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Abstract 

Chemotherapy is still the most widely used anti-cancer treatment. The majority of 

chemotherapeutics inhibit proliferating cells generally, not selectively cancer cells. The side 

effects associated with chemotherapy can be partly limited by conjugating a cytotoxic drug with 

a polymer nanocarrier. Such binding facilitates solubility in aqueous solutions, reduces 

systemic toxicity; and passively targets the drug directly into the tumour through the enhanced 

permeability and retention (EPR) effect. 

This thesis focuses on testing polymer conjugates based on 

N-(2-hydroxypropyl)methacrylamide (HPMA) carrying cucurbitacin D (CuD), a naturally 

occurring compound with potential anti-cancer activity. The mechanism of action is not 

elucidated yet, but several studies have depicted the inhibitory effect on signal transducer and 

activator of transcription 3 (STAT3) transcription factor. A STAT3 signalling pathway is 

overexpressed in several cancer cell lines and is also involved in the differentiation of myeloid-

derived suppressor cells (MDSCs).  

We examined the therapeutic effect of the HPMA copolymers based on CuD in 

combined therapy with other polymer chemotherapeutics. CuD conjugates have shown in vitro 

cytotoxic effect on several model cancer cell lines. The combination with conjugates carrying 

doxorubicin (Dox) reduced tumour growth in the course of in vivo therapy. Moreover, the effect 

of CuD-based conjugates on blocking the MDSC-mediated immunosuppression over the course 

of the Dox-based combined therapy was studied. 

 

Keywords: cancer; immune-oncotherapy; cucurbitacin D; STAT3 signalling pathway; MDSCs; 

HPMA copolymers 

  



 

 

Abstrakt 

Chemoterapie je stále nejběžněji používaný typ protinádorové terapie. Většina 

chemoterapeutik obecně inhibuje proliferující buňky a necílí selektivně na nádorové buňky. 

Chemoterapie je spojena s vedlejšími účinky, které lze částečně omezit využitím polymerních 

nosičů konjugovaných s nízkomolekulárními léčivy. Vazba léčiva na polymer zlepšuje jeho 

rozpustnost ve vodných roztocích, snižuje systémovou toxicitu a pasivně jej cílí přímo do 

nádoru prostřednictvím efektu zvýšené propustnosti a retence. 

Práce je zaměřena na testování polymerních konjugátů založených 

N-(2-hydroxypropyl)methacrylamidu (HPMA) nesoucího cucurbitacin D (CuD), přirozeně se 

vyskytující sloučeninu s potenciální protinádorovou aktivitou. Mechanismus účinku dosud není 

objasněn, ale několik studií popisuje inhibici fosforylace a dimerizace signal transducer and 

activator of transcription 3 (STAT3) transkripčního faktoru, který je overexprimován u řady 

nádorových linií a hraje roli v diferenciaci myeloidních supresorových buněk (MDSCs). 

V této diplomové práci jsme zkoumali terapeutický účinek HPMA kopolymerů na bázi 

CuD v kombinované terapii s jinými polymerními chemoterapeutiky. Cytotoxický účinek 

polymerních konjugátů s CuD byl patrný in vitro u několika modelových nádorových linií. 

In vivo léčebné experimenty ukázaly, že kopolymery s CuD v kombinaci s konjugáty nesoucími 

doxorubicin (Dox) snižují růst nádoru. Polymery nesoucí CuD byly též studovány v kontextu 

blokování imunosuprese zprostředkované MDSCs za účelem zlepšení terapeutických výsledků 

léčby společně s jinými polymerními chemoterapeutiky. 

 

Klíčová slova: nádorová onemocnění; imunoonkoterapie; cucurbitacin D; STAT3 signalizační  

ndráha; MDSCs; HPMA kopolymery  
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1 Introduction 

In countries with a developed socio-economic structure, cancer is regularly one of the 

most prominent causes of death. According to the statistics, every third citizen of the Czech 

Republic has encountered cancer and the incidence is steadily increasing. The causes could be 

the ageing and lifestyle of the population, better diagnostic protocols or regularly done 

screenings. The most common tumour types are skin, colorectal, prostate, breast or lung 

cancers. Although the number of oncological patients increases, the percentage of successfully 

treated patients with significantly prolonged survival is also growing. It is a result of early 

diagnostics, increasing progress in general healthcare and newly developed therapeutic 

protocols. During the last few decades, the field of cancer therapy has significantly progressed 

from the classical approaches such as surgical removal, radiotherapy and chemotherapy 

towards targeted personalized therapies. Cancer immunotherapy has been one of the most 

outstanding advancements made in cancer treatment in recent years. The combination of 

immunotherapy with conventional treatment enhances the initiation of anti-tumour responses 

and helps to increase therapeutic success rates. 

