chemotherapy. Furthermore, the 

lack of specificity, adverse side effects, and rapid drug metabolism exacerbate the situation 

[32], [33].  

However, significant progress has been made with advancements in hormone 

therapy, targeted therapy, drug delivery systems (DDS), gene therapy, and immunotherapy. 

Understanding the various molecular pathways in cancers enabled further development of 

new approaches, which dramatically improved the therapy of some cancers [33].  

1.2.1 Surgery 

Surgery, i.e. resection was the first method to remove a tumor and even today is considered 

one of the most promising treatments for many malignant and benign tumors. The earliest 

mention of using surgery in cancer treatment dates back thousands of years ago to ancient 
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Egypt, with historical records describing the removal of breast tumors around 1600 BC [34], 

[35].  

The primary objective of cancer surgery is to remove the tumor along with 

a surrounding margin of healthy tissue, rather than incising into the cancerous tissue. 

Compared to radiation therapy or chemotherapy, surgery assures minimal systemic damage 

to the body [34], [35].  

Furthermore, surgery is followed by histology to determine staging, a process for 

assessing the extent of the disease and whether it has spread into regional lymph nodes and 

other parts of the body (formed metastases) [36], [37].   

In addition, surgeons also play a crucial role in early diagnosis and cancer 

prevention. They are integral to most screening services, including cervical, breast, 

colorectal and gastric cancer. Their contribution is not only by providing therapy but also 

by participating in screening research. As a result, huge improvements can be seen in the 

survival rates of breast or colorectal cancer [34].  

1.2.2 Radiotherapy 

The beginning of radiation therapy traces back to 1895 when X-rays were discovered by 

Wilhelm Conrad Röntgen. Subsequent important discoveries were made by Marie Curie in 

1898 during her research on radium. This knowledge paved the way for the integration of 

radiation therapy into cancer treatment [38], [39]. Despite accounting for only about 5 % 

of the total cost of cancer care, it is utilized by more than half of all cancer patients as part 

of their treatment plan [40].  

Ionizing radiation is a physical agent employed to eradicate cancer cells. Three main 

forms of ionizing radiation are released during radioactive decay: alpha and beta particles, 

and gamma rays. While alpha particles, consisting of two neutrons and two protons, are 

large and highly energetic, they lose energy over short distances and can be stopped by 

human skin. Beta particles are negatively charged electron-like particles. They are smaller, 

faster, and more penetrating than alpha particles, but cause less damage. Gamma rays, 

a form of electromagnetic radiation, have no mass but possess the greatest energy, enabling 

them to penetrate through the entire body and making them the most potent for cancer 

treatment [41].  

Ionizing radiation deposits energy by interacting with atoms in cells and tissues as 

it passes through them. This energy can kill cancer cells by causing changes in DNA, 

disabling their ability to divide and proliferate [38]. Radiation can damage the cell DNA 

directly or by producing free radicals. Based on the observed dose in the cell, the outcomes 
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include DNA base changes, DNA-protein cross-links, DNA-DNA cross-links, 

and single/double-strand breaks [40]. 

Radiation therapy is used to treat various types of cancer, including skin cancers, 

breast/prostate/lung/cervix carcinomas, lymphomas, and head and neck carcinomas [38]. 

It serves as both a primary treatment and as a neoadjuvant or adjuvant therapy, either 

preceding or following other treatments like surgery or chemotherapy, respectively. 

Advancements in recent decades have enabled radiation delivery more accurately and 

at higher doses to the tumor while preserving the healthy tissue [40].  

1.2.3 Immunotherapy 

Cancer is a disease that can be characterised by genomic instability, leading to the 

accumulation of many point mutations that can result in the expression of tumour-specific 

or tumor-associated antigens in cancer cells. These antigens may be identified by the 

immune system as foreign and trigger cellular immune responses [42]. In cancer, both innate 

and adaptive immune systems play crucial roles. Components of the innate system, 

particularly natural killer (NK) cells, neutrophils, macrophages, monocytes and dendritic 

cells (DC), along with the members of the adaptive immune system, mostly T cells, 

may contribute to the elimination of cancer cells [42], [43].  

However, tumors often develop various mechanisms to evade immune surveillance, 

including defects in antigen presentation, the recruitment of immunosuppressive cells, 

and increased activation of inhibitory pathways. These strategies result in the diminished 

effectiveness of immune cells and the suppression of anti-tumor immune reactions [42]. 

 There are 6 major categories of immunotherapy: cancer vaccines, adoptive T cell 

transfer, cytokine therapies, immune checkpoint inhibitors, oncolytic virus therapies, and 

agonistic antibodies against co-stimulatory receptors [42], [44]. Cancer vaccines aim to 

trigger T-cell-mediated anti-tumor responses by providing tumor-specific or 

tumor-associated antigens. Adoptive cell transfer involves an ex vivo preparation of 

autologous T-cells, which could be further genetically engineered and reintroduced into 

patients to eradicate cancer cells [42]. Immune checkpoint inhibitors are engineered to 

reinvigorate anti-tumor immune responses by blocking inhibitory signaling pathways. 

The primary targets of these molecules are cytotoxic T lymphocyte-associated molecule-4 

(CTLA-4), programmed cell death-1 (PD-1), and programmed cell death ligand 1 (PD-L1) 

[44]. Cytokine therapies are mainly used to enhance the activity of the immune system and 

coordinate immune responses. In contrast, oncolytic virus therapies destroy cancer cells 

directly or create a proinflammatory environment inside a tumor to boost systematic 
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anti-tumor immunity [42]. Agonistic antibodies are engineered to bind specifically to 

costimulatory receptors on T cells. They can activate intracellular signaling pathways 

promoting the growth of T cells, activate effector function against tumor cells, and promote 

survival [44]. 

1.2.4 Hormone Therapy 

Hormone therapy is commonly used in the treatment of hormone-dependent cancers, such 

as breast, prostate, and endometrial cancers [45], [46], [47].  

The four main types of breast cancer differ in terms of prognosis and the therapeutic 

agents currently employed. Tumors that are positive for estrogen and/or progesterone 

receptor (luminal A/B) are less responsive to cytotoxic chemotherapy and can benefit from 

neoadjuvant endocrine therapy (NET) [20], [45]. Approximately 60-75 % of all breast 

cancer cases are hormone receptor-positive. The treatment includes aromatase inhibitors, 

selective estrogen receptor modulators, progestin, and selective estrogen receptor degraders 

[48]. 

As the growth and development of the prostate gland rely on androgens, androgen 

deprivation therapy (ADT) serves as the primary pillar of treatment. The therapy includes 

gonadotropin-releasing hormone agonists, androgen biosynthesis inhibitors, 

and nonsteroidal androgen receptor antagonists [46].  

Endometrial carcinoma ranks as the fourth most common malignancy in women but 

with an optimistic prognosis, as the majority of cases are diagnosed in the early stage [47]. 

Surgery is the main method of treatment, supplemented by radiotherapy and chemotherapy 

in more advanced cases [49]. Approximately 85 % of all cases arise from prolonged 

exposure to exogenous and endogenous estrogens with inadequate progesterone activity. 

These cases can be managed in the early stages without surgery through hormonal 

manipulation, such as high-dose progestogens or estrogen withdrawal [47].  

1.2.1 Chemotherapy 

Chemotherapy is a treatment based on a wide array of anti-cancer drugs and natural 

compounds that can inhibit cell proliferation and destroy cancer cells through various 

mechanisms. Certain compounds target some of the essential cellular enzymes or structural 

proteins, while others target DNA, either directly or indirectly, or modulate cell metabolism 

[50], [51]. Chemotherapeutics demonstrated the ability to disrupt important cellular 

processes, including DNA replication, and DNA damage repair, and induce programmed 

cell death (apoptosis), or immune reaction [50].  
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Chemotherapy primarily works by inhibiting DNA synthesis and cell division, tumor 

growth and metastasis. Cancer cells are usually under much higher physiological 

endogenous stress and divide more frequently compared to normal cells. For these reasons, 

the drugs can affect cancer cells more effectively. However, the toxic effects also impact 

healthy cells and tissues [50], [52]. The therapy can be given as major treatment per se or in 

neoadjuvant and adjuvant forms [52]. Adjuvant chemotherapy involves the administration 

of cytostatic drugs after primary surgery to eliminate or suppress micrometastases, while 

neoadjuvant chemotherapy is applied before the surgery to reduce tumor volume [53], [54]. 

Chemotherapy is usually administered as a combination of multiple agents, which 

are selected for a given type and stage of cancer. The two crucial aspects that need to be 

considered are the schedule of the treatment and the dosage. It has been observed that very 

high doses can cause severe side effects and damage normal cells and that prolonged 

exposure to the drugs can lead to the development of drug resistance and also affect patient's 

mental and physical health. Therefore, a team of radiologists, psychologists, oncologists, 

and nutritionists collectively plan the treatments [50].  

 Conventional chemotherapeutics are categorised into several groups depending on 

their mechanism of action, including alkylating agents, antimetabolites, intercalators, 

mitotic inhibitors, topoisomerase inhibitors, radiomimetics, proteasome inhibitors, and 

polyadenosine diphosphate-ribose polymerase (PARP) inhibitors [50], [51], [55]. 

1.2.1.1 Alkylating Agents  

Alkylating agents are among the oldest and most frequently used drugs employed in cancer 

treatment, with their first documented use dating back to the early 1940s [56]. The potential 

of sulphur and nitrogen mustards as anticancer agents was recognized following the use of 

yperite during World War I, which led to a massive reduction of white blood cells [57]. 

While most of them share similar mechanisms of action, they vary in their clinical efficacy. 

Alkylating agents directly target DNA throughout all cell cycle phases by forming intra- or 

inter-DNA molecule crosslinks. This process inhibits cell division and eventually leads to 

cell death [56].  

These drugs are utilized in the treatment of various cancers, demonstrating 

significant efficacy against aggressive cancers [58]. Due to their effect on replication, they 

are also toxic to normal cells that divide frequently, leading to acute suppression of the bone 

marrow [59]. Prolonged use of alkylating agents can lead to several side effects, such as 

permanent infertility due to reduced sperm production in males and cessation of 

menstruation in females. Furthermore, some of the agents have been linked to the 
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development of secondary malignancies. Thus intense efforts are focused on improving the 

selectivity of alkylating agents, reducing the side effects, and exploring new combinations 

with other anticancer drugs [56].  

Alkylating agents are classified into six classes: nitrogen mustards, triazenes, 

ethylenimine, nitrosourea derivates, platinum-containing antineoplastic agents, and alkyl 

sulfonates. They initiate intramolecular cyclization reactions within cells, forming highly 

reactive electrophilic cations. These cations can interact with nitrogen, oxygen, sulphur, and 

phosphorus atoms on biological molecules, leading to their alkylation. Based on this 

mechanism, alkylating agents mostly act by crosslinking or modifying DNA and ribonucleic 

acid (RNA), which can lead to the inhibition of DNA replication, transcription and 

translation. Additionally, they can trigger other molecular alterations, such as oxidative 

stress induced by glutathione depletion and lipid peroxidation. They also deplete the 

nicotinamide adenine dinucleotide (NAD+) pool by activating DNA repair enzyme PARP-

1. These effects collectively contribute to apoptosis [60]. 

Among the most frequently used ones are cisplatin, oxaliplatin, carboplatin, 

chlorambucil, cyclophosphamide, ifosfamide, melphalan, temozolomide, and busulfan [61].  

1.2.1.2 Intercalators 

Intercalators are drugs that reversibly interact with the DNA double helix and include 

primarily anti-tumor antibiotics. They belong to a group of anticancer drugs produced by 

microorganisms, including fungi, and bacteria, as well as derived from animals and plants 

with antimicrobial properties. These compounds can inhibit aggressive tumor growth and 

prevent the formation of cancer metastases [62], [63]. 

The group includes predominantly anthraquinones (i.e. anthracyclines) and peptides 

(i.e. bleomycin, mitomycin, and actinomycin) [62]. Anthracyclines are aromatic polyketides 

with a polyhydroxy anthraquinone structure, such as doxorubicin, daunorubicin, epirubicin, 

idarubicin, and valrubicin. After passive diffusion into the cells, they localize primarily in 

the nuclei. While the precise mechanisms through which anthracyclines affect tumors are 

not completely understood, they are believed to employ multiple molecular mechanisms. 

These include intercalation into DNA, poisoning of topoisomerase II, formation of DNA 

adducts, and altering the redox state of a cell resulting in torsional stress, destabilization of 

nucleosomes, and generation of reactive oxygen species (ROS) [64], [65]. Bleomycin is 

a glycopeptide capable of binding DNA and producing highly reactive free radicals that 

cause DNA single-strand breaks [66]. The mechanism of mitomycin involves an enzymatic 

reduction to its active form, which can form cross-links between the complementary strands 
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of the DNA, leading to cell death, while actinomycin forms a stable complex with 

double-stranded DNA and inhibits RNA synthesis [67], [68].  

Additionally, anti-tumor antibiotics can inadvertently eradicate beneficial bacterial 

strains, including Lactobacillus and Bifidobacterium. Given the critical role of the intestinal 

microbiome in cancer treatment, the use of antibiotics may lead to its disruption, and 

promotion of inflammation. Consequently, this might dampen the effect of cancer treatment 

[62].  

1.2.1.3 Mitotic Inhibitors 

Cell division is a critical process in tumor growth, thus presenting a significant target for 

effective treatment. The mitotic spindle is at the core of cell division and represents 

an essential structure that binds to chromosomes, aligns them, and evenly distributes them 

into daughter cells. Comprised of microtubules, the mitotic spindle represents a key target 

in cancer therapy [69]. 

Microtubules, composed of α- and β-tubulin, are highly dynamic polymers and 

essential components of the cell cytoskeleton. They play pivotal roles in various molecular 

processes, including mitosis and intracellular trafficking. Microtubules grow by adding 

Guanosine triphosphate (GTP)-tubulin dimers to their ends, forming a protective stabilizing 

cap. Loss of this cap triggers rapid microtubule shrinkage, known as catastrophe. However, 

occasional rescue events can revert this shrinkage to growth. This process is called dynamic 

instability and cells harness it to generate force during chromosome segregation in mitosis 

[70]. Mitotic inhibitors, such as taxanes and vinca alkaloids, modulate microtubule 

dynamics in a dose-dependent manner through different mechanisms [69]. 

Taxanes are a group of antineoplastic drugs, which include paclitaxel, initially 

isolated from the bark of the western yew (Taxus brevifolia), and semisynthetic derivates 

like docetaxel and cabazitaxel. After observing its anticancer activity, paclitaxel was first 

tested in preclinical studies in the 1970s. However, its efficacy was hindered by poor 

solubility and insufficient substance content in the bark. Therefore, its clinical use remained 

limited until advancements in chemical synthesis. Today, taxanes are primarily used for the 

treatment of ovarian, breast, bladder, head and neck, gastric, prostate, and non-small cell 

lung carcinomas. These drugs exert their effect by binding to β-tubulin with high affinity, 

stabilizing microtubules and the mitotic spindle. This stabilization leads to the blockade of 

cell division. Additionally, they bind to Toll-like receptor 4 (TLR-4) in macrophages, 

leading to the expression of pro-inflammatory cytokines (i.e. IFN-β, TNFα, and IL-1), 
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and their interaction with microtubules triggers apoptosis and inhibits angiogenesis [71], 

[72], [73]. 

Vinca alkaloids are anti-cancer drugs with a hypoglycemic effect isolated from the 

Madagascar periwinkle plant (Catharanthus roseus). Moreover, they have been used to treat 

high blood pressure and diabetes. Four major representatives used in the clinic are 

vinblastine, vinorelbine, vincristine, and vindesine. Like taxanes, they interact with 

microtubules, however, they cause the interruption of microtubule congregation and 

blockade of polymerization, leading to mitotic arrest. They are mainly used for the treatment 

of osteosarcoma, breast cancer, acute lymphocytic leukemia, rhabdomyosarcoma, 

neuroblastoma, and testicular carcinoma [74], [75].  

1.2.1.4 Topoisomerase Inhibitors 

Topoisomerase inhibitors represent a class of anti-cancer drugs, initially derived from 

plants. They function by targeting topoisomerases, enzymes capable of altering DNA 

topology, a crucial process for many cellular functions, including the cell cycle [76]. 

These compounds are often used in the treatment of small-cell lung, colorectal, ovarian, and 

haematological cancers [77]. 

All cells possess two types of topoisomerases: type 1 and type 2. The main function 

of these enzymes is the relaxation of DNA by inducing temporary breaks to relieve strain 

created due to supercoiling and regulation of the topological changes in the structure of the 

double-stranded DNA. The break is formed by an interaction between a phosphate diester 

of DNA and a tyrosine residue of the enzyme (transesterification). Afterwards, a second 

transesterification process follows to re-anneal the DNA strands and release the tyrosine 

residue. Whether a single-strand or double-strand break is formed, depends on the type of 

topoisomerase [76], [78], [79].  

There are two main groups of topoisomerase inhibitors. The first group, primarily 

affecting type I topoisomerases, includes camptothecin, topotecan, irinotecan, and 

belotecan. Generally, they exert their effects on DNA by preventing strand rotation, 

inhibiting the process of re-ligation in the reaction, and stabilizing the bond between DNA 

and topoisomerase. Camptothecin induces single-strand DNA breaks, while topotecan and 

irinotecan can reversibly bind to DNA and the topoisomerase I, leading to the formation of 

a ternary complex. Belotecan, a newer class of inhibitors, shares similar mechanisms with 

the other members but exhibits reduced toxicity [79]. These drugs are used to treat ovarian, 

colorectal, and small-cell lung cancers [80]. 
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The second group of inhibitors targets type II topoisomerases. This group includes 

etoposide, teniposide, doxorubicin, and epirubicin. Etoposide and teniposide modify the 

activity of topoisomerase II, resulting in breaks in the DNA strands. Doxorubicin and 

epirubicin primarily function as intercalators but also have the ability to inhibit 

topoisomerase II. Topoisomerase II inhibitors are employed in the treatment of breast, lung, 

and testicular cancers, lymphomas, and sarcomas [79], [81]. 

1.2.1.5 Antimetabolites  

It was first observed in the 1940s that antimetabolites exhibit clinical antitumor activity 

when S. Faber discovered remission in acute leukemia with the use of aminopterin. 

This discovery was followed by the addition of methotrexate, 5-fluorouracil and 

6-mercaptopurine into clinical practice in the next decade [82], [83].  

Antimetabolites comprise a class of anticancer drugs that are synthetic derivatives 

of naturally occurring compounds found in the human body [84]. These drugs can be further 

divided based on their chemical structure into analogues of purine and pyrimidine bases 

(compounds crucial for nucleic acid synthesis), vitamins (folic acid/hormones/coenzymes 

analogues), and non-natural amino acids or peptides (i.e. phosphopeptide-mimetics) [85]. 

They inhibit vital metabolic processes by interfering with the synthesis and utilization of 

endogenous compounds. While these drugs influence various enzymatic processes, the 

majority of them disrupt the synthesis of nucleic acids [84]. 