The basis of conventional chemotherapy is to prevent the proliferation of rapidly 

dividing tumour cells. Chemotherapeutic agents inhibit mitosis or affect DNA replication. Such 

cytotoxic agents target all dividing cells and their effect is non-specific, therefore causing severe 

side effects. The attachment of a cytotoxic drug to a polymer nanocarrier can prevent some of 

the adverse effects while bringing benefits such as improvement of water solubility or 

prolonged half-time in the circulation. Polymer conjugates are passively accumulated in the 

tumour microenvironment due to the EPR effect. High molecular weight polymers do not pass 

through the wall of normal healthy vessels. The vessels associated with the solid tumours are 

widely fenestrated, which allows the polymer-conjugated drug to leave the bloodstream passing 

directly into the tumour microenvironment.  

HPMA belongs to the most studied types of polymer nanocarriers so far. Cucurbitacins 

are a class of tetracyclic triterpenoids naturally occurring in the plant family of Cucurbitaceae. 

Cucurbitacins have been known in traditional medicine for their beneficial anti-inflammatory 

properties. Cucurbitacin D (CuD) represents a potential novel drug with a potent anti-cancer 

effect demonstrated on several tumour cell lines. The attachment of CuD onto a suitable 

nanocarrier, in this case, HPMA, could improve its solubility and delivery specifically into the 

tumour tissue and could serve as a useful tool to improve the efficacy of systemic anti-cancer 

chemotherapy.  
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2 Literature review 

2.1 Tumorigenesis and anti-tumour immune response 

Cancer remains one of the leading causes of death globally, with more than 10 million 

new cases per year and incidence rapidly growing all over the world.[1] The immune system 

interacts with tumour cells very closely to create an immune-suppressive milieu within the 

tumour microenvironment. The communication between the immune system and malignant 

cells has been first described in the 1970s by Frank Macfarlane Burnet. He came with the idea 

that tumour-specific neoantigens or tumour-associated antigens induce an immune response 

against cancer cells via the process of tumour immune surveillance.[2]  

A few years later, the concept of three phases, the so-called three Es of cancer 

immunoediting, was formulated by two colleagues, Gavin Dunn and Robert Schreiber. In the 

first elimination phase, tumour cells are successfully destroyed by both innate and adaptive 

immunity. Nonetheless, due to genetic instability and constant cell division, tumours can 

generate clones with reduced immunogenicity that can evade immune elimination. In the 

second phase, the host immune system and tumour cells that have survived the elimination 

process enter a dynamic equilibrium. If the immune system fails to destroy the tumour cells, 

the malignant process proceeds to its third, escape phase, which results in the clinically 

detectable tumour.[3] (Fig.1) 

Growing tumours adopt several strategies to escape immune surveillance to successfully 

develop in the body. In the early 2000s, Hanahan and Weinberg came up with the idea of six 

biological capabilities acquired during the development of human tumours. Those processes 

enable tumour cells to become malignant and tumour mass to grow and spread through 

metastasis. The original six hallmarks of cancer include sustaining proliferative signalling, 

evading growth suppressors, resisting cell death, enabling replicative immortality, inducing 

angiogenesis, and activating invasion and metastasis. An increasing body of research suggests 

that two additional hallmarks are involved in the pathogenesis of cancer. The first one includes 

the capability to modify cellular metabolism to reinforce neoplastic proliferation. The second 

allows cancer cells to evade immunological destruction by adaptive and innate immune cells 

such as T and B lymphocytes, macrophages or natural killer (NK) cells.[4] 
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Figure 1 | An illustration of cancer immunoediting. The process is divided into three stages; 

elimination, equilibrium and escape. During the elimination phase, tumour cells are 

successfully destroyed by the immune system. In the equilibrium phase, the surviving cancer 

cells are held under control in the state of tumour dormancy. The escape phase manifests as a 

clinically visible tumour. IFN – Interferon; IL – Interleukin; NK – Natural killer; NKGD2 – 

Natural killer group 2D; TNF – tumour necrosis factor. Adapted from [3] 
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Despite the intensive research, the role of the immune system in the formation, 

progression and eradication of malignant cells remains to be more thoroughly elucidated. The 

increased risk of cancer after immunosuppression and subsequent organ transplantation 

highlights the importance of immunological surveillance.[5] Additionally, some 

immunosuppressed organ transplant recipients have been observed to develop donor-derived 

cancers, suggesting that in healthy donors, the cancer cells are held under the control of a fully 

functional immune system and the defence falls once transplanted to the immunocompromised 

recipient.[6]  