Human cells possess the capability to recycle purines and pyrimidines, utilizing them 

to synthesise deoxyribonucleotides necessary for DNA synthesis. Antimetabolites, which 

are analogues of these nucleotide precursors, have emerged as a crucial class of anticancer 

drugs. In 2009, 14 antimetabolites were approved by the FDA for cancer treatment, 

constituting nearly  20 % of all anti-cancer agents [86]. In recent years, pharmaceutical 

industries have developed and characterised numerous novel drugs based on nucleoside 

analogues. As of 2023, there were 18 antimetabolite drugs approved for cancer treatment in 

the U.S. [87], [88]. 

There are two important antimetabolite sub-groups: folic acid and purine/pyrimidine 

analogues. Folic acid is a crucial compound that, in its reduced form, can transfer one-

carbon groups to other molecules. This process is essential, for example, in converting 

deoxyuridine monophosphate to deoxythymidine monophosphate. Folic acid is reduced by 

dihydrofolate reductase, an enzyme, that has become a target for many folic acid antagonists 

(e.g. methotrexate). The effect of methotrexate combines the inhibition of dihydrofolate 

reductase and the inhibition of enzymes necessary for pyrimidine synthesis (thymidylate 
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synthase). It is used to treat many cancers, including acute childhood leukemia, as well as 

breast, testicular, and lung cancers in adults [85], [89]. 

The other sub-group comprises analogues of natural purine and pyrimidine bases 

or nucleosides. These antimetabolites are imported into cells, usually by a membrane 

transporter, and are transformed into analogues of nucleoside triphosphates that can interfere 

with DNA synthesis, leading to DNA damage, replication blockage and apoptosis [86]. 

Antimetabolites of purine and pyrimidine bases primarily target the DNA 

polymerases involved in DNA replication, including DNA polymerase α, δ, and ε. These 

compounds exert their activity by competing or substituting for the natural nucleotides, 

interfering with DNA synthesis and ultimately leading to chain termination. This sub-group 

comprises several drugs, including 6-mercaptopurine, 5-fluorouracil, capecitabine, 

cytarabine, and gemcitabine. They are commonly used in the treatment of various cancers, 

such as childhood acute lymphocytic leukemia, and colorectal, breast, stomach, pancreatic, 

or non-small-cell lung cancers [86].  

1.2.1.5.1 Gemcitabine 

Gemcitabine (2′,2′-difluorodeoxycytidine, Gemzar®) is a cytidine analogue with two 

fluorine atoms (Fig. 1) and one of the most prescribed anticancer drugs in the world [90]. 

Initially developed as an antiviral agent, but is now primarily used to treat pancreatic 

adenocarcinoma, breast, ovarian, bladder, and non-small-cell lung cancer [90], [91].  

 

Figure 1. A cytidine analogue gemcitabine with two fluorine atoms replacing the hydroxyl in the ribose. 

Created in ChemSketch. 

 

The most frequently used schedule in clinical practice involves the intravenous 

administration of 1 000 mg/m2 weekly for 3 weeks, followed by a one-week break. 

In addition to adult patients, gemcitabine is often prescribed to children due to mild toxicity 

[90], [92]. The most common side effects include anaemia, thrombocytopenia, fatigue, 
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and vomiting. Importantly, these adverse effects are clinically manageable, and fatal 

treatment-related occurrences are reported in only 1 to 4 % of patients  [93]. 

It has become the standard treatment for locally advanced and metastatic pancreatic 

cancer. Pancreatic cancer is one of the most devastating malignancies, characterised by 

a median survival rate of fewer than 5 months post-diagnosis and a 5% five-year survival 

rate. This poor prognosis is mainly attributed to late prognosis, limited efficacy of drugs due 

to poor penetration, tumor cell chemoresistance, aggressive tumor behaviour, and the 

inability to perform the surgical intervention in the majority of patients [93], [94].  

Gemcitabine is administered as a prodrug, meaning that after administration, 

it requires to be metabolised into its active triphosphate form. It enters cells through a group 

of membrane proteins known as human nucleoside transporters (hNTs) [94]. Subsequently, 

three phosphate groups are added to it by the enzymes deoxycytidine kinase, pyrimidine 

nucleoside monophosphate kinase, and nucleoside diphosphate kinase [90], [94]. 

Gemcitabine's primary mechanism of action is the inhibition of DNA synthesis by 

incorporating its triphosphate form (dFdCTP) into DNA. This incorporation is followed by 

the addition of a single deoxynucleotide, leading to the termination of chain elongation as 

the DNA polymerase is incapable of proceeding. This process is also known as masked 

chain termination (Fig. 2) [94]. Moreover, gemcitabine blocks the activity of repair 

enzymes, preventing its removal from DNA. Furthermore, gemcitabine diphosphate inhibits 

ribonucleotide reductase, a crucial enzyme responsible for the synthesis of 

deoxynucleotides [90], [94].  

 

 

Figure 2. Masked chain termination. After the incorporation of dFdCTP and another deoxynucleotide, DNA 

polymerase is unable to proceed and the chain elongation is stopped, ultimately leading to apoptosis. Adapted 

from [94]. Created in Inkscape.  

 

Gemcitabine undergoes deactivation through several mechanisms, including 

deamination by cytidine deaminase, which exhibits a significantly high affinity for 

gemcitabine. Additionally, deoxycytidylate deaminase metabolizes the monophosphate 

form, and the monophosphate can also be dephosphorylated to a nucleoside [94]. Of these 
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processes, inactivation by cytidine deaminase is the most significant, as this enzyme is 

highly expressed in the liver and plasma, resulting in the inactivation of the majority of the 

administered drug [90], [94]. 

Over 75 % of gemcitabine is excreted in the urine within the first 24 h after being 

metabolised to 2′,2′-difluoro-deoxyuridine by cytidine deaminase. Furthermore, no changes 

in pharmacokinetics were observed when gemcitabine was administered in combination 

with cisplatin or paclitaxel [90]. Collectively, these findings suggest that enhanced anti-

tumor efficacy could be achieved by prolonging systematic exposure of tumors to 

gemcitabine through a DDS. This has been demonstrated, for example, through the use of 

poly(ethylene glycol), hydrogel polymers composed of a pentablock terpolypeptide, or 

covalent coupling of squalene, a natural lipid. Many of these modifications have shown 

prolonged circulation time, reduced metabolic degradation, and improved gemcitabine 

stability [91], [93], [95].  

1.3 Chemotherapy Limitations and Multidrug 

Resistance 

In cancer treatment, chemotherapy serves as a cornerstone in managing various types of 

cancer across different disease stages. As a result, developing resistance to chemotherapy 

may lead to treatment ineffectiveness and adverse outcomes, including death [96]. Statistical 

data indicates that the majority of cancer-related deaths are linked to drug resistance [97]. 

Chemotherapy resistance is a multifactorial phenomenon caused by alterations in the 

metabolism and genomic processes of cancer cells. It has become one of the main targets in 

cancer research. Over the years, numerous mechanisms of chemotherapy resistance have 

been discovered, such as alterations in drug metabolism, increased drug efflux and changes 

in apoptotic pathways [96], [97]. 

1.3.1 Drug Metabolism 

Drug metabolism is a crucial process involving alterations in drug polarity (hydrophilicity) 

to facilitate its removal from the body. It comprises two main processes aimed at increasing 

the polarity of the drug. The initial step entails reactions such as hydroxylation, reduction, 

and oxidation, while the subsequent step involves binding the drug to structures, such as 

glutathione, glucuronic acid, or an amino acid [96]. While drug metabolism primarily 

functions as a detoxification mechanism diminishing the effect of the drug, it can lead to 

drug activation in some cases. Moreover, these modifications can also alter the 
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pharmacokinetics of the metabolite, resulting in enhanced efficacy [96], [98]. The primary 

group of enzymes responsible for this process are cytochromes P450 [96]. They play 

an important role in activating many anti-cancer agents, such as cyclophosphamide 

or tamoxifen [99], [100]. However, their overexpression has been also associated with 

resistance to chemotherapy due to the rapid inactivation of other drugs, including irinotecan  

[101]. 

1.3.2 Multidrug Resistance 

Multidrug resistance (MDR) is another critical mechanism that enables cancer cells to 

survive exposure to a wide array of anti-cancer drugs. This type of resistance is often 

mediated by the upregulation of the expression of specific membrane proteins known as 

ATP-binding cassette transporters (ABC transporters) [97]. The three most important 

members of the ABC transporters are P-glycoprotein (P-gp), multi-drug resistance-

associated protein 1 (MRP1), and breast cancer resistance protein (BCRP) [102]. These 

proteins are responsible for the absorption, regulation of distribution, and excretion of 

numerous chemical compounds within the body [97]. P-gp, for instance, normally functions 

as a biological barrier, actively removing toxins from cells, however, it can also bind and 

pump out a range of chemotherapy agents, including vinblastine, methotrexate, doxorubicin, 

and paclitaxel, using energy from ATP hydrolysis [97], [102]. Elevated expression of P-gp 

has been observed in approximately 50 % of tumors [97].  

Another challenge in cancer treatment is mutations or downregulation of solute 

carrier (SLC) proteins, which facilitate the uptake of drugs into cells. In many cancers, 

mutations and downregulation of these proteins hinder the efficient import of anti-cancer 

drugs, further contributing to drug resistance [102]. 

1.3.3 Apoptosis 

Programmed cell death, or apoptosis, is an evolutionarily conserved process fundamental 

for organism development and maintaining tissue homeostasis. Additionally, it serves as 

a response to cell damage and external stress. This genetically programmed process is 

characterised by several features, including fragmentation of DNA in the nucleus, 

condensation of chromatin material, loss of adhesion to extracellular matrices, and cell 

shrinkage [103]. Furthermore, apoptosis involves the expression of phosphatidylserine on 

the outer membrane and the activation of caspases, which are cysteine aspartyl proteases 

capable of degrading different substrates, such as actin and nuclear lamin [102], [103].  
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However, when cancer cells lose the ability to undergo apoptosis, they may become 

capable of uncontrolled proliferation. Numerous proteins are responsible for apoptosis 

resistance, and many of them have been observed to be overexpressed in various tumors. 

Apoptosis occurs through both extrinsic and intrinsic pathways [103]. Additionally, another 

pathway involving T-cell-mediated cytotoxicity has been observed. This process entails the 

effects of granzyme B and perforin, ultimately leading to cell death [104].  

1.3.3.1 Intrinsic Apoptosis 

The intrinsic pathway, which originates in mitochondria, is mediated through pro-apoptotic 

proteins (Bax, Bak, Bim, Bid, PUMA) and anti-apoptotic proteins (Bcl-2, Bcl-xL, Bcl-w, 

MCL1). Various intra and extra-cellular stressors causing DNA damage, including 

irradiation, oxidative stress, and exposure to anti-cancer agents trigger this pathway [102], 

[103].  

The detection of DNA damage is facilitated by DNA damage response (DDR) 

pathways, which serve as defence mechanisms to protect the genome. These pathways 

involve various proteins and complexes, including MRN, ATM, and MDC1, leading to the 

activation of signaling pathways and molecules that modulate DNA repair, cell cycle 

progression, cell death, and cell metabolism. Among these, p53, also known as the guardian 

of the genome, is the most important effector molecule. As a transcription factor, p53 

activates the expression of numerous genes involved in the intrinsic apoptosis pathway, such 

as Bax, Bid, and PUMA [105], [106]. 

Upon activation by Bim/Bid, Bax/Bak proteins are inserted into the mitochondrial 

membrane, causing the release of cytochrome c into the cytosol. Bax and Bak play a crucial 

role in this process by forming macropores in the outer mitochondrial membrane, leading 

to mitochondrial outer membrane permeabilization. Conversely, anti-apoptotic proteins 

hinder this process by binding and inhibiting Bax and Bak. Subsequently, an apoptosome is 

formed through the interaction between cytochrome c, Apaf-1, ATP and procaspase-9. 

This formation leads to the cleavage of caspase-9, which activates executioner caspases, 

such as caspase-3, caspase-6, and caspase-7, ultimately resulting in cleavage of cell-death 

substrates (PARP, nuclear lamins) [105], [107], [108].  

Additionally, proteins like SMAC (Second mitochondria-derived activator of 

caspases), IAPs (Inhibitors of apoptosis), and MYC, an oncogene, modulate this process. 

Following apoptosis initiation, SMAC is released alongside cytochrome c from the 

mitochondria. SMAC acts as an antagonist of IAPs, blocking their function as negative 

regulators of apoptosis. Dysregulation of the expression of anti-apoptotic and pro-apoptotic 
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genes has been observed in many cancers, contributing to the development of drug 

resistance [105], [107].  

1.3.3.2 Extrinsic Apoptosis 

The extrinsic pathway is initiated by the binding of ligands such as tumor necrosis factor 

(TNF), Fas ligand (FasL), and TNF-related apoptosis-inducing ligand (TRAIL) to their 

respective transmembrane receptors. These ligands bind to the Type 1 TNF receptor 

(TNFR1), Fas, and TRAIL receptors (Death receptors 4 and 5), leading to receptor 

trimerization. Upon TNF binding, the receptor undergoes trimerization and recruits the TNF 

receptor-associated death domain (TRADD), which binds TNF receptor-associated factor 

(TRAF), receptor-interacting protein kinase (RIP1 or RIPK1), and cellular inhibitor of 

apoptosis proteins (cIAPs), forming Complex I. In the Fas-mediated pathway, binding of 

a Fas ligand to Fas receptors initiates the formation of a death-inducing signaling complex 

(DISC), consisting of a Fas-associated death domain (FADD), cellular FLICE inhibitory 

proteins (c-FLIPs), procaspase-8, and procaspase-10. Formation of DISC activates 

caspase-8 and caspase-10, leading to its dissociation from the complex and subsequent 

activation of effector caspases (-3, -6- and -7). Caspase-8 activation also triggers the 

activation of BID protein, which translocates to the mitochondrial membrane and 

contributes to cytochrome c release. TRAIL signaling mechanism closely resembles that of 

the Fas-mediated pathway.  [102], [103], [107].  

Numerous proteins serve as negative regulators of cell death and are frequently 

overexpressed in different types of cancer. Therefore, many of these proteins have become 

targets in cancer therapy, intending to induce apoptosis in cancer cells. Among these proteins 

are death signal receptors (TNFR1, Fas, and TRAIL receptor), anti-apoptotic Bcl-2 proteins 

(Bcl-2, Bcl-XL, and Mcl-1), as well as members of the IAP family [103], [109]. 

1.4 Inhibitor of Apoptosis Proteins 

IAPs constitute a family of proteins initially discovered in insect cells during baculoviral 

infections, where they act as crucial inhibitors of cell death [110], [111]. In mammalian 

cells, they possess the same role, working as negative regulators of caspases. Furthermore, 

IAPs play a significant role in ubiquitin (Ub)-dependent signaling processes, acting as E3 

ubiquitin ligases. This function involves facilitating the transfer of Ub from E2 enzymes to 

target substrates. These processes include the modulation of key pathways such as mitogen-

activated protein kinase (MAPK) and nuclear factor-κB (NF-κB), which regulate the 
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expression of genes essential for numerous processes, such as inflammation, cell migration, 

immunity, and cell survival [111].  

Dysregulation of various cellular processes controlled by IAPs is frequently 

observed in cancer, contributing to disease initiation, tumor progression, and maintenance 

[111]. Additionally, aberrant expression of IAPs, along with the downregulation of their 

natural inhibitor SMAC, is frequently detected in many cancers [112]. Consequently, IAPs 

have emerged as promising targets in cancer therapy [111]. 

1.4.1 IAP Family and Structure 

The family consists of eight members, each differing in structure and function (Fig. 3, p. 33) 

[112]. The first member discovered was NRL family apoptosis inhibitory protein (NAIP) in 

1995, found in type I spinal muscular atrophy patients, where it was proposed to contribute 

to the pathogenesis of the disease [113]. The following year, X chromosome-linked IAP 

(XIAP), cellular inhibitor of apoptosis 1 (cIAP1), and cellular inhibitor of apoptosis 2 

(cIAP2) were identified, followed by the discovery of Apollon, Survivin, melanoma IAP 

(ML-IAP), and IAP-like protein 2 (ILP-2) [112], [114].  

The main characteristic shared by all members of the IAP protein family is the 

presence of the baculovirus inhibitor of the apoptosis protein repeat (BIR) domain. This 

domain is approximately 70 residues long and is essential for protein-protein interactions. 

There are 3 such BIR domains (BIR1, BIR2, BIR3) in IAP proteins, usually located in their 

N-terminus portion, although their arrangement may vary among individual IAPs. 

In addition to the BIR domain, XIAP, cIAP1, cIAP2, ILP-2, and ML-IAP also contain 

a RING (Really Interesting New Gene) domain, which contributes to their E3 ubiquitin 

ligase activity. Furthermore, XIAP, cIAP-1, cIAP-2, and ILP-2 possess a ubiquitin-

associated domain (UBA), crucial for the binding of IAPs to Lysine-linked 

polyubiquitination. A caspase-recruitment domain (CARD) is a distinctive feature of cIAPs, 

contributing to the regulation of E3 activity by inhibiting RING-mediated dimerization and 

E2 binding [111], [112]. Additionally, the ubiquitin-conjugating domain (UBC) is unique 

for Apollon, facilitating the covalent attachment of ubiquitin to target proteins (Fig. 3, p. 33) 

[111], [115]. 
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Figure 3. IAP family. This protein family consists of 8 members found in the human body differing in their 

structure and functions. Adapted from [116]. Created in Inkscape. 

1.4.2 BIR Domain 

The BIR domain stands as the cornerstone of IAPs, providing them with the ability to 

interact with other proteins, including binding to target proteins and adaptor molecules. 

The domain features specific invariant amino acid residues, including a conserved histidine 

and three cysteines, crucial for the coordination of a zinc ion. This coordination is necessary 

for stabilizing the BIR tertial structure. Besides these residues, there are differences in the 

structure of the three BIR domains (BIR1, BIR2, BIR3), explaining the variability in their 

functions [111], [117]. 

There are two distinct types of BIR domains, distinguished by the presence of a deep 

peptide-binding groove. Type-I BIR (BIR1) domains possess a shallow binding groove and 

lack a peptide-binding groove. In contrast, type-II BIR (BIR2/3) domains feature 

a distinctive hydrophobic groove enabling them to bind IAP-binding motifs (IBMs) found 

in caspases and IAP-inhibitory molecules like SMAC [111]. A crucial part of an IBM is 

an N-terminal alanine or serine, which inserts into the hydrophobic groove and forms 

hydrogen bonds with neighbouring residues, securing the binding of IBM-carrying proteins 

to an IAP [111], [118].  

Apoptosis-regulatory IAPs like XIAP, cIAP1, and cIAP2 contain two type-II BIR 

domains arranged in tandem. This structure serves two purposes: it expands the range of 

proteins they can interact with, and it enhances their affinity for specific IBM-containing 

target proteins, particularly those that are dimeric or oligomeric. Additionally, these IAPs 

possess a type-I BIR domain, which employs distinct strategies to interact with a diverse set 
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of target proteins [111]. For instance, BIR1 of XIAP binds to TAB1, an adaptor protein of 

transforming growth factor-β activated kinase 1 (TAK1), while BIR1 of cIAPs interacts with 

TRAF2, an adaptor protein in the TNF signaling pathway (discussed further in the 

Physiological Role of IAPs chapter). Therefore, type-I BIR domains play a crucial role in 

connecting IAPs to specific signaling processes [119], [120], [121]. 

1.4.3 RING Domain 

The RING domain, another distinguishing characteristic of apoptosis-regulatory IAPs, 

is located at the C-terminal region. It functions as a ubiquitin ligase (E3) enzyme, facilitating 

the transfer of Ub to target proteins [111]. Ub, a small protein, can be covalently bound to 

target proteins through a process involving 3 enzymes: ubiquitin-activating enzyme (E1), 

ubiquitin-conjugating enzyme (E2), and E3 [122].  

Ub activation occurs when E1 utilizes ATP hydrolysis to form a thioester bond 

between its active-site cysteine residue and the C-terminus of Ub. Subsequently, Ub is 

transferred to the active-site cysteine of E2. The last step involves the interaction between 

Ub-charged E2 and E3, which facilitates the transfer of Ub to different substrates depending 

on its specificity. There are three subfamilies of E3 enzymes based on their mechanism of 

Ub transfer. The RING subfamily can simultaneously interact with Ub-charged E2 and 

substrate, providing direct transfer of Ub to the target. In contrast, HECT and RBR E3 

ligases facilitate a two-step mechanism of Ub transfer [122], [123]. 

E3 ligases can transfer Ub to lysine, cysteine, serine, and threonine residues, as well 

as the free amino group of the N-terminus of target proteins, forming isopeptide, thioester, 

hydroxyester, and peptide bonds, respectively. After the initial ubiquitination, more Ub 

molecules can be linked to the first Ub molecule creating polyubiquitin chains. During this 

elongation, the C-terminal glycine of the first Ub molecule can be linked to one of seven 

lysine residues of other Ub via an isopeptide bond  (Lys6, Lys11, Lys27, Lys29, Lys33, 

Lys48 or Lys63). Moreover, Ub can be linked to the N-terminus of another Ub, forming 

Methionine1 (M1)-linked Ub chains [122], [123]. 

These diverse Ub chains result in different cellular outcomes. For example, 

K48-linked poly-Ub chains typically target proteins for proteasomal degradation, whereas 

M1- and K63-linked chains regulate various biological processes, including MAPK and 

NF-κB signaling pathways [111], [124]. 

The activity of the E3 domain in IAPs is tightly regulated through signaling 

pathways, such as TNF, and NF-κB. In the absence of any signal, cIAP1 remains in 
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an inactive monomeric state, formed through an intramolecular interaction between the 

BIR3 and RING domains, which blocks the activation (dimerization) of the RING domain. 

This autoinhibition is further enhanced by the interactions with the CARD domain [111], 

[125], [126]. 

Activation of E3 ligase activity is initiated by binding of IAP to a substrate through 

the BIR3 domain, which disrupts the interaction between the BIR3 and RING domains. 

Furthermore, it induces dimerization of the RING domain, crucial for the transfer of Ub 

from E2 to the substrate [111], [127].  

However, the binding of SMAC or SMAC mimetics (anti-cancer drugs) to one of 

the BIR domains triggers autoubiquitination and subsequent degradation of cIAPs (Fig. 4). 

By mimicking the presence of a substrate, SMAC/SMAC mimetics facilitate the transfer of 

Ub to one of the lysine residues in cIAPs, leading to its proteasomal degradation [128], 

[129]. 

 

Figure 4. Effect of SMAC/SMAC mimetic on cIAP1/2. In the presence of these molecules, RING-RING 

interaction leads to cIAP dimerization, leading to autoubiquitination and proteasomal degradation of cIAP1/2. 

Adapted from [111]. Created in Inkscape. 

1.4.4 Physiological Role of IAPs 

The primary function of IAPs is to prevent apoptosis by inhibition of caspases. Among the 

IAP family, XIAP is the only member known to directly bind and inhibit caspase-3, -7, and 

-9 [117]. XIAP achieves inhibition of caspases-3 and -7 through a key-lock mechanism, 

where the BIR2 domain binds next to the active-site pocket, thus preventing the binding of 

the substrate. In contrast, XIAP inhibits caspase-9 by the interaction of the BIR3 domain 

with the enzyme, thereby blocking the dimerization of caspase-9, a critical step for its 

activity (Fig. 5, p. 36) [111]. 
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Figure 5. Mechanisms of XIAP-mediated inhibition of caspase-3/7 and caspase-9. A key-lock mechanism of 

the BIR2 domain in caspases-3/7 and a blockade of dimerization by the BIR3 domain in the case of caspase-9. 

Adapted from [111]. Created in Inkscape. 

 

Additionally, cIAPs play a crucial role in mediating the activation of the MAPK and 

NF-κB pathways triggered by TNF-receptor (TNFR) family members (Fig. 6, p. 37) [130]. 

Upon the binding of TNF to TNFR1, Complex I is formed, consisting of TRADD, TRAF2, 

cIAP1/cIAP2, and RIP1 [111], [131]. The ubiquitination of RIP1 by cIAPs recruits the 

Linear Ub chain assembly complex (LUBAC), comprising heme-oxidized IRP ubiquitin 

ligase 1 (HOIL1), HOIL-1L-interacting protein (HOIP), and SHANK-associated 

RH-domain interactor (SHARPIN). This recruitment also involves the kinase complex 

composed of transforming growth factor beta-activated kinase 1 (TAK1), TAK1-binding 

protein 1 (TAB1), and TAK-1 binding protein 2 (TAB2), as well as the IKK complex, which 

consists of NF-κB essential modulator (NEMO), inhibitor of kappa B kinase α (IKKα), 

and inhibitor of kappa B kinase β (IKKβ) [132]. Once recruited, LUBAC modifies RIP1 

and NEMO with M1-linked Ub chains, stabilizing the signaling. Moreover, the 

ubiquitination of NEMO induces a conformational change in the IKK complex, potentially 

facilitating its activation. Consequently, the degradation of inhibitors of NF-κB occurs, 

resulting in the translocation of NF-κB to the nucleus and initiation of expression of target 

genes involved in cell proliferation and survival, as well as expression of pro-inflammatory 

molecules in immune cells [111], [116]. The MAPK pathway is activated by the complex of 

three kinases TAK1, TAB1, and TAB2. The polyubiquitin chains produced by LUBAC 

serve as a docking platform for this complex, thus activating it [126]. 
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Furthermore, XIAP, cIAP1, and cIAP2 collectively regulate the formation of the 

Ripoptosome, an upstream cell-death-inducing platform. This complex forms due to 

the degradation of IAP proteins, which serve as negative regulators. The Ripoptosome 

complex includes RIP1, Fas-associated death domain (FADD), and caspase-8, leading to 

apoptosis [133], [134]. The activation of caspase-8 triggers the cleavage and subsequent 

activation of Bid, initiating the intrinsic pathway of apoptosis [135]. However, in the 

absence of caspase-8, a Ripopstosome-derived complex is formed, comprising FADD, 

RIPK1, and RIPK3/RIP3, ultimately triggering necroptotic cell death (Fig. 6) [116]. 

 

 

Figure 6. Overview of extrinsic and intrinsic pathways of apoptosis and the role of IAP proteins in these 

processes. Adapted from [111], [116], [116], [126], [131], [132], [133], [134], [135]. Created in Inkscape. 

1.4.5 IAPs and Cancer 

IAPs have emerged as potential druggable targets in cancer treatment due to their pivotal 

role in apoptosis regulation and signaling pathways, coupled with their observed 

overexpression in various types of cancer [112].  

Similar levels of IAPs expression have been observed in healthy and cancerous 

tissue in breast carcinoma, but increased levels of XIAP and survivin have been associated 

with advanced disease stages [136]. In pancreatic carcinoma, elevated expression of cIAP2, 

survivin, ML-IAP, and XIAP have been documented. Furthermore, a correlation between 

an increased expression of cIAP2 and resistance to paclitaxel, doxorubicin, and 

5-fluorouracil  has been found [137]. Similarly, elevated expression of multiple IAPs has 

been observed in prostate cancers [138].  
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1.4.6 IAP Inhibitors  

The discovery of SMAC, a natural inhibitor of IAPs, and the findings of its downregulation 

in many cancers, have sparked interest in developing new compounds that mimic the 

structure of SMAC to target IAPs for inhibition and degradation [112].  

The mature form of SMAC consists of 184 amino acids and it is released from 

mitochondria during the intrinsic apoptotic pathway along with cytochrome c [112], [139]. 

Upon dimerization through a hydrophobic interface, SMAC interacts with IAP domains 

BIR2 and BIR3, neutralizing their inhibitory effects on caspases [140]. The crucial part of 

the interaction is the first four N-terminal residues, also referred to as the alanine-valine-

proline-isoleucine (AVPI) domain (Fig. 7, p. 39). Following the interaction, the AVPI 

domain activates the RING activity of IAP, leading to the inhibition or degradation of 

cIAP1, cIAP2, XIAP, or ML-IAP [129]. 

In response to the evasion of apoptosis and SMAC downregulation in cancer cells, 

SMAC mimetics (IAP inhibitors) have been developed. They replicate the AVPI domain 

structure to optimize their pharmacological properties. These mimetics are categorised into 

four generations, including GDC-0512, SM-406, Birinapant, LCL-161, and AZD5582 

[112]. However, most of these drugs have shown low efficacy in Phase I/II clinical trials 

and therefore are being tested in combination with different cytotoxic agents, including 

paclitaxel, docetaxel, irinotecan, gemcitabine, and carboplatin [116]. 

LCL-161 (Fig. 7, p. 39), an orally bioavailable compound, exhibits binding affinity 

for cIAP1, cIAP2, and XIAP [141]. It demonstrated a promising potential to induce cell 

death in leukemia and hepatocellular carcinoma cells [142], [143]. Moreover, LCL-161 

showed good tolerability in solid tumors patients in the phase I study [112], [144]. 

However, this study also revealed poor efficacy as a single drug with a maximum tolerated 

dose determined to be 1800 mg [144]. Conversely, positive outcomes were observed when 

LCL-161 was combined with paclitaxel [112]. 

AZD5582 (Fig. 7, p. 39), a dimeric IAP inhibitor, binds to cIAP1, cIAP2, and XIAP. 

It demonstrated efficacy in breast and pancreatic cancer cell lines by inducing apoptosis 

[145], [146]. Interestingly, it also showed potential in HIV treatment by activating the 

NF-kB pathway. The mechanism involves breaking the latency of the virus by inducing the 

expression of HIV protein, thereby activating the immune system [147].  



39 
 

         

Figure 7. AVPI domain of SMAC in black, LCL-161 in blue, and AZD5582 in green. LCL-161/AZD5582 

works as mimetics of the AVPI tetrapeptide. Compared to LCL-161, AZD5582 is a dimeric molecule 

connected through a linker. Created in ChemSketch. 

1.5 Drug Delivery Systems for Cancer Therapy 

In recent decades, significant progress has been made in cancer treatment, largely attributed 

to an improved understanding of the underlying mechanisms of cancer development and 

progression. Despite these advancements, numerous cancers remain difficult to treat 

effectively, with a need for novel approaches [148]. As developing new drugs is 

time-consuming and expensive, researchers have increasingly focused on enhancing the 

efficacy and safety of existing medications through various strategies, including 

individualized drug therapy or the utilization and development of DDS [149].  

The primary objectives for all DDS are to reduce drug toxicity, enhance the 

accumulation at the target site to maximize the therapeutic efficacy, and minimize drug 

accumulation in healthy tissues [150]. Currently, numerous DDS in cancer therapy are 

employed for various anti-cancer agents. Examples include nab-paclitaxel and pegylated 

liposomal doxorubicin, which passively target tumors through modifications in their 

physicochemical characteristics. Based on these passive targeting approaches, the second 

generation of drug delivery systems actively targeting drugs to tumors by utilizing small 

organic molecules and peptides specific to cancer cells is under development [151]. 

1.5.1 Types of Drug Delivery Systems 

In recent years, there has been a significant increase in research focused on exploring a wide 

range of inorganic (metal and nonmetallic) and organic materials, including liposomes, 

exosomes, natural polymers, and synthetic polymers, for their applications in drug delivery. 

These DDS have shown promise in addressing the challenges of cancer therapy 

demonstrating selective accumulation in tumors and improved treatment efficacy [151].  

Metal nanoparticles are derived from a range of materials, such as gold, zinc oxide, 

or silver [152], [153], [154]. They can be characterised by their anticancer, antimicrobial, 

and magnetic properties, making them usable in various areas, including food science and 
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medicine [151]. In cancer treatment, they can be employed either per se for their cytotoxic 

effect or in combination with other drugs for enhanced therapeutic efficacy [155], [156]. 

Furthermore, metal nanoparticles are also used as DDS to deliver agents directly to tumor 

tissue. This is achieved by modifying the surface of nanoparticles with targeting ligands, 

including antibodies or nucleic acids [157]. 

Nonmetallic nanoparticles include silicon and carbon substances. Their main 

advantages are high biocompatibility, low cytotoxicity, and low cost for their preparation. 

They can work as part of photodynamic therapy due to their photoluminescence ability but 

are also used as nano-containers for hydrophobic drugs [151]. These include for example 

carbon nanotube DDS, which have been used in near-infrared photothermal ablation therapy 

and also have been investigated as drug delivery systems for their ability to cross biological 

barriers [158]. 

Liposomes stand as one of the most successful and versatile DDSs, offering several 

advantages such as biocompatibility, prolonged circulation time, controlled drug release, 

passive tumor targeting, and improved efficacy of various drugs. Moreover, they are used 

to enhance drug solubility and reduce toxicity. Liposomes are spherical vesicles formed by 

the self-assembly of phospholipids, creating a bilayer structure with an aqueous cavity 

inside for drug encapsulation [159]. Their size ranges from 30 nm to micrometres, with the 

phospholipid bilayer typically being 4-5 nm thick [160]. This unique structure facilitates 

fusion with cell membranes, enabling cargo delivery into cells [148]. The bilayer consists 

mainly of glycerophospholipids, sphingomyelin, and cholesterol, imparting negative 

or neutral charges at physiological pH [160]. Due to their size, surface charge, and 

modifications, liposomes are swiftly cleared upon recognition by the reticuloendothelial 

system. However, the bilayer can be covalently modified with polyethylene glycol (PEG), 

creating stabilized 'stealth' liposomes. This modification generates repulsive forces from the 

liposome surface, protecting liposomes from serum protein binding, reducing endocytosis 

by targeted cells, and avoiding clearance by the phagocytic system [160], [161]. 

Additionally, PEG can be further modified with antibodies and proteins to facilitate targeted 

tumour delivery [148]. These molecules can specifically bind receptors and certain moieties 

at the target size improving the delivery efficacy [162]. 

Exosomes are nanoscale extracellular vesicles surrounded by a lipid bilayer 

membrane, which can act as biological cargos transporting various biologically active 

molecules such as nucleic acids and proteins into target cells. They are secreted and 

absorbed by a wide range of eukaryotic cells, making them promising candidates for DDS. 

Compared to other delivery systems, exosomes offer advantages such as biocompatibility, 
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low toxicity, and low immunogenicity. Additionally, the presence of anchoring proteins 

naturally enhances the endocytosis of exosomes within target cells [163]. However, one of 

the challenges in exosome-based DDS research is their isolation. Various methods 

are employed for isolation, including ultracentrifugation, ultrafiltration, immunoaffinity, 

and density gradient centrifugation. Furthermore, the heterogeneity in origin, structure, 

storage, and production still limits their clinical application [164]. 

Natural polymer nanoparticles offer various advantages and can be exemplified by 

chitosan (glycan), albumin, and ferritin (proteins) [151]. Chitosan, derived from chitin, 

is a natural cationic polysaccharide and a promising material for DDS. Its main advantages 

include biocompatibility, mucoadhesion, nontoxicity, and biodegradability, as it can be 

degraded by internal lysosome enzymes and chitosanases [165], [166]. Challenges related 

to its poor solubility have been addressed through modifications of hydroxyl and amino 

groups, resulting in improved derivatives [167]. With its structure, chitosan might facilitate 

the passive delivery of numerous anticancer drugs. Additionally, modifications of various 

functional groups in chitosan by peptides, saccharides, and other molecules hold potential 

for active tumor-targeted therapies [168]. 

Synthetic polymeric systems represent fundamental components of soft material 

used in nanomedicine. This is mainly due to their tunable structure, which allows 

the creation of specific nanoparticles or water-soluble systems modified for various 

applications. These systems can be built from different molecules, such as poly(ε-

caprolactone), poly(lactic acid), poly(lactic-co-glycolic acid), and N-(2-hydroxypropyl) 

methacrylamide (HPMA). These materials can encapsulate various drugs either by 

attachment to the polymer surface or dispersion within the polymer matrix. Their main 

advantage, compared to natural polymers, lies in their ability to provide continuous drug 

release over several days or weeks, due to their enhanced stability.  These compounds have 

been tested in cancer therapy over the last years with some promising results [158]. 

1.5.2 HPMA Copolymers as Macromolecular Drug Carriers 

HPMA copolymers are synthetic polymer-based nanomedicines that have been the subject 

of investigation in recent decades, showing significant potential in anti-cancer therapy. 

Interestingly, HPMA polymer was originally developed as a completely synthetic plasma 

expander marketed under the name Duxon™, which demonstrated no toxicity in several 

tested cell lines. A couple of years later, scientists found that HPMA homopolymer was not 

identified as a foreign macromolecule in mice, and no detectable antibodies were produced 

against it, making it a potential candidate for a delivery system. 
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HPMA copolymers can be nowadays characterised as non-toxic, biocompatible, and 

non-immunogenic delivery systems. Furthermore, as DDS, they exhibit enhanced 

pharmacokinetics and minimize the side effects of various drugs. They are water-soluble 

systems with a hydrophilic nature, capable of solubilizing water-insoluble drugs and 

preventing the adsorption of proteins and other macromolecules during blood circulation 

due to the tightly bound water layer. Additionally, HPMA copolymers have demonstrated 

prolonged blood clearance and improved accumulation in solid tumors, primarily attributed 

to the enhanced permeability and retention (EPR) effect. Moreover, a properly selected 

spacer and type of bond between the drug and copolymer facilitate the controlled release of 

the drug within cancer cells [169]. 

1.5.2.1 Enhanced Permeability and Retention Effect 

More than three decades ago, scientists discovered vascular permeability associated with 

inflammation, which was triggered by microbial infection and mediated by the generation 

of bradykinin, a peptide that promotes inflammation.  Subsequently, the presence 

of bradykinin and other mediators such as nitric oxide, collagenase, prostacyclins, 

prostaglandins, thromboxanes, and leukotrienes has been observed in tumors [170]. 

This discovery led to the development of a novel concept in selective cancer drug delivery 

of macromolecules, known as the EPR effect, which relies on the vascular permeability of 

tumor tissue [171]. 