In mouse models genetically engineered to be deficient in different components of the 

immune system, tumours arise more frequently and grow more rapidly compared to the 

immunocompetent controls. Impaired development and function of CD8+ T lymphocytes, 

CD4+ T lymphocytes, or NK cells increase cancer incidence. Moreover, mice with combined 

immunodeficiencies in both T and NK cells are even more susceptible to cancer development, 

which indicates that both innate and adaptive components of the immune system contribute to 

immune surveillance and thus tumour eradication.[3] Although considerable knowledge has 

been accumulated on how tumours avoid destruction, discovering effective cancer 

immunotherapies remains a challenging task. 
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2.2  Tumour immune evasion strategies 

The molecular mechanisms by which cancer cells evade the host immune system have 

been investigated both in mouse models and human clinical samples for years. Rather than 

creating novel innovative strategies, tumour cells hijack the body's regulatory circuits that 

control tolerance and homeostasis. In the past decades, several important immune evasion 

mechanisms have been described. 

2.2.1 Defective antigen presentation and lack of costimulation 

A typical and well-documented mechanism by which tumour cells evade immune 

surveillance is the downregulation or complete loss of expression of tumour antigens on the cell 

surface.[7] Moreover, malignant cells can modulate the antigen processing machinery and 

affect the MHC I antigen-presenting pathway. Losing the human leukocyte antigen (HLA) 

decreases the ability to present tumour neoantigens and facilitates the process of immune 

evasion. For instance, in approximately half of the human non-small cell lung cancer patients, 

there is a loss of heterozygosity in HLA molecules, cancer cells present fewer antigens and 

therefore evade the control of the immune system.[8]  

Moreover, most tumour cell lineages lack the expression of positive costimulatory 

molecules B7‐1 (CD80) and B7‐2 (CD86). T cell activation occurs through the recognition of 

a specific peptide presented on MHC molecules by CD8+ or CD4+ T cells bearing antigen-

specific T cell receptor (TCR). However, the first signal for the activation of naive T cells is 

insufficient to initiate an effective immune response and additional signals from costimulatory 

molecules are needed. Therefore, the absence of costimulatory signal provided by the CD28 

molecule on CD8+ or CD4+ T cells bound to CD80/86 on the surface of APCs leads to T cell 

unresponsiveness and anergy.[9]  

2.2.2 Expression of inhibitory checkpoint molecules 

Besides the absence of costimulation, tumour cells can also use negative regulatory 

pathways to terminate ongoing immune responses. One of the pathways includes a programmed 

cell death‐1 (PD‐1) molecule that was originally isolated from T cells undergoing 

apoptosis.[10] PD-1 is a negative costimulatory receptor that can be expressed on the cell 

surface of activated T and B cells, NKT cells, monocytes, or dendritic cells (DC). The PD‐1 

receptor has two known ligands. PD‐L1 (B7‐H1, CD274) is expressed on many cell types and 
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is important for the maintenance of immunological tolerance at immunologically privileged 

sites. PD‐L2 (B7‐DC, CD273) is a ligand expressed mainly on APCs and is involved in the 

negative regulation of the adaptive immune response. It has been observed that both ligands 

can be expressed on many types of tumour cells causing deletion or anergy of tumour reactive 

cells.[11]  

Another coinhibitory receptor, cytotoxic T lymphocyte antigen‐4 (CTLA-4), was 

described as a member of the immunoglobulin superfamily and the CD28 homologue. Unlike 

the constitutively expressed CD28 molecule, the expression of CTLA-4 is inducible with peak 

expression approximately two days after T cell activation. CTLA-4 binds CD80/86 molecules 

with much greater affinity than CD28. Such competitive binding limits T cell proliferation and 

survival, resulting in suppression of immune responses. CTLA-4 expressed by Treg cells can 

bind to CD80/86 molecules, thereby inhibit costimulatory signals and suppress the function of 

APCs in the tumour microenvironment.[11]  

2.2.3 Secretion of immunosuppressive mediators 

The production of immunosuppressive molecules strongly contributes to maintaining an 

immune tolerant milieu within the tumour microenvironment. Suppressive cytokines are 

secreted either by the cancer cells themselves or by the non-cancerous cells present in the 

tumour microenvironment. Main immunosuppressive cytokines include TGF‐β and IL-10.  