The formation of new blood vessels, i.e. angiogenesis, is a crucial process during 

fast tumor growth. It is primarily mediated by vascular endothelial growth factor (VEGF), 

also known as vascular permeability factor (VPF). VEGF not only promotes angiogenesis 

but also enhances vascular permeability, ensuring an adequate supply of oxygen and 

nutrients to the tumor tissue. This increased permeability facilitates also the passive delivery 

of macromolecular anti-cancer drugs, characterised by a molecular weight larger than 

40 kDa. Furthermore, impaired clearance of macromolecules from the tumor results in 

prolonged retention in the tumor interstitium, another defining key aspect of the EPR effect 

(Fig. 8, p. 43) [171]. Tumor blood vessels exhibit large fenestrations between endothelial 

cells, allowing macromolecules to leak into the interstitial space of tumor tissue. The EPR 

effect has been also validated in vivo using fluorescent macromolecules, demonstrating their 

accumulation primarily in tumor tissue. Similar results were obtained using HPMA 

copolymer conjugated with Zinc protoporphyrin, exhibiting ten times higher localization in 

tumors compared to other organs [170]. 
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Figure 8. Enhanced retention and permeability (EPR) effect. Increased vascular permeability, mediated 

primarily by VEGF, facilitates a higher accumulation of macromolecules in tumors. Additionally, impaired 

clearance leads to prolonged retention of these compounds within tumors. Adapted from [170], [171], [172]. 

Created in Inkscape. 

1.5.2.2 Design of HPMA Copolymer-bound Drug Conjugates 

The overall therapeutic efficacy of HPMA copolymers is significantly influenced by their 

design, including polymer structure, molecular weight, spacer structure, and the bond 

between the polymer and the drug.  

These systems rely on their molecular weight to accumulate in organisms, 

capitalizing on the EPR effect. Their high molecular weight facilitates uptake and 

accumulation in tumor tissues while also preventing rapid blood clearance. However, there 

is an upper limit to the molecular weight, as compounds exceeding 1 000 kDa can lead to 

severe side effects. Therefore, multiple types of HPMA copolymer structures ranging 

in molecular weight have been developed to optimize their activity. 

The simplest form is a linear copolymer synthesized via the reversible 

addition-fragmentation transfer (RAFT) polymerization method. This method allows the 

synthesis of HPMA copolymers with tunable molecular weight and low dispersity.  

Experiments showed that linear HPMA copolymers with a molecular weight close to the 

renal filtration limit (30-50 kDA) appear to be the most promising [169], [173]. 

After recognizing that HPMA accumulation in solid tumors via the EPR effect can 

be optimized by higher molecular weight, a variety of more complex biodegradable 

conjugates, including star, diblock, and multi-block structures, has been designed [174], 

[175], [176], [177]. Since these DDS are primarily eliminated through renal filtration, 

the molecular weight of the non-degradable part of the conjugate should be below the renal 

filtration threshold.  
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Biodegradable diblock and multiblock conjugates contain spacers between 

individual parts and were synthesized to enhance accumulation in tumors and prolong blood 

circulation. These spacers, primarily enzymatically degraded (GFLG spacer) in lysosomes 

or reductively degraded (disulfide spacer) in the cytoplasm, enable intracellular degradation 

of the DDS and subsequent elimination of the resulting shorter fragments  [169].  

HPMA-based star-like copolymers consist of a hyperbranched dendrimer core and 

polymer arms, linked together through enzymatically or reductively degradable linkers. 

Star-like conjugates with a molecular weight ranging from 150 to 300 kDa demonstrated 

superior accumulation in solid tumors compared to other types of HPMA conjugates 

mentioned [178]. 

Another type of high molecular weight and long-circulating DDS is HPMA polymer 

micelles [179]. These supramolecular structures surpass the renal filtration threshold. 

Below their critical micellar concentration, they disassemble into individual polymer chains 

that can be released. Their core comprises a hydrophobic block made of poly(lauryl 

methacrylate) or poly(ε-caprolactone), surrounded by a hydrophilic shell of HPMA. 

Drugs can be encapsulated within the hydrophobic core or bound by a biodegradable linker 

[169]. 

Another factor influencing the activity is the bond between the HPMA copolymer 

and the drug, which is chosen to exploit the properties of cancer cells [174]. Tumors are 

characterised by a slightly acidic extracellular pH which promotes tumor progression and 

results primarily from anaerobic glycolysis, leading to lactate secretion [180]. HPMA 

copolymers are internalized by cells through endocytosis and processed in lysosomes, which 

have a low pH and contain numerous enzymes [181]. Consequently, HPMA copolymers can 

enhance drug release in tumor tissue through pH- or enzymatically-sensitive bonds  [169]. 

Enzymatically degradable bonds (e.g., amide bond, ValCitPab) undergo degradation in 

lysosomes of cancer cells, while pH-sensitive bonds (e.g., hydrazone) remain stable at 

physiological pH but undergo hydrolysis in the acidic pH of the tumor microenvironment 

or lysosomes [169], [174].  

Drawing from insights into the intricate design features of HPMA copolymers, 

including molecular weight, spacer, and the bond between the copolymer and the drug, 

researchers have developed potent systems capable of carrying various drugs. Among these 

drugs are notable chemotherapeutic agents such as doxorubicin, docetaxel, and paclitaxel, 

which have exhibited remarkable antitumor activity [182], [183]. 
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2 Aims 

The primary aim of this diploma thesis was to characterize the anticancer activity of two 

SMAC mimetics (LCL-161 and AZD5582) as single agents and explore their potential in 

combination with gemcitabine across five different human cancer cell lines (pancreatic 

carcinomas: PANC1, BxPC-3, and MiaPaca-2, prostatic carcinoma: PC-3, breast carcinoma: 

MDA-MB-231). Additionally, our aim was to develop and characterize the anticancer 

properties of HPMA copolymer conjugates bearing LCL-161 and AZD5582. We decided to 

achieve this aim through the following objectives. 

 

1) To determine in vitro cytostatic and cytotoxic activities of LCL-161 and AZD5582 using 

[3H]-thymidine incorporation assay, Annexin V-binding and caspase-3 activity assay. 

 

2) To determine the expression levels of cIAP1, cIAP2, and XIAP in above listed human 

cancer cell lines by real-time PCR, and to correlate their expression to sensitivity to SMAC 

mimetics. 

 

3) To investigate the potential of LCL-161 and AZD5582 to boost the cytostatic and 

cytotoxic activities of gemcitabine through assays mentioned above. 

 

4) To characterize the cytostatic and cytotoxic activities of HPMA-copolymer conjugates 

bearing gemcitabine, LCL-161, and AZD5882 using the [3H]-thymidine incorporation and 

Annexin V-binding assays. 

 

5) To assess the in vivo toxicity of HPMA copolymer conjugates bearing LCL-161, 

AZD5582, and gemcitabine as single agents and in combination.  
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3 Material and Methods 

3.1 Material 

3.1.1 Chemicals 

[3H]-thymidine       PerkinElmer, USA 

Agarose       SigmaAldrich, USA 

Annexin V Dyomics 647      Exbio, Czech Republic  

AZDD5582 Cayman Pharma, Czech 

Republic 

Calcium chloride (CaCl2)      Lachema, Czech Republic  

Dioxyribonucleotide triphosphate mix    Thermo Fisher Scientific, USA  

Disodium hydrogen phosphate (Na2HPO4)    Lachner, Czech Republic 

Dithiothreitol (DTT, 10 mM)     Thermo Fisher Scientific, USA  

DNase        Thermo Fisher Scientific, USA  

DNase buffer        Thermo Fisher Scientific, USA  

Ethanol        VWR, USA  

Ethylenediaminetetraacetic acid (EDTA),  

0.5 M, pH 8.0        Thermo Fisher Scientific, USA  

GB SG PCR master mix      Generi Biotech, Czech Republic  

Gemcitabine       Acros Organics, USA 

Hoechst 33258       Thermo Fisher Scientific, USA  

Hydroxyethylpiperazineethanesulfonic acid (HEPES)  Sigma-Aldrich, USA  

Isopropanol        Sigma-Aldrich, USA  

LCL-161 Cayman Pharma, Czech 

Republic 

PCR mix PPP master mix 

(Taq DNA polymerase in reaction buffer)    Top-Bio, Czech Republic  

Potassium chloride (KCl)      Lachema, Czech Republic  

Reverse transcriptase buffer (5x concentrated)   Thermo Fisher Scientific, USA  

Ribonuclease inhibitor RNase OUT     Thermo Fisher Scientific, USA  

Sodium chloride (NaCl)      Lachner, Czech Republic  

Sodium dihydrogen phosphate (NaH2PO4)    Lachner, Czech Republic  

SuperScript IV reverse transcriptase     Thermo Fisher Scientific, USA 



48 
 

SYBR safe dye for agarose electrophoresis   Thermo Fischer Scientific, USA  

Tris-Acetate-EDTA buffer (TAE, 50x concentrated)  Omega Bio-Tec, USA 

TRIzol, nucleic acid isolation reagent    Ambion, USA  

Trypan blue, 0.4% (v/v) solution     Thermo Fisher Scientific, USA  

Trypsin, 0.5% (v/v) solution  Preparation of media, Institute 

of Molecular Genetics of the 

Czech Academy of Sciences, 

Czech Republic  

Ultra-pure water for PCR      Top-Bio, Czech Republic 

3.1.2 Primers for Real-Time PCR 

Sense and antisense primers for real-time PCR were designed by RNDr. Petra Procházková, 

PhD, from the Laboratory of Cellular and Molecular Immunology team at the Institute of 

Microbiology of the Czech Academy of Sciences and synthesized in Generi Biotech (Czech 

Republic). In this diploma thesis, primers for the amplification of these human genes were 

used: cIAP1, cIAP2, HSPCB, RPS13, XIAP, and YWHAZ. 

3.1.3 Buffers and Gels 

Buffer for Annexin V binding:  10 mM HEPES 

4.09 g NaCl 

140 mg CaCl2 

dH2O 

 

To prepare 500 mL of the buffer, the salt components were dissolved in 495 mL of dH2O. 

Subsequently, 5 mL of 1M HEPES was added to the solution, and the pH of the buffer was 

adjusted to 7.4. 

 

Gel for agarose electrophoresis: 1.3 g agarose 

1x concentrated TAE 

SYBR safe 

 

To prepare the agarose gel, the agarose was dissolved in 100 mL of 1x concentrated TAE 

and then 10 μL of SYBR-safe dye was added to the resulting solution. 
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Phosphate buffer  

(PBS, from Phosphate Buffered Saline):   pH 7.4 

137 mM NaCl 

2.7 mM KCl 

8 mM Na2HPO4  

2 mM KH2PO4  

 

The buffer was prepared by the Media Preparation Facility, Institute of Molecular Genetics 

of the Czech Academy of Sciences. 

 

TAE buffer (1x concentrated):  50x concentrated TAE 

dH2O 

 

To prepare 1 L of TAE buffer, 20 mL of 50x concentrated TAE was mixed with 980 mL of 

dH2O. 

3.1.4 Cell Lines and Cultivation Media 

Cell lines used in this project include BxPC-3, MiaPaca-2, PANC1 (human pancreatic 

carcinomas), MDA-MB-231 (human breast adenocarcinoma), and PC-3 (human prostatic 

carcinoma). They were obtained from ATCC (American Type Culture Collection). Specific 

media were prepared and used for these cell lines. 

3.1.4.1 Cultivation Medium for Cell Lines MiaPaca-2, PANC1, 

MDA-MB-231, and PC-3: 

DMEM (Dulbecco’s Modified Eagle’s Medium) basic medium (Sigma-Aldrich, USA), 1:10 

FTS (Gibco, USA), 1:100 Pen/Strep (Gibco, USA). 

3.1.4.2 Cultivation Medium for Cell Line BxPC-3: 

RPMI-1640 basic medium (Sigma-Aldrich, USA), 1:10 FTS (Gibco, USA), 1:100 Pen/Strep 

(Gibco, USA), 1:100 nonessential amino acids (NEA, prepared by the Institute of Molecular 

Genetics of the Czech Academy of Sciences, Czech Republic).   
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3.1.5 HPMA copolymer conjugates 

In this diploma thesis, 4 HPMA copolymer conjugates were tested besides gemcitabine, 

AZD5582 and LCL-161. One linear conjugate was prepared for Gemcitabine and two for 

LCL-161. An HPMA-based micelle was prepared for AZD5582. Structures and physical-

chemical characteristics are listed below. All of these samples were prepared by the Institute 

of Macromolecular Chemistry by Bc. Kevin Kotalík and Ing. Robert Pola, PhD. 

3.1.5.1 Gemcitabine 

In this diploma thesis, we utilized a linear HPMA copolymer bearing gemcitabine (P-Gem), 

which demonstrated significant potential (results to be published). Gemcitabine is bound to 

the HPMA copolymer via an aminocaproic acid linker through an enzymatically degradable 

amide bond (Fig. 9). The average molecular weight of the compound is 49 000 g/mol, with 

a dispersity of 1.38, and an active substance content of 14.0 %. The sample was stored in 

the fridge and prepared by dissolving it in PBS before use. 

 

Figure 9. Structure of linear HPMA copolymer bearing gemcitabine (highlighted in orange). Gemcitabine is 

bound through an aminocaproic acid linker by an enzymatically degradable amide bond (highlighted in blue). 

Created in ChemSketch. 

3.1.5.2 AZD5582 

Due to the hydrophobic nature of AZD5882 and its dimeric structure, a micelle carrying the 

compound was prepared (Fig. 10, p. 51). The micelle is formed by amphiphilic graft 

copolymer poly(ε-caprolactone)-graft-poly(HPMA). The hydrophobic core is 

biodegradable and the grafts are formed by hydrophilic PHPMA copolymer bearing 

protected hydrazide groups (Boc protecting group). The compound has an active substance 

content of 7.0 % (AZD5582). To prepare for use, the sample was thawed from a -20°C 

freezer and allowed to reach room temperature. It was then dissolved in PBS for 30 min 

with constant shaking, followed by a 2-min sonication to facilitate micelle formation and 

filtration through a 0.45μm filter (VWR, USA).  
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Figure 10. Structure of HPMA-based micelle carrying AZD5582 (referred to as Micelle AZD5582). The 

polymer consists of HPMA (highlighted in red), forming the hydrophilic part, boc protecting groups 

(highlighted in black), and polycaprolactone (highlighted in blue), forming the hydrophobic core where 

AZD5582 (highlighted in green) is encapsulated. Created in ChemSketch and Inkscape. 

3.1.5.3 LCL-161 

For LCL-161, two linear HPMA copolymers were prepared. In Hydrazone-HPMA 

copolymer, LCL-161 (P-LCL161HYD) is bound via a pH-sensitive hydrazone bond (Fig. 11). 

The average molecular weight of the compound is 53 000 g/mol, with a dispersity of 1.23, 

and an active substance content of 5.1 %. The HPMA-ValCitPab copolymer (P-LCL161VCP) 

utilizes an enzymatically cleavable linker for the release of LCL-161 within lysosomes 

(Fig. 12, 13, p. 52). The compound has an average molecular weight of 279 000 g/mol, with 

a dispersity of 1.029, and an active substance content of 7.93 %. Both samples sample were 

stored in a - 20°C freezer and prepared by dissolving them in PBS before use. 

 

Figure 11. Structure of linear HPMA copolymer bearing LCL-161 (highlighted in blue, referred 

to as P-LCL161HYD). The compound is bound through an aminocaproic acid linker and a pH-sensitive 

hydrazone bond (highlighted in red). Created in ChemSketch. 
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Figure 12. Structure of linear HPMA copolymer bearing LCL-161 (highlighted in blue, referred to as 

P-LCL161VCP). The compound is bound through an aminocaproic acid linker (highlighted in purple) followed 

by valine, citrulline, and para-aminobenzylalcohol (highlighted in red), which are important for the release of 

LCL-161. Created in ChemSketch. 

 

 

Figure 13. Mechanism of the release of P-LCL161VCP. After the uptake of the copolymer (highlighted as red 

circle) carrying LCL-161 into lysosomes, Cathepsin B cleaves the bond between citrulline and para- 

aminobenzylalcohol (highlighted in green). Subsequently, acidic hydrolysis occurs, resulting in the formation 

of para- aminobenzylalcohol (highlighted in purple), LCL-161 (highlighted in blue), and CO2 (highlighted in 

orange). Created in ChemSketch. 



53 
 

3.1.6 Experimental Animals 

For the in vivo experiments Athymic Nude-Foxn1nu and NSG mice aged 8-10 weeks and 

weighing a minimum of 20 g were used. Athymic Nude-Foxn1nu mice were obtained from 

AnLab, Czech Republic, while NSG mice were obtained from The Jackson Laboratory, 

USA and bred in the breeding facility of the Institute of Microbiology of the Czech Academy 

of Sciences. Mice had ad libitum access to food and water and were housed in ventilated 

cages (Tecniplast, USA). The handling of the animals was conducted in a laminar flow 

cabinet CS5 EVO (Tecniplast, USA). Experimental activities involving animal work were 

strictly performed according to protocols approved by the Expert Committee for Ensuring 

Good Living Conditions for Laboratory Animals of the Institute of Microbiology of the 

Czech Academy of Sciences and all experiments were carried out in compliance with local 

and European regulations. Animals were handled in the animal facility of the Institute of 

Microbiology, CAS (Decision on granting authorization No. 52105/2018-MZE-17214, file 

number: 16OZ10910/2018-17214), and experiments were conducted with the appropriate 

permit (decision dated April 26, 2021, No. AVCR 2755/2021 SOV II). All animal work was 

performed by a person with the corresponding certification. 

3.2 Devices 

-80 °C freezer        Panasonic, Japan 

-150 °C freezer       PHCbi, Japan 

Analytical scales Pioneer      OHAUS, USA 

Cell harvester Harvester 96      TOCMEC, Germany 

Centrifuge Eppendorf centrifuge 5810 R    Eppendorf, Germany 

Centrifuge Jouan BR4i Thermo Fischer 

Scientific, USA 

CO2 incubator PHCbi MCO-170AICUV    PHC, Japan 

CountlessTM cell counting chamber slides    Thermofischer, USA 

Cycler Biometra Tadvanced      Analytik Jena, Germany 

EVE Automatic cell counter NanoEnTek, South 

Korea 

Flow cytometer LSR II      BD, USA 

Ice maker BREMA, Czech 

Republic 

Laminar box Safe FAST Classic     Faster, Italy 
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Laminar flow cabinet CS5 EVO     Techniplast, USA 

Magnetic stirrer RH basic KT/C     IKA, Germany 

Microscope Olympus CK 30      Olympus, Japan 

pH meter 3510       JENWAY, UK 

Pipettes        Eppendorf, Germany 

Pipettes        Gilson, USA 

Real-time PCR instrument CFX 96 Touch RT-PCR   BioRad, USA 

Rocker 3D shaker       IKA, Germany 

Scintillation detector Microbeta 2450 Microplate counter  PerkinElmer, USA 

Serological (sterile) pipettes 10/25 mL VWR International, 

USA 

Shaker IKA Rocker 3D Digital     Verkon, Czech Republic 

Sliding scale 0.2-100 mm Koh-i-noor Hardtmuth, 

Czech Republic 

Spectrophotometer BioPhotometr     Eppendorf, Germany 

Spectrophotometer Infinite 200 Pro     Tecan, Switzerland 

Spectrophotometer NanoDrop 2000c Thermo Fischer 

Scientific, USA 

Vortex stuar        Cole-Parmer, USA 

3.3 Methods 

3.3.1 Cultivation of Cell Lines, Trypsinization and Subculturing  

Cell lines were stored in 1 mL aliquots (containing 2 million cells per aliquot) at -150 °C. 

Upon thawing, the cell solution was mixed with 5 mL of cultivation medium and centrifuged 

at 1300 rpm for 5 min at 4 °C. The resulting pellet was resuspended in 5 mL of cultivation 

medium and transferred into cultivation flasks containing 20 mL of the appropriate medium.  

The cell lines were cultured in a CO2 incubator under conditions of 5% CO2, 37 °C, and 

100% relative humidity.  

Subculturing was performed every 3-5 days. Adherent cell lines (all cell lines used 

in this project) were transferred into suspension by washing them with 0.05% (v/v) 0.5M 

EDTA solution. Subsequently, the cells were incubated for 6 min with 0.5% (v/v) trypsin 

solution in a CO2 incubator. The cells were then resuspended in 10 mL of medium, and 

80-90 % of the solution was removed. Subsequently, 20 mL of the appropriate medium was 
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added to the cultivation flask containing the remaining cells. All cell manipulations were 

performed within a laminar flow cabinet. 

3.3.2 Counting of the Cells 

The EVE Automatic cell counter was utilized to determine the number of cells for specific 

experiments. 10 μL of cell suspension was mixed with 10 μL of Trypan blue solution. 

Subsequently, 10 μL of the mixture was transferred onto a counting chamber slide and 

inserted into the automated cell counter. Following this, the viability and the number of cells 

in 1 mL of suspension were determined. 

3.3.3 Investigating mRNA Levels of IAP Genes by Real-time PCR 

3.3.3.1 RNA Isolation 

RNA was isolated from all cell lines (BxPC-3, MiaPaca-2, PANC1, MDA-MB-231, and 

PC-3) using a TRIzol nucleic acid isolation reagent. Approximately 2 to 5 million cells were 

used for each isolation. After trypsinization and centrifugation of the cells at 357 g for 5 min 

at 4 °C, the cell pellet was resuspended and homogenized in 1 mL of TRIzol reagent, 

followed by a 5-min incubation at room temperature. Subsequently, 200 μL of chloroform 

was added, and the mixture was incubated for an additional 3 min before centrifugation at 

10 000 g for 20 min at 4 °C.  

Following centrifugation, the mixture was divided into a colourless upper aqueous 

phase, interphase, and a lower red phenol-chloroform phase. The upper aqueous phase 

containing RNA was carefully transferred into a new tube, and 500 μL of isopropanol was 

added to precipitate the RNA. The mixture was then incubated on ice for 10 min and 

centrifuged at 10 000 g for 20 min at 4 °C. The resulting white gel-like RNA pellet at the 

bottom of the tube was washed twice with 1 mL of 75% ethanol. The remaining supernatant 

was discarded and the RNA pellet was air-dried for 5-10 min. Finally, the pellet was 

resuspended in 40 μL of RNase-free water and incubated on a heat block at 60 °C for 10 min. 

The prepared RNA solution was stored at -80 °C until further use. 

3.3.3.2 Reverse Transcription 

For reverse transcription, 2 μg of RNA was utilized, with RNA concentration determined 

by NanoDrop 2000c spectrophotometer at 260 nm. The RNA solution was treated with 

DNAse reagent to remove genomic DNA. 2 μL of DNase buffer and 1 μL of DNAse 
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(TURBO DNA-free kit, Thermo Fischer Scientific) were added to 17 μL of RNA solution, 

followed by a 30-min incubation at 37 °C. After incubation, 2 μL of inactivation buffer was 

added, and the solution was centrifuged at 10 000 g for 2 min at 4 °C. The resulting 

supernatant was transferred to a new tube and combined with oligodeoxythymidine, 

deoxyribonucleotide triphosphate mixture, and PCR water in an 8:1:1:3 ratio, followed by 

a 5-min incubation at 65 °C. 

Subsequently, the reverse transcription mixture, consisting of 5x concentrated 

reverse transcriptase buffer, 10 mM DTT, ribonuclease inhibitor RNAse OUT and 

SuperScript IV reverse transcriptase (SSIV) (in a 4:1:1:1 ratio), was added to the samples. 

The reaction mixture was incubated in a PCR cycler (10 min/50 ⁰C), followed by 

inactivation of SSIV (10 min/80 ⁰C). The purity of cDNA was assessed through PCR and 

agarose gel electrophoresis. Negative controls included RNA incubated without reverse 

transcriptase and cDNA without specific housekeeping gene primers.  

3.3.3.3 Real-time PCR 

Real-time PCR was conducted on FrameStar plates (4titude, Germany) to quantify mRNA 

levels of target genes (HSPCB, RPS13, YWHAZ, cIAP1, cIAP2, XIAP). A reaction mixture 

was prepared, consisting of gb SG PCR master mix, sense and antisense primers, PCR water, 

and 10x diluted cDNA in a ratio of 12.5:1:1:9.5:1.  

Amplification was carried out using a CFX 96 Touch RT-PCR instrument following 

the program: initial denaturation at 95 ⁰C for 10 min, followed by 40 cycles of denaturation 

at 94 ⁰C for 10 seconds, annealing at 58 ⁰C for 25 seconds, and extension at 72 ⁰C for 

35 seconds. 

Additionally, a melting curve analysis was performed from 54 ⁰C to 95 ⁰C. The expression 

levels of cIAP1, cIAP2, and XIAP were normalized to three house-keeping genes (HSPCB, 

RPS13, YWHAZ) and presented as relative expression compared to the PANC1 cell line, 

with SD indicated. Additionally, the expression levels of the three IAP proteins were 

compared across all cell lines. The expression levels were normalized to three housekeeping 

genes (HSPCB, RPS13, YWHAZ) and presented as relative expression compared to cIAP2. 

The evaluation was performed using CFX Manager software (BioRad, USA). 

3.3.4 [3H]-Thymidine Incorporation Assay 

All tested samples were initially diluted according to the experimental requirements. 

Subsequently, 50 μL of each diluted sample was dispended in quadruplicate into wells of 

a 96-well plate (NunclonTM Delta Surface, Thermofisher, USA). Cells were harvested by 
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trypsinization, and upon centrifugation at 357 g for 5 min, the resulting pellet was 

resuspended in 5 mL of medium to determine the cell concentration. 

 A cell suspension of a concentration of 5 000 cells/200 μL (per well) was prepared, 

and 200 μL of this suspension was added to each well of the prepared 96-well plate 

containing the diluted samples. For control groups, 50 μL of the medium was added to each 

well instead of the sample. The plates were incubated in a CO2 incubator for 72 h.  

After incubation, a solution of [3H]-thymidine in a medium (1:250) was prepared, 

and 50 μL of this solution was added to each well. The cells were further incubated in a CO2 

incubator for an additional 8 h. Subsequently, the cells were harvested onto a membrane 

(1450-421 Printed Filtermat, PerkinElmer, USA), sealed into plastic bags (1450-432 Sample 

Bag, PerkinElmer, USA) using a cell harvester (Harvester 96, TOMTEC, Germany), and 

the radioactivity of the samples was measured using a scintillation detector (Microbeta2 

2450 Microplate Counter, PerkinElmer, USA).  

Based on the measured values, the IC50 value was determined as the concentration 

of the tested sample causing a 50% inhibition in cell proliferation, with standard deviation 

(SD) indicated. Each experiment was conducted in quadruplicate and was independently 

repeated at least two times. 

3.3.5 Sensitization to Cytostatic Activity of Gemcitabine by IAP 

Inhibitors: Finding The Synergy 

The potential of IAP inhibitors LCL-161 and AZD5582 to enhance the activity of 

gemcitabine was evaluated using a [3H]-thymidine incorporation assay. The assay protocol 

closely followed that described above. Gemcitabine was appropriately diluted based on the 

specific cell line and experimental conditions, with 50 μL of the diluted solution added to 

each well.  

Concurrently, diluted solutions of LCL-161 or AZD5582 were prepared. 50 μL of 

a solution at a specific concentration was added across the entire titration range 

of gemcitabine. Following this, a cell suspension with a concentration of 5 000 cells per 

150 μL was prepared, with 150 μL dispended into each well.  

Control samples were included, with 50 μL of an appropriately concentrated IAP 

inhibitor together with 50 μL of the medium instead of gemcitabine. The subsequent steps 

mirrored those described in the previous section outlining the [3H]-thymidine incorporation 

assay. Experiments were conducted in quadruplicate, with a minimum of two independent 

experiments performed for each condition. 
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The interaction between the drugs (LCL-161/AZD5582 and gemcitabine) was assessed 

using the online tool SynergyFinder 3.0, a web application designed for interactive analysis 

and visualization of multi-drug and multi-dose combination response data. Leveraging the 

obtained proliferation data from the [3H]-thymidine incorporation assay and the Zero 

Interaction Potency (ZIP) model, this software categorizes drug combinations as either 

antagonistic (resulting in a lower-than-expected effect) or synergetic (resulting in a higher-

than-expected effect). The ZIP model captures drug interaction relationships by comparing 

the change in potency (effect at a certain dose level) of dose-response curves between 

individual drugs and their combinations.  

Data were uploaded in a table format, following a protocol outlined on the 

SynergyFinder webpage. The summary synergy score for a drug combination is derived 

from an average of all dose combination measurements. Scores less than 0 suggest an 

antagonistic interaction, scores around 0 indicate an additive interaction and scores greater 

than 0 suggest a synergetic interaction. The 2D synergy map highlights synergetic and 

antagonistic dose regions in red and green colours, respectively. These summary synergy 

scores quantify the average excess response due to drug interactions (i.e., a synergy score 

of 20 corresponds to a 20% response beyond expectation) [184]. 

3.3.6 Annexin V-binding Assay 

Cells were harvested by trypsinization, followed by the addition of 10 mL of appropriate 

medium. After centrifugation at 357 g for 5 min, the resulting pellet was resuspended in 

5 mL of medium, and cell concentration was determined. Cell suspensions containing 

0.3∙106 (BxPC-3), 0.15∙106 (MiaPaca-2), 0.2∙106 (PANC1), 0.1∙106 (MDA-MB-231), or 

0.15∙106 (PC-3) cells per 1 mL were prepared.  

Next, 1 mL of the cell suspension was transferred into each well of a 6-well plate 

(BioLite, Thermofischer, USA). The tested samples were diluted, and 500 μL was added to 

each well, while 500 μL of the medium was added to control samples. The final volume was 

adjusted to 2,5 mL by the addition of appropriate medium (1 mL for controls or when drugs 

were used as single agents, and 500 μL in combination). Plates were then incubated in a CO2 

incubator for 72 h. 

Following incubation, the medium was collected into 15 mL tubes on ice through 

a 30 μm filter (CelltricsTM, Sysmex, Japan), and cells were harvested by trypsinization into 

these tubes. After centrifugation for 5 min at 357 g at 5 ⁰C, the pellets were resuspended in 

leftover medium, and the suspensions were pipetted onto a 96-well conical bottom plate 

(Nunc™ 96-Well Polystyrene Conical Bottom MicroWell™ Plates, Thermofisher, USA). 
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The plate was centrifuged for 5 min at 357 g at 5 ⁰C, and the well contents were washed 

twice with 200 μL of Annexin buffer.  

A solution of Annexin V conjugated with Dyomics 647 fluorochrome (Annexin V 

Dyomics 647, exbio, CZ) in annexin buffer was prepared at a ratio of 1:50. The pellets were 

then resuspended in 20 μL of this solution, and the plate was incubated for 30 min on ice in 

the dark. Afterward, 100 μL of annexin buffer was added to each well, mixed, and 100 μL 

of this solution was transferred to a tube for flow cytometry.  

Flow cytometry analysis was conducted on 5 0000 cells for each sample. Before 

measurement, Hoechst 33258 (0.1 μg/mL) was added to each sample for the detection of 

dead cells. At least two independent experiments were performed. The results were analyzed 

using the FlowJoTM software (version 10.8.1). The strategy for selecting cell populations 

and the analysis procedure are illustrated in Fig. 14. 

 

 

Figure 14. Strategy for flow cytometry analysis. In the analysis of flow cytometry results, live cells were 

initially selected based on the dependence of Forward Scatter Area (FSC-A) values on Side Scatter Area (SSC-

A) values. Next, the population was assessed based on the dependence of Forward Scatter Height (FSC-H) 

values on FSC-A values to identify and exclude multiplets. Finally, the selected population was further 

characterised by plotting the Hoechst 33258 fluorescence signal against the Annexin V Dyomics-647 

fluorescence signal. 

3.3.7 Caspase-3 Activity Assay 

The cytotoxic effects of gemcitabine, LCL-161, and AZD5582, either alone or in 

combination, were tested on MiaPaca-2 and MDA-MB-231 cell lines by measuring caspase-

3 activity. The EnzCheck Caspase-3 Assay Kit (Thermo Fisher Scientific, USA) was 

employed to perform the assay. Cell solutions were prepared at concentrations of 0.8∙106 

(MiaPaca-2) and 0.5∙106 (MDA-MB-231) per Petri dish. 

The cell solution, diluted drug samples, and medium were combined in a Petri dish 

to a total volume of 10 mL, with three Petri dishes prepared for each sample. Control 
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samples contained only cells and medium. Cells were then incubated for 72 h in a CO2 

incubator to ensure consistent conditions, as in the Annexin V-binding assay.  

Following incubation, the medium was collected into 50 mL tubes on ice through 

a 70 μm filter (VWR, USA), and cells were harvested by trypsinization into these tubes. 

After centrifugation for 5 min at 357 g at 5 ⁰C, cell counts were determined, and all tubes 

were adjusted to contain the same number of cells. The tubes were washed with 5 mL PBS 

and centrifuged again. The resulting pellets were then resuspended in 140 μL of lysis buffer 

and left on ice for 30 min.  

Subsequently, the suspensions were transferred to 1.5 mL tubes and centrifuged at 

10 000 g for 5 min. The supernatant was then transferred in quadruplicate to new tubes. 50 

μL of the supernatant was pipetted into the wells of a transparent flat-bottom microtiter plate 

(Nunc, Denmark). To each sample, 50 μL of 2x concentrated reaction buffer (composed of 

400 μL 5x concentrated reaction buffer, 10 μL 1M DTT, 590 μL dH2O) containing 

Z-DEVD-AMC substrate in a 1:50 ratio (kit ingredients) was added. A negative control 

consisting of 50 μL of lysis buffer was included. 

The plate was incubated in the dark at laboratory temperature for 30 min. 

Fluorescence measurements were then performed using an Infinite 200 Pro (excitation at 

342 nm, emission at 441 nm). Results are presented as relative caspase-3 activity compared 

to the control sample. 

3.3.8 In Vivo Experiments 

3.3.8.1 Determination of Toxicity In Vivo 

Athymic Nude-Foxn1nu/NSG mice were injected with 300 μL of the tested substances or 

PBS (control group) on day 0.  Subsequently, their body weight was recorded every two or 

three days over the next 2 weeks. To assess toxicity, the dosage was considered not toxic if 

the body weight of the mice did not drop below 85 % of their initial body weight, and if no 

mice died during the observation period. 
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4 Results 

4.1 IAPs Expression in Selected Cancer Cell Lines 

The expression levels of three IAP genes – cIAP1, cIAP2, and XIAP – were investigated 

across five selected human cancer cell lines: BxPC-3, MiaPaca-2, PANC1 (human 

pancreatic adenocarcinomas), MDA-MB-231 (human breast adenocarcinoma), and PC-3 

(human prostatic carcinoma). These cell lines were selected based on the primary use of 

gemcitabine in treating pancreatic cancer, its frequent use in breast carcinoma treatment, 

and its modest activity in prostate cancer. We aimed to investigate whether the activity of 

gemcitabine could be boosted by IAP inhibitors across this panel of cell lines and whether 

the sensitivity of these cell lines to IAP inhibitors correlated with the expression of three 

IAP genes. 

To achieve this, three housekeeping genes (HSPCB, RPS13, and YWHAZ) were 

used for normalization of the expression levels, and the results are presented as relative 

expression compared to the PANC1 cell line.  

 

Tukey's multiple comparisons test Summary P Value 

cIAP1 

PANC1 vs. MiaPaca-2 **** <0.0001 

PANC1 vs. BxPC-3 **** <0.0001 

PANC1 vs. PC-3 **** <0.0001 

PANC1 vs. MDA-MB-231 ** 0.0025 

cIAP2 

PANC1 vs. MiaPaca-2 **** <0.0001 

PANC1 vs. BxPC-3 **** <0.0001 

PANC1 vs. PC-3 **** <0.0001 

PANC1 vs. MDA-MB-231 **** <0.0001 
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Tukey's multiple comparisons test Summary P Value 

XIAP 

PANC1 vs. MiaPaca-2 *** 0.0009 

PANC1 vs. PC-3 *** 0.0002 

PANC1 vs. MDA-MB-231 * 0.0164 

MiaPaca-2 vs. BxPC-3 ** 0.0051 

BxPC-3 vs. PC-3 *** 0.001 

 

Figure 15. Relative normalized expression of IAP genes. After the isolation of RNA and reverse transcription, 

gene expression was evaluated by real-time PCR. The expression levels of cIAP1, cIAP2, and XIAP were 

normalized to the expression of three housekeeping genes (HSPCB, RPS13, YWHAZ) and are presented 

relative to the PANC1 cell line. Statistical significance was determined using One-way ANOVA with Tukey's 

multiple comparisons tests (n.s. P > 0.05, * P ≤0.05, ** P ≤0.01, *** P ≤0.001, **** P ≤0.0001). 

The experiment was performed three times with comparable results. 

 

Figure 16. Comparison of IAP expression levels in selected human cancer cell lines. The expression levels of 

cIAP1, cIAP2, and XIAP were normalized to the expression of three housekeeping genes (HSPCB, RPS13, 

YWHAZ) and are presented relative to cIAP2 expression for each cell line. The experiment was performed 

three times with comparable results. 

 

The results (Fig. 15, p. 61) revealed significantly elevated expression of cIAP1 in the 

PANC1 cell line compared to the other four cell lines (P≤0.0001). Additionally, a higher 

expression of cIAP1 was observed in MDA-MB-231 compared to MiaPaca-2, BxPC-3, and 

PC-3, although this difference did not reach statistical significance.  

Similarly, significantly elevated expression of cIAP2 was observed in PANC1 

compared to MiaPaca-2, BxPC-3, PC-3, and MDA-MB-231 (P≤0.0001). This difference 

was more pronounced than that observed for cIAP1.  

PANC1 displayed significantly higher expression of XIAP compared to MiaPaca-2, 

PC-3 (P ≤0.001), and MDA-MB-231 (P ≤0.05) cell lines. Furthermore, BxPC-3 exhibited 

significantly elevated XIAP expression compared to MiaPaca-2 (P ≤0.01) and PC-3 

(P ≤0.001). 
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Moreover, the results in Fig. 16 (p. 62) show a consistent trend in IAP gene 

expression across the selected cell lines. Specifically, in four out of the five cell lines 

(BxPC-3, MiaPaca-2, PC-3, and MDA-MB-231), mRNA levels of XIAP were slightly 

higher, while mRNA levels of cIAP1 were observed to be 10-30 times higher compared to 

cIAP2. However, in the PANC1 cell line, while a twofold increase in cIAP1 mRNA levels 

relative to cIAP2 was observed, the mRNA level of XIAP was notably low compared to 

cIAP2. 

4.2 The Cytostatic Activity of the Tested Compounds 

The cytostatic activity of gemcitabine, P-Gem, SMAC mimetics (LCL-161 and AZD5582), 

P-LCL161HYD, P-LCL161VCP, and Micelle AZD5582 was assessed using the [3H]-thymidine 

incorporation assay. The primary objective of these experiments was to determine the 

sensitivity of our panel of human cancer cell lines to these anticancer agents and to observe 

any differences in cytostatic activity between the free drugs and the HPMA copolymers 

carrying these drugs. 

4.2.1 The Cytostatic Activity of Gemcitabine and P-Gem 

All tested human cancer cell lines showed high sensitivity to the cytostatic activity of 

gemcitabine. The activity of P-Gem was ~ 10 times lower compared to the free drug. 

 

Figure 17. Cytostatic activity of gemcitabine (a) and gemcitabine P-Gem (b) determined by [3H]-thymidine 

incorporation assay. The IC50 value represents the concentration of the sample (drug equivalent) causing a 50% 

inhibition of cell proliferation after 72h incubation. Cells incubated in the medium alone were used as 
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a control. IC50 values (c), determined in at least three independent experiments, are listed in the table along 

with SD. 

 

The results demonstrated that all five cell lines exhibit high sensitivity to gemcitabine 

(Fig. 17a, c, p. 63), with IC50 values ranging from 1.8 to 10.5 nM. The less sensitive cell 

lines, PANC1 and MiaPaca-2, exhibited IC50 values of ~ 10 nM, while cell lines BxPC-3, 

PC-3, and MDA-MB-231 were more sensitive. 

The sensitivity of all five cell lines to P-Gem (Fig. 17b, c, p. 63) was observed to be 

lower to that of free gemcitabine. In all cases, the IC50 values were ~ 10 times higher for 

P-Gem compared to gemcitabine. The less sensitive cell lines, PANC1 and MiaPaca-2, 

exhibited IC50 values of ~ 110 nM, while the more sensitive cell lines (BxPC-3, PC-3, and 

MDA-MB-231) displayed IC50 values of 21-72 nM. 

4.2.2 The Cytostatic Activity of IAP Inhibitors 

Both SMAC mimetics, LCL-161 and AZD5582, demonstrated cytostatic activity, while 

AZD5582 emerged as the more potent. Additionally, our results revealed that two cell lines 

exhibited notably higher sensitivity to SMAC mimetics compared to the others. 

 
 

Figure 18. Cytostatic activity of LCL-161 (a) and AZD5582 (b) determined by [3H]-thymidine incorporation 

assay. The IC50 value represents the concentration of the sample (drug equivalent) causing a 50% inhibition of 

cell proliferation after 72h incubation. Cells incubated in the medium alone were used as a control. IC50 values 

(c), determined in at least three independent experiments, are listed in the table along with SD. 

 

The cytostatic activity of two IAP inhibitors was evaluated in all five selected human cancer 

cell lines by a [3H]-thymidine incorporation assay. The sensitivity of these cell lines was 
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similar for both SMAC mimetics, though LCL-161 and AZD5582 showed very different 

efficacy. 

 For the less sensitive cell lines (PANC1, PC-3, and MDA-MB-231), the IC50 value 

for LCL-161 (Fig. 18a, c, p. 64) was ~ 15 μM, while the two sensitive cell lines, BxPC-3 

and MiaPaca-2, displayed IC50 values of 0.7 μM and 0.4 μM.  

A similar trend was observed for AZD5582 (Fig. 18b, c, p. 64), the second IAP 

inhibitor used in this study. The sensitive cell lines (BxPC-3 and MiaPaca-2) exhibited IC50 

values of 3.1 nM and 3.3 nM, which were ~ 200 and 100 times lower than those for 

LCL-161. The IC50 values for the less sensitive cell lines were 3.8 μM for PANC1, 4.3 μM 

for PC-3, and 4.9 μM for MDA-MB-231. These values represented ~ a 3 to 4-fold decrease 

compared to LCL-161. 

4.2.3 The Cytostatic Activity of HPMA Copolymer-bound LCL-161 

conjugates 

Both HPMA copolymers bearing LCL-161 exhibited significantly lower activity compared 

to free LCL-161. Specifically, P-LCL161HYD demonstrated a slightly more pronounced 

effect compared to P-LCL161VCP. 

 

Figure 19. Cytostatic activity of HPMA copolymer conjugates bearing LCL-161 and bound via either 

an enzymatically cleavable (P-LCL161VCP) linker (a) or a pH-sensitive hydrazone bond (P-LCL161HYD) (b) 

was determined by [3H]-thymidine incorporation assay. HPMA copolymer without the drug but bearing 

hydrazide group was used as a control conjugate (c). The IC50 value (d) represents the concentration of the 

sample (drug equivalent) causing a 50% inhibition in cell proliferation after 72h incubation. IC50 values 

are presented for LCL-161 and P-LCL161HYD in sensitive cell lines (BxPC-3 and MiaPaca-2). Cells incubated 
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in the medium alone were used as a control. Two independent experiments with comparable results were 

performed. 

 

[3H]-thymidine incorporation assay was employed to evaluate the cytostatic activity of 

HPMA copolymer conjugates carrying LCL-161 across five selected human cancer cell 

lines.  

The cytostatic activity of the HPMA copolymer bearing LCL-161 bound via 

an enzymatically cleavable linker (P-LCL161VCP)  is depicted (Fig. 19a, p. 65). Minimal 

activity was observed in the cell lines less sensitive to IAP inhibitors (PANC1, PC-3, and 

MDA-MB-231), while a modest effect was found in the sensitive cell lines BxPC-3 and 

MiaPaca-2. 

Similar trends were observed in the experiments with the HPMA copolymer bearing 

LCL-161 bound via a pH-sensitive hydrazone bond (P-LCL161HYD) (Fig. 19b, p. 65). Some 

very weak effect was observed at the highest concentrations (32 and 64 μM) for the less 

sensitive cell lines, whereas a more pronounced effect was noted for BxPC-3 and 

MiaPaca-2. 

Additionally, the cytostatic activity of the control HPMA copolymer without the 

drug but bearing hydrazide groups was investigated (Fig. 19c, p. 65). The same 

concentration range of HPMA copolymer as in Fig. 19b (p. 65) was used but without 

LCL-161 present at the end of the hydrazone bond. The two sensitive cell lines were chosen 

for this experiment and no cytostatic effect on the cells was observed, thus confirming that 

the carrier is non-toxic and the cytostatic activity observed above is attributed to the carried 

drug.  

A comparison of the IC50 values for LCL-161 and the P-LCL161HYD in the two 

sensitive cell lines, BxPC-3 and MiaPaca-2, is shown in Fig. 19a (p. 65). The IC50 values 

for P-LCL161HYD were 56 μM for MiaPaca-2 and 23 μM for BxPC-3, representing 

~ 140-fold (MiaPaca-2) and 35-fold (BxPC-3) increases, compared to those obtained for 

LCL-161. 
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4.2.4 The Cytostatic Activity of Micelle AZD5582 

Micelle AZD5582 demonstrated similar cytostatic activity to free AZD5582 in the PANC1 

cell line. To ascertain that this effect is attributable only to the drug entrapped inside the 

HPMA copolymer-based micelle, we further investigated the activity of empty micelles. 

 

Figure 20. Cytostatic activity of HPMA copolymer-based micelle with entrapped AZD5582 (Micelle 

AZD5582). The cytostatic activity of AZD5582 and Micelle AZD5582 (a) was determined by [3H]-thymidine 

incorporation assay in the PANC1 cell line. IC50 values (b) for both drug formulations in the PANC1 cell line 

were calculated from 3 independent experiments representing the concentrations of the samples that led to 

a 50% inhibition of cell proliferation after 72h incubation. The cytostatic effect of the HPMA copolymer-based 

micelle alone was evaluated in the PANC1 cell line (c). Statistical significance was determined using the t-test 

(n.s. P > 0.05, * P ≤0.05, ** P ≤0.01, *** P ≤0.001, **** P ≤0.0001). 

 

[3H]-thymidine incorporation assay was employed to evaluate the cytostatic activity of 

Micelle AZD5582, free AZD5582, and the empty HPMA copolymer micelles in the PANC1 

cell line (Fig. 20). This cell line was selected for the in vitro experiments with Micelle 

AZD5582 due to its low sensitivity since Micelle AZD5582 possesses high critical micellar 

concentration. Therefore, BxPC-3 or MiaPaca-2 cell lines could not be used for their high 

sensitivity to AZD5582. 

Micelle AZD5582 demonstrated comparable activity to free AZD5582 (Fig. 20a), 

with the IC50 values (Fig. 20b) being 3 μM for both free AZD5582 and Micelle AZD5582. 

Furthermore, empty HPMA copolymer-based micelles were also tested (Fig. 20c), 

and no cytostatic activity was found.  
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4.3 Induction of apoptosis by IAP inhibitors and 

polymer conjugate bearing LCL-161 

The ability of free IAP inhibitors and P-LCL161HYD to induce apoptosis as single agents 

was assessed using the Annexin V-binding assay following a 72h incubation period with 

tested compounds. The strategy for flow cytometry analysis is shown in Fig. 21. 

 

Figure 21. Strategy for flow cytometry analysis. Following the separation of single cells via FSC-A vs. SSC-

A and FSC-H vs. FSC-A, the selected population was further characterised for apoptosis induction in cancer 

cell lines in vitro by plotting the Hoechst 33258 fluorescence signal against the Annexin V Dyomics-647 

fluorescence signal. This process resulted in the classification of cells into three distinct populations: viable 

cells (Hoechst 33258- and Annexin V Dyomics 647-), early apoptotic cells (Hoechst 33258- and Annexin 

V Dyomics 647+), and late apoptotic cells (Hoechst 33258+ and Annexin V Dyomics 647+). 

4.3.1 LCL-161 

LCL-161 demonstrated cytotoxic activity and induced apoptosis in four out of five cell lines 

in a concentration-dependent manner. 

 

Figure 22. Induction of apoptosis in selected cancer cell lines by LCL-161. Cells were incubated for 72 h in 

a 6-well plate with titrated concentrations (0.5-5 000 nM) of LCL-161. Cells were harvested, labelled by 

Annexin V Dyomics 647 + Hoechst 33258, and analysed by flow cytometry. Cells incubated in the medium 

alone were used as a control. All five selected human cancer cell lines were employed: PANC1 (a), BxPC-3 

(b), MiaPaca-2 (c), PC-3 (d), and MDA-MB-231 (e). The measurements were performed in triplicate, and 

each experiment was independently performed at least twice. Results are presented as the percentage of cells 

in the three states (viable, early apoptosis, and late apoptosis) ± SD.  
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The ability of LCL-161 to induce apoptosis was assessed across all five selected human 

cancer cell lines using the Annexin V-binding assay. 

Interestingly, the results (Fig. 22, p. 68) revealed differences in sensitivity to 

apoptosis induction in comparison to the cytostatic activity measured via [3H]-thymidine 

incorporation assay. The most sensitive cell line, MiaPaca-2 (Fig. 22c, p. 68), exhibited 

~ 55 % of cells in the late apoptosis phase at the highest concentration of LCL-161 used, 

while the second most sensitive cell line to the cytostatic activity of LCL-161, BxPC-3 

(Fig. 22b, p. 68), displayed minimal sensitivity with only ~ 20 % of cells in the late 

apoptosis phase. 

Among the less sensitive cell lines in terms of cytostatic activity (PANC1, PC-3, 

and MDA-MB-231), varying responses were observed in the apoptosis induction. 

While LCL-161 demonstrated low activity in the PC-3 cell line (Fig. 22d, p. 68), a more 

pronounced effect was observed in PANC1 (Fig. 22a, p. 68) and MDA-MB-231 (Fig. 22e, 

p. 68) cell lines, with ~ 40 and 30 % of cells in the late apoptosis phase at the highest 

concentration of the IAP inhibitor tested, respectively. 

4.3.2 AZD5582 

AZD5582 exhibited cytotoxic activity in a concentration-dependent manner in four out of 

five selected human cancer cell lines, similar to LCL-161. Consistent with its cytostatic 

activity, AZD5582 was shown to be a more potent SMAC mimetic compared to LCL-161. 

 

Figure 23. Induction of apoptosis in selected cancer cell lines by AZD5582. Cells were incubated for 72 h in 

a 6-well plate with titrated concentrations (0.1-1 000 nM) of AZD5582. Cells were harvested, labelled by 

Annexin V Dyomics 647 + Hoechst 33258, and analysed by flow cytometry. Cells incubated in the medium 

alone were used as a control. All five selected human cancer cell lines were employed: PANC1 (a), BxPC-3 

(b), MiaPaca-2 (c), PC-3 (d), and MDA-MB-231 (e). The measurements were performed in triplicate, and 

each experiment was independently performed at least twice. Results are presented as the percentage of cells 

in the three states (viable, early apoptosis, and late apoptosis) ± SD. 
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The ability of AZD5582 to induce apoptosis was evaluated across all five selected human 

cancer cell lines using the Annexin V-binding assay.  

The results (Fig. 23, p. 69) showed a similarity in sensitivity to apoptosis induction 

by AZD5582 compared to the cytostatic activity of this IAP inhibitor measured by the 

[3H]-thymidine incorporation assay. The most sensitive cell lines, MiaPaca-2 (Fig. 23c, 

p. 69) and BxPC-3 (Fig. 23b, p. 69) exhibited ~ 65 % and 45 % of cells in the late apoptosis 

phase at the highest concentration of AZD5582 tested.  

Among the less sensitive cell lines in terms of cytostatic activity (PANC1, PC-3, and 

MDA-MB-231), very distinct responses were observed in the apoptosis induction. 

While AZD5582 showed no activity in the PC-3 cell line (Fig. 23d, p. 69), a more notable 

effect was observed in PANC1 (Fig. 23a, p. 69) and MDA-MB-231 (Fig. 23e, p. 69) cell 

lines, with ~ 40 % of cells in the late apoptosis phase at the highest concentration of the IAP 

inhibitor used. 

4.3.3 P-LCL161HYD 

The cytotoxic activity of P-LCL161HYD was significantly reduced compared to the free drug. 

Only the highest tested concentration showed minimal induction of apoptosis in the 

MiaPaca-2 cell line. 

 

Figure 24. Induction of apoptosis in selected cancer cell lines by P-LCL161HYD. Cells were incubated for 72 h 

in a 6-well plate with titrated concentrations (0.5-50 000 nM) of P-LCL161HYD (a). Cells were harvested, 

labelled by Annexin V Dyomics 647 + Hoechst 33258, and analysed by flow cytometry. Cells incubated in the 

medium alone were used as a control. The measurements were performed in triplicate, and each experiment 

was independently performed at least twice. Results are presented as the percentage of cells in the three states 

(viable, early apoptosis, and late apoptosis) ± SD. The percentage of MiaPaca-2 cells in the early and late 

phases of apoptosis was compared between P-LCL161HYD and free LCL-161 (b, c). Statistical significance 

was determined using One-way ANOVA with Sidak's multiple comparisons test (n.s. P > 0.05, 

* P ≤0.05, ** P ≤0.01, *** P ≤0.001, **** P ≤0.0001). 

 

To assess the cytotoxic effect of HPMA copolymer conjugate bearing LCL-161, the Annexin 

V-binding assay was employed. P-LCL161HYD was selected for this experiment based on its 

higher potency compared to P-LCL161VCP, as determined by the cytostatic activity 

measured by the [3H]-thymidine incorporation assay. We decided to use the MiaPaca-2 cell 
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line, previously shown to be highly sensitive to LCL-161, to evaluate the cytotoxic activity 

of the conjugate. 

The results (Fig. 24a, p. 70) revealed minimal cytotoxic activity P-LCL161HYD, with 

only ~ a 5% increase in the late apoptotic cells at concentrations tested to 5 000 nM 

(LCL-161) in comparison to the control. However, a more notable effect was observed at a 

50 000 nM (LCL-161) concentration, with ~ 20 % of cells in late apoptosis and 12 % in 

early apoptosis.  

Comparison between LCL-161 and P-LCL161HYD showed a significant difference 

in cytotoxic activity across the concentrations range from 50 to 5 000 nM (LCL-161) for 

the early apoptosis phase and from 0.5 to 5 000 nM (LCL-161) for the late apoptosis phase 

(Fig. 24b, c, p. 70). While LCL-161 as a single agent effectively induced apoptosis in the 

MiaPaca-2 cell line, the HPMA copolymer compound demonstrated very low activity.  

4.4 Potentiation of the Cytostatic And Cytotoxic 

Activities of Gemcitabine by IAP Inhibitors 

4.4.1 Potentiation of Gemcitabine Cytostatic Activity by IAP 

Inhibitors 

The potential synergy between IAP inhibitors (LCL-161 or AZD5582) and gemcitabine was 

determined using [3H]-thymidine incorporation assay. The interaction between the drugs 

(LCL-161 or AZD5582 and Gemcitabine) was further analyzed using the online tool 

SynergyFinder 3.0 designed for interactive analysis and visualization of multi-drug and 

multi-dose combination response data. The summary synergy score for a drug combination 

is derived from an average of all dose combination measurements. The 2D synergy map 

highlights synergetic and antagonistic dose regions in red and green colours, respectively 

[184].  
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4.4.1.1 LCL-161 

LCL-161 demonstrated the ability to sensitize four out of five cell lines to the cytostatic 

activity of gemcitabine, with the most pronounced synergy observed in the MiaPaca-2 and 

MDA-MB-231 cell lines. 

 

Figure 25. Sensitization to the cytostatic activity of gemcitabine by LCL-161. The [3H]-thymidine 

incorporation assay was employed to determine the potential of LCL-161 to enhance the cytostatic activity of 

gemcitabine. Cells were incubated with titrated concentrations of gemcitabine and a constant concentration of 

LCL-161 for 72 h. Different concentrations of LCL-161 were used for the tested cell lines: 4-20 μM for PANC1 

(a), 0.032-3.2 μM for BxPC-3 (b) and MiaPaca-2 (c), 0.5-20.5 μM for PC-3 (d), and 0.1-10 μM for 

MDA-MB-231 (e). Concentration ranges of gemcitabine were as follows: 3-24 nM for PANC1, BxPC-3, and 

MiaPaca-2, 0.5-7.5 nM for PC-3, and 0.4-3.2 nM for MDA-MB-231. Controls were cells incubated with 

appropriate concentrations of LCL-161 and no gemcitabine. Measurements were performed in quadruplicate, 

with each experiment conducted independently at least twice. 

 

The results demonstrated the ability of LCL-161 to enhance the cytostatic activity of 

gemcitabine in some of the selected human cancer cell lines (Fig. 25), as measured by the 

[3H]-thymidine incorporation assay.  Notably, a potentiation of gemcitabine by LCL-161 

was observed in four cell lines, except for the PC-3 cell line (Fig. 25d). 

LCL-161 sensitised the PANC1 cells to the effects of gemcitabine across all 

concentrations (Fig. 25a). However, within the concentration range of 9-24 nM 

gemcitabine, no difference in potentiation was observed with varying concentrations of 

LCL-161. The most notable sensitization was observed at gemcitabine concentration range 

3 to 9 nM. 
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LCL-161 also demonstrated the ability to sensitize BxPC-3 (Fig. 25b, p. 72) cells to 

the cytostatic activity of gemcitabine, particularly within the concentration range of 

gemcitabine from 3 to 9 nM.  

MiaPaca-2 (Fig. 25c, p. 72) exhibited the highest sensitivity among the tested cell 

lines to the combination of LCL-161 and gemcitabine, with a synergetic effect observed 

across all gemcitabine concentrations. 

Interestingly, the MDA-MB-231 (Fig. 25b, p. 72) cell line, which showed previously 

low sensitivity to LCL-161, displayed sensitivity to the combination effect of the two drugs. 

The synergetic effect was observed across almost all concentrations of gemcitabine, with 

the most pronounced combination effect noted at the highest concentration of LCL-161 used 

(10 μM). 

4.4.1.2 AZD5582 

AZD5582 sensitized all selected human cancer cell lines to the cytostatic activity of 

gemcitabine. Notably, the most significant sensitization was once again observed in the 

MiaPaca-2 and MDA-MB-231 cell lines. 

 
Figure 26. Sensitization to the cytostatic activity of gemcitabine by AZD5582. The [3H]-thymidine 

incorporation assay was employed to determine the potential of AZD5582 to enhance the cytostatic activity 

of gemcitabine. Cells were incubated with titrated concentrations of gemcitabine and a constant concentration 

of AZD5582 for 72 h. Different concentration ranges of AZD5582 were utilized for the tested cell lines: 

25-6400 nM for PANC1 (a), 1.56-25 nM for BxPC-3 (b) and MiaPaca-2 (c), 0.025-6.4 μM for PC-3 (d), and 

0.04-4 μM for MDA-MB-231 (e). Concentration ranges of gemcitabine were as follows: 3-24 nM for PANC1, 

BxPC-3, and MiaPaca-2, 0.5-7.5 nM for PC-3, and 0.4-3.2 nM for MDA-MB-231. Controls were cells 

incubated with appropriate concentrations of AZD5582 and no gemcitabine. Measurements were performed 

in quadruplicate, with each experiment conducted independently at least twice. 
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We found that AZD5582 increased the sensitivity to the cytostatic activity of gemcitabine 

in all five tested cancer cell lines (Fig. 26, p. 73). However, this combination showed only 

a low effect in the PANC1 (Fig. 26a, p. 73) and BxPC-3 (Fig. 26b, p. 73) cell lines. 

In contrast, MiaPaca-2 (Fig. 26c, p. 73) and MDA-MB-231 (Fig. 26e, p. 73) cell 

lines demonstrated a pronounced synergy between these two drugs across all concentrations 

tested.  

The PC-3 cell line (Fig. 26d, p. 73) also exhibited a synergetic effect, which was 

most evident at the highest concentration of AZD5582.  

4.4.1.3 SynergyFinder: LCL-161 or AZD5582 + Gemcitabine 

SynergyFinder 3.0 was used to further analyze the interaction between LCL-161 or 

AZD5582 and gemcitabine. We used the ZIP model, which generates a 2D synergy map and 

calculates the overall synergy score based on the effect of all tested combinations. Scores 

below 0 indicate an antagonistic interaction, those near 0 represent an additive interaction, 

and scores above 0 suggest synergy. The synergistic regions are highlighted in red, while 

the antagonistic regions are depicted in green. 

 

 

Figure 27. Synergy between LCL-161 or AZD5582 and gemcitabine. MiaPaca-2 and MDA-MB-231 which 

exhibited the most significant potentiation of gemcitabine cytostatic activity by the IAP inhibitors were 

selected for the analysis. Data obtained from the [3H]-thymidine incorporation assay were analyzed using the 

online tool SynergyFinder 3.0. The summary synergy score for the drug combination is derived from 

an average of all dose combination measurements. Scores less than 0 suggest an antagonistic interaction, 

scores around 0 indicate an additive interaction and scores greater than 0 suggest a synergetic interaction. 

The 2D synergy map highlights synergetic and antagonistic dose regions in red and green colours, respectively 

[184].  
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2D heatmaps generated by the use of SynergyFinder 3.0 and the ZIP model indicate 

a synergetic effect between IAP inhibitors and gemcitabine in both cell lines (Fig. 27, p. 74). 

The most significant synergy in MiaPaca-2 cells was found within the gemcitabine 

concentration range of 6 to 16 nM, while in MDA-MB-231 cells, it was observed within the 

range of 1.6 to 3.2 nM. Interestingly, synergy was observed across the entire concentration 

range of IAP inhibitors. Notably, the combination of AZD5582 and gemcitabine exhibited 

the highest synergy score of 18.5 in the MDA-MB-231 cell line. The combinations of 

LCL-161/gemcitabine and AZD5582/gemcitabine in the MiaPaca-2 cell line, as well as 

LCL-161/gemcitabine in the MDA-MB-231 cell line, scored around 5, indicating 

a moderate synergetic effect.  

4.4.2 Potentiation of Gemcitabine Cytotoxic Activity by IAP 

Inhibitors 

The potential of IAP inhibitors LCL-161 and AZD5582 to enhance the cytotoxic effect 

of gemcitabine was assessed using the Annexin V-binding assay as well as the caspase-3 

activity assay. MiaPaca-2 and MDA-MB-231 cell lines, identified as the most sensitive to 

the combination of gemcitabine and IAP inhibitors via the [3H]-thymidine incorporation 

method, were selected for these experiments. The concentrations of both drugs that 

demonstrated the highest synergistic effect in the Annexin V-binding assay were used for 

the caspase-3 activity assay.  

To determine the interaction between the IAP inhibitors (LCL-161/AZD5582) and 

gemcitabine, we compared the expected effect of the combination (sum of the effects of the 

single agents) to the observed combination effect. This comparison allowed us to assess 

whether the combination exhibited synergy (resulting in a greater-than-expected effect), 

additivity (where the effects of the two drugs sum together), or antagonism (resulting in 

a lower-than-expected effect). 

To calculate this, the number of cells in late apoptosis for the control group, single-

agent groups, and combination groups was determined. Subsequently, we subtracted the 

number of cells in late apoptosis for the control group from each treatment group. Then, we 

summed the effects of the IAP inhibitor and gemcitabine as single agents and compared this 

number with the number of cells in late apoptosis in the combination group.  
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4.4.2.1 MiaPaca-2: Gemcitabine + LCL-161 

LCL-161 enhanced the cytotoxic activity of gemcitabine in the MiaPaca-2 cell line. This 

finding was further supported by the increased activity of caspase-3 at the concentration of 

gemcitabine and LCL-161 which exhibited the highest synergistic effect in the Apoptosis 

V-binding assay.  

 

Figure 28. Potentiation of cytotoxic activity of gemcitabine by LCL-161. MiaPaca-2 cells were incubated 

with either gemcitabine (6 and 12 nM) or LCL-161 (5 and 50 nM) or both compounds for 72 h in a 6-well 

plate. The cells were labelled by Annexin V Dyomics 647 and Hoechst 33258 and analysed by flow cytometry 

(a). Cells incubated in the medium alone served as a control. Each experiment condition was performed in 

triplicate, and the experiment was performed at least twice with similar results. Results are presented as the 

percentage of cells in the three states (viable, early apoptosis, and late apoptosis) ± SD for LCL-161 treatment 

alone (b), gemcitabine treatment alone (c), and combined gemcitabine + LCL-161 (d). MiaPaca-2 cells were 

treated as in (a), harvested and cell lysates with the same number of cells were prepared. Caspase-3 activity 

in the lysates was determined using The EnzCheck Caspase-3 Assay Kit. Fluorescence measurements were 
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performed in quadruplicates using an Infinite 200 Pro (excitation 342 nm, emission 441 nm). Results are 

presented as caspase-3 activity relative to the control sample (e). The experiment was performed twice. 

Statistical significance was determined using One-way ANOVA with Tukey's multiple comparisons tests (n.s. 

P > 0.05, * P ≤0.05, ** P ≤0.01, *** P ≤0.001, **** P ≤0.0001). 

 

The potentiation of gemcitabine cytotoxic activity by the IAP inhibitor LCL-161 was 

evaluated in MiaPaca-2 cells using Annexin V-binding and caspase-3 activity assays 

(Fig. 28, p. 76).  

Treatment with a lower concentration of LCL-161 (5 nM) increased the percentage 

of cells in late apoptosis by 8 %, while the higher concentration (50 nM) led to a 15 % 

increase compared to the control group. Similarly, gemcitabine induced a 10 % increase in 

late apoptosis using the lower concentration (6 nM) and a 17 % increase using the higher 

concentration (12 nM). 

A synergetic effect, resulting in a greater-than-expected increase in late apoptotic 

cells, was observed in all four combinations. Specifically, at the lower concentration of 

LCL-161, there was a 23 % increase compared to the expected 18 % (5 nM LCL-161 + 

6 nM gemcitabine) and a 34 % increase compared to the expected 25 % (5 nM LCL-161 

+ 12 nM gemcitabine). Additionally, there was a 35 % increase compared to the 

expected 25 % (50 nM LCL-161 + 6 nM gemcitabine), and a 62 % increase compared to 

the expected 32 % (50 nM LCL-161 + 12 nM gemcitabine). Since the last combination 

demonstrated the most pronounced synergetic effect, it was selected for the caspase-3 

activity assay. 

The findings from the cytometry were further supported by the caspase-3 activity 

assay (Fig. 28e, p. 76), which showed minimal changes in caspase-3 activity when cells 

were exposed to gemcitabine or LCL-161 alone, but a significant increase in caspase-3 

activity was found in combination treatment. However, this increase was rather moderate, 

with a ~ 15 % rise in caspase-3 activity. 

 

 

 

 

 

 

 

 



78 
 

4.4.2.2 MiaPaca-2: Gemcitabine + AZD5582 

Similar to the effect of LCL-161, the IAP inhibitor AZD5582 enhanced the cytotoxic 

activity of gemcitabine in the MiaPaca-2 cell line. Synergistic results were observed in 3 

out of 4 concentration combinations.  

 

Figure 29. Potentiation of cytotoxic activity of gemcitabine by AZD5582. MiaPaca-2 cells were incubated 

with either gemcitabine (6 and 12 nM) or AZD5582 (0.1 and 1 nM) or both compounds for 72 h in a 6-well 

plate. The cells were labelled by Annexin V Dyomics 647 and Hoechst 33258 and analysed by flow cytometry 

(a). Cells incubated in the medium alone served as a control. Each experiment condition was performed in 

triplicate, and the experiment was performed at least twice with similar results. Results are presented as the 

percentage of cells in the three states (viable, early apoptosis, and late apoptosis) ± SD for AZD5582 treatment 

alone (b), gemcitabine treatment alone (c), and combined gemcitabine + AZD5582 (d). MiaPaca-2 cells were 

treated as in (a), harvested and cell lysates with the same number of cells were prepared. Caspase-3 activity 

in the lysates was determined using The EnzCheck Caspase-3 Assay Kit. Fluorescence measurements were 

performed in quadruplicates using an Infinite 200 Pro (excitation 342 nm, emission 441 nm). Results are 
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presented as caspase-3 activity relative to the control sample (e). The experiment was performed twice. 

Statistical significance was determined using One-way ANOVA with Tukey's multiple comparisons tests (n.s. 

P > 0.05, * P ≤0.05, ** P ≤0.01, *** P ≤0.001, **** P ≤0.0001). 

 

Boosting of gemcitabine cytotoxic potential through the IAP inhibitor AZDD5582 was 

evaluated in MiaPaca-2 cells via Annexin V-binding and caspase-3 activity assays (Fig. 29, 

p. 78).  

Treatment with a lower concentration of AZD5582 (0.1 nM) increased the 

percentage of cells in late apoptosis by 6 %, while the higher concentration (1 nM) led to 

a 24 % increase compared to the control group. Gemcitabine induced a 10 % increase in late 

apoptosis at the lower concentration (6 nM) and a 17 % increase at the higher concentration 

(12 nM). 

A synergetic effect, i.e. greater-than-expected increase in late apoptotic cells, was 

observed in three combinations. There was a 24 % increase compared to the expected 16 % 

(0.1 nM AZD5582 + 6 nM gemcitabine) and a 31 % increase compared to the expected 

23 % (0.1 nM AZD5582 + 12 nM gemcitabine). At the higher concentration of AZD5582, 

there was a 60 % increase compared to the expected 41 % (1 nM AZD5582 + 12 nM 

gemcitabine). The combination of 1 nM AZD5582 with 6 nM gemcitabine exhibited 

an additive effect, resulting in a 35 % increase in late apoptotic cells, closely aligning with 

the expected 34 % rise. Since the combination of 1 nM AZD5582 with 12 nM gemcitabine 

displayed the most substantial synergetic impact, it was chosen for the caspase-3 activity 

assay. 

While minimal changes in caspase-3 activity levels were observed when 

gemcitabine or AZD5582 were administered alone, a statistically significant increase in 

caspase-3 activity was evident in combination treatment compared to both the control and 

gemcitabine-only groups (Fig. 29e, p. 78). However, this increase was decent, with a ~ 10% 

rise in caspase-3 activity. 
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4.4.2.3 MDA-MB-231: Gemcitabine + LCL-161 

While LCL-161 and gemcitabine individually exhibited only moderate cytotoxic effects in 

the MDA-MB-231 cell line, their combination resulted in a significant increase in the 

cytotoxic activity and synergistic effect across all concentration combinations. 

 

Figure 30. Potentiation of cytotoxic activity of gemcitabine by LCL-161. MDA-MB-231 cells were incubated 

with either gemcitabine (2 and 4 nM) or LCL-161 (50 and 500 nM) or both compounds for 72 h in a 6-well 

plate. The cells were labelled by Annexin V Dyomics 647 and Hoechst 33258 and analysed by flow cytometry 

(a). Cells incubated in the medium alone served as a control. Each experiment condition was performed in 

triplicate, and the experiment was performed at least twice with similar results. Results are presented as the 

percentage of cells in the three states (viable, early apoptosis, and late apoptosis) ± SD for LCL-161 treatment 

alone (b), gemcitabine treatment alone (c), and combined gemcitabine + LCL-161 (d). MDA-MB-231 cells 

were treated as in (a), harvested and cell lysates with the same number of cells were prepared. Caspase-3 

activity in the lysates was determined using The EnzCheck Caspase-3 Assay Kit. Fluorescence measurements 

were performed in quadruplicates using an Infinite 200 Pro (excitation 342 nm, emission 441 nm). Results are 
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presented as caspase-3 activity relative to the control sample (e). The experiment was performed twice. 

Statistical significance was determined using One-way ANOVA with Tukey's multiple comparisons tests (n.s. 

P > 0.05, * P ≤0.05, ** P ≤0.01, *** P ≤0.001, **** P ≤0.0001). 

 

The potentiation of gemcitabine cytotoxic activity by the IAP inhibitor LCL-161 was 

investigated in MDA-MB-231 cells using Annexin V-binding and caspase-3 activity assays 

(Fig. 30, p. 80).   

Treatment with a lower concentration of LCL-161 (50 nM) increased the percentage 

of cells in late apoptosis by 2 %, while the higher concentration (500 nM) led to a 5 % 

increase compared to the control group. Gemcitabine induced a 3 % increase in late 

apoptosis at the lower dose (2 nM) and an 8 % increase at the higher dose (4 nM). 

A synergetic effect was evident in all four combinations. There was a 10 % increase 

compared to the expected 5 % (50 nM LCL-161 + 2 nM gemcitabine) and a 22 % rise 

compared to the expected 10 % (50 nM LCL-161 + 4 nM gemcitabine). Furthermore, we 

observed a 16 % increase compared to the expected 8 % (500 nM LCL-161 + 2 nM 

gemcitabine), and a 42 % increase compared to the expected 13 % (500 nM LCL-161 + 

4 nM gemcitabine). Since the combination of 500 nM LCL-161 and 4 nM, gemcitabine 

showed the most significant synergetic effect, it was chosen for the caspase-3 activity assay. 

We found no increase in caspase-3 activity when cells were exposed to gemcitabine 

or LCL-161 alone, but a significant increase in caspase-3 was found with combination 

treatment, reaching ~ 35% increase (Fig. 30e, p. 80). 
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4.4.2.4 MDA-MB-231: Gemcitabine + AZD5582 

AZD5582 demonstrated the most significant potentiation of gemcitabine cytotoxic activity 

in the MDA-MB-231 cell line. This observation was further supported by the highest 

caspase-3 activity observed across our experiments.  

 

Figure 31. Potentiation of cytotoxic activity of gemcitabine by AZD5582. MDA-MB-231 cells were incubated 

with either gemcitabine (2 and 4 nM) or AZD5582 (1 and 10 nM) or both compounds for 72 h in a 6-well 

plate. The cells were labelled by Annexin V Dyomics 647 and Hoechst 33258 and analysed by flow cytometry 

(a). Cells incubated in the medium alone served as a control. Each experiment condition was performed in 

triplicate, and the experiment was performed at least twice with similar results. Results are presented as the 

percentage of cells in the three states (viable, early apoptosis, and late apoptosis) ± SD for AZD5582 treatment 

alone (b), gemcitabine treatment alone (c), and combined gemcitabine + AZD5582 (d). MDA-MB-231 cells 

were treated as in (a), harvested and cell lysates with the same number of cells were prepared. Caspase-3 

activity in the lysates was determined using The EnzCheck Caspase-3 Assay Kit. Fluorescence measurements 

were performed in quadruplicates using an Infinite 200 Pro (excitation 342 nm, emission 441 nm). Results are 
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presented as caspase-3 activity relative to the control sample (e). The experiment was performed twice. 

Statistical significance was determined using One-way ANOVA with Tukey's multiple comparisons tests (n.s. 

P > 0.05, * P ≤0.05, ** P ≤0.01, *** P ≤0.001, **** P ≤0.0001). 

 

Augmentation of the cytotoxic activity of gemcitabine by the IAP inhibitor AZD5582 was 

examined in MDA-MB-231 cells through Annexin V-binding and caspase-3 activity assays 

(Fig. 31, p. 82).  

Exposure to a lower concentration of AZD5582 (1 nM) resulted in a 2 % increase of 

cells in late apoptosis, while the higher concentration (10 nM) led to a 5 % increase 

compared to the control group. Gemcitabine induced a 3 % elevation in late apoptosis at the 

lower dose (2 nM) and an 8 % increase at the higher dose (4 nM). 

A synergetic effect was observed in all four combinations. There was a 12 % increase 

compared to the anticipated 8 % (1 nM AZD5582 + 2 nM gemcitabine), and a 37 % rise 

compared to the anticipated 13 % (1 nM AZD5582 + 4 nM gemcitabine). We observed also 

a 22 % increase compared to the anticipated 11 % (10 nM AZD5582 + 2 nM gemcitabine), 

and a 57 % increase compared to the anticipated 16 % (10 nM AZD5582 + 4 nM 

gemcitabine). Given the most pronounced synergetic effect observed in the last 

combination, it was selected for the caspase-3 activity assay. 

The caspase-3 activity assay demonstrated no increase in caspase-3 activity when 

cells were exposed to gemcitabine or AZD5582 alone, but a significant increase in caspase-3 

activity was found with combination treatment, reaching ~ 45 % increase in caspase-3 

activity (Fig. 31e, p. 82). 
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4.5 In Vivo Experiments 

4.5.1 Toxicity of Micelle AZD5582 

The toxicity test of Micelle AZD5582, conducted on athymic Nude-Foxn1nu mice, revealed 

significant toxicity at the dose of 5 mg/kg (AZD5582). 

 

Figure 32. Toxicity of Micelle AZD5582 in mice. Athymic Nude-Foxn1nu mice (n=4) were i.v. injected with 

Micelle AZD5582 (5 mg/kg AZD5582) on day 0 in 300 μL PBS. Body weight was recorded every 2 or 3 days 

up to day 17.  

 

To assess the toxicity of HPMA copolymer-based micelle loaded with AZD5582, the sample 

(Micelle AZD5582) was i.v. administered to athymic Nude-Foxn1nu mice at a dose 

corresponding to 5 mg/kg AZD5582 on day 0. The mice were monitored for body weight 

changes over 17 days. The average body weight of experimental mice had dropped to 

85.4 % of the initial body weight on day 3, and by day 4, it had decreased further to 82.9 %. 

Additionally, one mouse died on day 1. These results indicate that Micelle AZD5582 

exhibited significant toxicity at the dose of 5 mg/kg AZD5582 (Fig. 32).  

 

 

 

 

 

 

 

 



85 
 

4.5.2 Toxicity of P-LCL161HYD and P-Gem 

We evaluated the toxicity of P-LCL161HYD and P-Gem in NSG mice. While both tested 

doses of P-LCL161HYD were non-toxic, the higher dose of P-Gem exhibited toxicity. 

Additionally, testing these two compounds in combination resulted in high toxicity. 

 

Figure 33. Toxicity of P-Gem conjugate, P-LCL161HYD conjugate and their combination in mice. NSG mice 

(n=4) were i.v. injected with P-Gem conjugate alone, P-LCL161HYD conjugate alone, or with both conjugates 

in 300 μL PBS. The dosage for each conjugate in a particular experiment group is shown in the graph. Body 

weight was recorded every 2 or 3 days for ~ 14 days.  

 

The toxicity of P-LCL161HYD and P-Gem conjugates, both as single agents and in 

combination, was evaluated in NSG mice. The mice were monitored for body weight 

changes and overall health status over ~ 14 days. 

In the group receiving 70 mg/kg gemcitabine, the average body weight dropped to 

87 % on day 4, and one mouse died, indicating toxicity at this dosage. The dose of 60 mg/kg 

of gemcitabine caused only a negligible and very transient decrease in body weight (2 %) 

thus this dose could be considered a safe one. 

Both doses of LCL-161 were considered non-toxic, as no mice died and the body 

weight dropped to 93 % (10 mg/kg LCL-161) and 86 % (20 mg/kg LCL-161) before 

rebounding. However, the combination of 50 mg/kg gemcitabine and 10 mg/kg LCL-161 

proved to be highly toxic, as the average body weight of the group dropped to 80 % on day 

3 and all 4 mice died on day 4. Thus, it seems that the toxicity of P-Gem and P-LCL161HYD 

conjugates potentiates each other and a significant reduction of the dose of each conjugate 

is required to reach a safe dosage (Fig. 33). 

 

   



86 
 

5 Discussion 

In addition to targeting cancer cells, chemotherapy can also damage normal cells and lead 

to severe side effects [50]. For this reason, new approaches have been tested and introduced 

in cancer treatment, such as combination therapies. This method involves the simultaneous 

use of two or more therapeutic agents with distinct mechanisms of action and can enhance 

treatment efficacy by targeting crucial molecular pathways. Combination therapy presents 

several advantages, including reducing drug resistance and lowering the cytotoxic effects 

on normal cells. Additionally, it may enhance the anticancer effects of the therapeutic agents 

and allow for a more efficient treatment response, often requiring fewer treatment cycles or 

lower doses [185]. 

Another approach is the use of DDS. The main goals of these tools include reduction 

of drug toxicity, increasing drug accumulation at the target site for maximal therapeutic 

efficacy, and minimizing the accumulation in healthy tissues. Currently, various DDS are 

utilized in cancer therapy for numerous anti-cancer agents, such as liposomes or exosomes 

[150], [151]. 

The main objective of this thesis was to investigate the potential of two IAP 

inhibitors (SMAC mimetics) LCL-161 and AZD5582 to enhance the cytostatic and 

cytotoxic effects of gemcitabine. SMAC mimetics bind to multiple members of the IAP 

family, such as cIAP1, cIAP2, and XIAP, dampening their function of inhibiting caspases 

and thereby lowering the threshold to apoptosis induction. Additionally, they play a crucial 

role in the TNF, MAPK, and NF-κB signaling pathways. Despite promising preclinical 

results, Phase I/II human clinical trials of IAP inhibitors as single agents have shown low 

efficacy. Consequently, they are being investigated in combination therapies with various 

drugs, including paclitaxel, docetaxel, carboplatin, and irinotecan [116].  

In this diploma thesis, we chose to combine IAP inhibitors with gemcitabine due to 

our long-term interest in this anticancer drug and the work of our group on the development 

of DDS for gemcitabine. Gemcitabine is a cytidine analogue with two fluorine atoms and 

primary therapy for various cancers. It inhibits DNA synthesis, which can lead to activation 

of DDR systems and increased TNF-alpha production, with both pathways involving IAPs 

(Fig. 6, p. 37) [186], [187]. However, several mechanisms deactivate gemcitabine and 75 % 

of gemcitabine is excreted in the first 24 h in urine [94]. These findings collectively indicate 

that the efficacy of gemcitabine could be enhanced by prolonging systematic exposure of 

tumors to the drug through a DDS. Additionally, its anticancer effects can be potentiated by 

combining it with IAP inhibitors. 
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IAP inhibitors and gemcitabine were tested as single agents and in combination in 

five human cancer cell lines: pancreatic (PANC1, MiaPaca-2, BxPC-3), prostatic (PC-3), 

and breast (MDA-MB-231). Additionally, HPMA copolymer-based DDS bearing these 

anti-cancer agents were prepared and characterised at the Department of Biomedical 

Polymers (Institute of Macromolecular Chemistry). 

All five cancer cell lines exhibited high sensitivity to the cytostatic activity of 

gemcitabine (Fig. 17, p. 63). The IC50 values ranged from 2 to 11 nM. The in vitro cytostatic 

activity of P-Gem was found to be considerably lower, with IC50 values ~ 10 times higher 

in all tested cell lines. This reduction is attributed to the slow release of the drug caused by 

the structure of the spacer between the HPMA copolymer carrier and the drug. In this 

system, gemcitabine is linked through an amide bond to the aminocaproic acid spacer and 

copolymer backbone, resulting in enhanced stability and prolonged half-life in circulation 

compared to the free drug (data to be published). 

Both IAP inhibitors LCL-161 and AZD5582 exhibited cytostatic activity in the 

[3H]-thymidine incorporation assay as single agents (Fig. 18, p. 64). Interestingly, both 

inhibitors showed a similar pattern of efficacy in our panel of cancer cell lines. Specifically, 

MiaPaca-2 and BxPC-3 cell lines displayed significantly higher sensitivity to IAP inhibitors 

in comparison to the other three cell lines. Notably, dimeric SMAC mimetic AZD5582 

demonstrated much higher potency than monomeric LCL-161, with IC50 values ~ 100-200 

times lower for those two sensitive cell lines.  

AZD5582 is a bivalent SMAC mimetic, comprising two parts of the same AVPI 

motif connected via a linker. AVPI is a crucial tetrapeptide of SMAC necessary for binding 

the BIR domains in IAPs. Bivalent SMAC mimetics, such as birinapant, APG-1387, and 

HGS1029, were developed based on observations that monomeric SMAC mutants exhibit 

much lower activation of caspase-3 compared to dimeric SMAC. The most significant 

advantage of bivalent SMAC mimetics is their ability to bind both BIR2 and BIR3 domains 

simultaneously, resulting in increased inhibitory effects on the IAPs [116], [188]. While 

AZD5582 has shown potency in cancer research and the treatment of HIV, it has not yet 

progressed to clinical trials contrary to LCL-161 [146], [147], [189].   

Since elevated expression levels of cIAP1 and XIAP have been found to reduce the 

efficacy of IAP inhibitors, we investigated whether there is a correlation between the 

expression levels of cIAP1, cIAP2, and XIAP in our panel of cancer cell lines and their 

sensitivity to two selected SMAC mimetics for this study (Fig. 15, p. 61-62) [145]. 

Surprisingly, the data did not reveal any significant correlation and showed different patterns 

of IAP expression irrespective of the cell sensitivity to LCL-161 and AZD5582 among the 
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tested cancer cell lines. The PANC1 cell line exhibited elevated expression levels of both 

cIAP1 and cIAP2, while increased expression of XIAP was observed in both the PANC1 

and BxPC-3 cell lines compared to others. In contrast, the comparison of the expression 

levels of the three IAP genes (Fig. 16, p. 62) in all five cell lines revealed a consistent 

pattern, with XIAP showing slight elevation and cIAP1 exhibiting significantly higher 

expression compared to cIAP2 in most cases (4 out of 5 cell lines). Notably, PANC1 showed 

a marginal increase in cIAP1 expression and a notable decrease in XIAP expression relative 

to cIAP2. 

Similar to P-Gem and free gemcitabine, the activity of HPMA copolymers bearing 

LCL-161 was observed to be much lower than free LCL-161 (Fig. 19, p. 65). Out of the 

two prepared conjugates, P-LCL161HYD, which comprises an aminocaproic spacer and pH-

sensitive hydrazone bond between the spacer and LCL-161, exhibited slightly higher 

activity compared to P-LCL161VCP, which utilizes an enzymatically cleavable linker and 

requires uptake into lysosomes for cathepsin B-mediated release of the drug. The IC50 values 

for P-LCL161HYD showed almost 140-fold (MiaPaca-2) and 35-fold (BxPC-3) increases, 

compared to those obtained for LCL-161. Interestingly, the sensitivity of these two cell lines 

varied, with MiaPaca-2 being more sensitive to LCL-161 than BxPC-3 and BxPC-3 being 

more sensitive to P-LCL161HYD than MiaPaca-2. This difference may be attributed to 

various characteristics of these two cancer cell lines, such as different endocytic activity, 

and variations in the intracellular environment, including pH in the endolysosomal pathway. 

Conversely, HPMA copolymer-based micelle with entrapped AZD5582 (Micelle 

AZD5582) showed no difference in cytostatic activity compared to the free drug (Fig. 20, 

p. 67). This could be explained by the rapid release of the drug from the micelles, with 

almost 60 % of the drug being released within the first hour (data to be published). 

IAP inhibitors as single agents exhibited also cytotoxic effects in the Annexin 

V-binding assay. LCL-161 and AZD5582 induced apoptosis in four out of five cancer cell 

lines, except PC-3, in a concentration-dependent manner (Fig. 22, p. 68, Fig. 23, p. 69).  

Similarly to the [3H]-thymidine incorporation assay, P-LCL161HYD exhibited 

minimal activity compared to the free drug when tested for cytotoxic activity (Fig. 24, 

p. 70). A slight cytotoxic effect (~ 25 % of cells in the late apoptosis phase) was observed 

at a concentration of 50 000 nM, which was comparable to the effect of the free drug at 

a concentration of 50 nM. The low in vitro activity of P-LCL161HYD may be attributed to 

the high stability of the bond between the DDS and LCL-161 and thus very slow LCL-161 

release.   
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The potentiation of gemcitabine activity by IAP inhibitors was assessed using 

[3H]-thymidine incorporation, Annexin V-binding, and caspase-3 activity assays. IAP 

inhibitors enhanced the cytostatic effect of gemcitabine in all tested cell lines, with the most 

significant effect observed in MiaPaca-2 and MDA-MB-231 cell lines (Fig. 25, p. 72, 

Fig. 26, p. 73).  To further evaluate this combination effect, SynergyFinder 3.0 analysis was 

conducted, revealing a synergistic effect between LCL-161 or AZD5582 and gemcitabine 

in both MiaPaca-2 and MDA-MB-231 cell lines (Fig. 27, p. 74). This synergy was further 

supported by the determination of cytotoxic activity using Annexin V-binding and caspase-3 

activity assays  (Fig. 28, 29, 30, 31, p. 76-82). In both MiaPaca-2 and MDA-MB-231 cell 

lines, the combination treatment demonstrated a significantly higher cytotoxic effect, 

resulting in larger populations of cells in the late apoptosis phase. This was further 

confirmed by the caspase-3 activity assay, which showed significantly increased activity 

only in the combination-treated samples. The lack of caspase-3 activity increase in IAP 

inhibitors alone treated cells compared to the control group in the caspase-3 activity assay 

can be caused by the sensitivity of the assay, as these agents were capable of inducing 

apoptosis alone at the same concentration in the Annexin V-binding assay and are known to 

inhibit IAPs function, i.e. caspase inhibition. 

The toxicity of HPMA copolymer conjugates bearing gemcitabine or SMAC 

mimetics was assessed in mice either alone or in combination. Micelle AZD5582 was 

administered at a dose of 5 mg/kg, based on literature that used 3 mg/kg (AZD5582) [145]. 

However, this dose of Micelle AZD5582 proved to be toxic, resulting in the death of one 

mouse in the experimental group and an average body weight drop to ~ 83 % of the original 

body weight (Fig. 32, p. 84). Further testing was not conducted due to technical issues. The 

toxicity of P-Gem and P-LCL161HYD was evaluated at two different doses (Fig. 33, p. 85). 

While P-Gem at 70 mg/kg (gemcitabine) resulted in the death of one mouse, 60 mg/kg 

showed minimal change in body weight. Both doses of P-LCL161HYD, 10 and 20 mg/kg 

(LCL-161), were not toxic, with body weights dropping to 93 % (10 mg/kg) and 86 % 

(20 mg/kg) before rebounding. These results were unexpected, as we anticipated no weight 

change at these doses based on the literature and considering the high stability and almost 

lack of in vitro activity of the conjugate (P-LCL161HYD) [190]. This might be caused by a 

faster release from the conjugate in vivo compared to in vitro conditions, however, further 

tests are needed to confirm this hypothesis.  

The combination of 50 mg/kg P-Gem and 10 mg/kg P-LCL161HYD proved to be 

highly toxic, as the average body weight of the mice dropped to 80 % on day 3, and all 

4 mice died by day 4. Therefore, further experiments will combine 50 mg/kg P-Gem with 
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lower doses of P-LCL161HYD to determine the optimal dosage before assessing the 

antitumor activity of these compounds in combination. 

The data collectively indicates that IAP inhibitors alone possess cytostatic and 

cytotoxic activity and can enhance the effectiveness of gemcitabine in certain cancer cell 

lines. LCL-161 is currently in Phase 1 trials in combination with nab-paclitaxel and 

gemcitabine for metastatic pancreatic cancer and Phase 2 trials with paclitaxel for breast 

cancer. With its ability to target multiple IAP proteins, increase circulating cytokine levels 

(TNF-α, IL-8), and inhibit the multi-drug efflux activity of P-gp, LCL-161 shows promise 

as a drug to enhance the efficacy of other chemotherapeutic agents [144], [191], [192], 

[193]. AZD5582 exhibits potent binding to the BIR3 domain of cIAP1, cIAP2, and XIAP, 

thus inhibiting their function and inducing cIAP1 autoubiquitination. Additionally, it has 

demonstrated significant tumor regression as a single agent in mice bearing MDA-MB-231 

cancer [146]. Our findings suggest that AZD5582 might be more potent than LCL-161, 

whether administered alone or in combination with gemcitabine. However, further research 

is needed to fully understand the effects and molecular mechanisms of AZD5582 before it 

progresses to clinical trials. Moreover, all three agents tested in this diploma thesis 

(gemcitabine, LCL-161, and AZD5582) could potentially benefit from the prolonged 

circulation time and tumor localization provided by HPMA copolymer-based delivery 

systems. However, optimizing these DDS, such as increased stability of the Micelle 

AZD5882 compound, and evaluating their antitumor activity are necessary steps for their 

further development as anticancer drugs. 
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6 Conclusion 

The anticancer activity of two SMAC mimetics (LCL-161 and AZD5582) as single agents 

and their ability to potentiate the anticancer activity of gemcitabine across five different 

human cancer cell lines (pancreatic carcinomas: PANC1, BxPC-3, and MiaPaca-2, prostatic 

carcinoma: PC-3, breast carcinoma: MDA-MB-231) was investigated. Furthermore, HPMA 

copolymers bearing these compounds were characterised for their toxicity. The results of 

this diploma thesis can be summarized in the following points: 

 

1) Both SMAC mimetics LCL-161 and AZD5582 demonstrated cytostatic and cytotoxic 

activities, as evidenced by [3H]-thymidine incorporation and Annexin V-binding assays. 

Notably, MiaPaca-2 and BxPC-3 cell lines exhibited the highest sensitivity, with AZD5582 

displaying much higher potency compared to LCL-161. 

 

2) Evaluation of cIAP1, cIAP2, and XIAP across all cell lines revealed no correlation 

between sensitivity to IAP inhibitors and gene expression levels. However, consistent 

patterns of increased cIAP1 expression relative to cIAP2 were observed across almost all 

cell lines. 

 

3) Both LCL-161 and AZD5582 potentiated the cytostatic and cytotoxic effects of 

gemcitabine in all cell lines, with the most pronounced synergism observed in MiaPaca-2 

and MDA-MB-231 cell lines. 

 

4) HPMA copolymer conjugates bearing LCL-161, AZD5582, and gemcitabine exhibited 

lower cytostatic and cytotoxic activities compared to free drugs. While P-Gem showed ~ 10 

times higher IC50 values than gemcitabine, P-LCL161HYD displayed even lower activity 

compared to LCL-161, suggesting a very slow release of the drug. Interestingly, the activity 

of Micelle AZD5582 was comparable to free AZD5582, likely due to rapid release. 

 

5) In vivo toxicity evaluation determined the optimal treatment dose for P-Gem as a single 

agent to be slightly below 70 mg/kg (gemcitabine), as 70 mg/kg proved toxic and 60 mg/kg 

resulted in minimal change in body weight. The maximal tolerated dose for P-LCL161HYD 

was found to be 20 mg/kg (LCL-161). However, the combination of P-Gem at 50 mg/kg 

(gemcitabine) and P-LCL161HYD at 10 mg/kg (LCL-161) was toxic. Notably, Micelle 

AZD5582 exhibited significant toxicity at a dose of 5 mg/kg (AZD5582), highlighting the 



92 
 

need for further investigation into the safety profile of these compounds before evaluating 

their anticancer activity. 
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