Mutations in the TGF‐β pathway are observed in many human cancers, and 

overactivation of this pathway is associated with rapid tumour progression and poor prognosis 

of patients. It has been described that TGF‐β stimulates tumorigenesis by promoting 

angiogenesis and suppressing the innate and adaptive anti-tumour immune responses.[12] 

Production of IL-10, another immunosuppressive cytokine, correlates with disease 

aggressiveness in many types of tumour cells, such as non-small cell lung or gastrointestinal 

cancer. Several studies have reported that a high level of serum IL-10 corresponds with worse 

clinical outcome in cancer patients in both solid and haematological malignancies.[13]  

In addition to immunosuppressive cytokines, tumour cells secrete various types of 

immunomodulatory and growth factors. Vascular endothelial growth factor (VEGF), for 

instance, is released by many human cancer cell lines and plays a critical role in the 

development of tumour vasculature. However, VEGF is known to inhibit the differentiation of 

hemopoietic progenitor cells into mature DCs, thus preventing the antigen uptake and efficient 

tumour antigen presentation.[14]  

https://en.wikipedia.org/wiki/Adaptive_immune_system
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2.2.4 Recruitment of immunosuppressive cells 

Immune suppression in the tumour microenvironment, mediated by various types of 

suppressive cells, seems to be a major mechanism of tumour immune escape and can be a 

crucial hurdle in the path to successful immunotherapy. The immunosuppressive tumour 

microenvironment is filled with immunosuppressive cells, including Treg cells, myeloid‐

derived suppressor cells (MDSCs) and tumour‐associated macrophages (TAMs). These cells 

are drawn into the tumour microenvironment via tumour produced chemokine gradient 

including chemokine (C–C motif) ligand 17 (CCL17) or chemokine (C–C motif) ligand 22 

(CCL22).[15] 

2.2.4.1 T regulatory cells 

Treg cells are essential for maintaining homeostasis, establishing peripheral tolerance 

and preventing autoimmune diseases. However, they can also act to prevent beneficial 

responses and diminish anti-tumour immunity. Tregs are characterized by the expression of one 

key transcription factor, the forkhead box P3 (Foxp3), which is needed for their development, 

function and maintenance. Murine, as well as human Treg cells, are identified by several surface 

markers such as CD4, CD25, also known as interleukin-2 (IL-2) receptor-α, and CD127, known 

as the interleukin-7 receptor.[16] Treg cells suppress immune functions through various 

mechanisms that can be divided into four general modes of actions. These include the 

production of immunosuppressive molecules, direct suppression by cytolysis, metabolic 

disruption and inhibition of the APCs.[17]  

In the tumour microenvironment, Tregs typically produce inhibitory cytokines, such as 

TGF-β or IL‐10, to inhibit the activation of effector T cells. Cytotoxic substances, such as 

perforin and granzyme, directly kill tumour-specific CD8+ T lymphocytes. Another 

immunosuppressive mechanism is mediated by CD25, high-affinity IL‐2 receptor-α, which 

rapidly consumes IL-2 and thereby limits the amount of IL‐2 needed for the effector T cell to 

proliferate. Moreover, Tregs express integral membrane enzymes, such as CD39 and CD73, 

which metabolize extracellular ATP to adenosine, which consequently binds adenosine A2a 

receptor and inhibits effector T cell activation.  

Additionally, the interaction between CTLA‐4, expressed by Treg cells and CD80/86 

on the surface of APCs, impairs their maturation and promotes secretion of IDO.[17] The 

activity of this enzyme inhibits the activation of effector T cells through depletion of the 

essential amino acid tryptophan and promotes differentiation and activation of Tregs through 
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the production of cytotoxic tryptophan metabolites called kynurenines. It is not surprising that 

the upregulation of IDO in tumours has been associated with poor prognosis of patients in 

several types of cancer.[18] IDO has been found to promote the recruitment of another 

immunosuppressive cell type, MDSCs, into the tumour tissue of experimental animal models, 

as well as human melanoma patients.[19] Moreover, Tregs control the differentiation and 

function of MDSCs via the production of immunomodulatory cytokine TGF‐β. Tregs 

genetically engineered to lack the expression of TGF‐β are not able to regulate the activation 

and function of MDSCs. Besides, adoptive transfer of wild-type Tregs, not TGF-β-deficient 

Treg cells, restored the immune-modulatory functions of MDSCs, as illustrated on the model 

of experimentally induced murine colitis. Aside from chronic inflammatory conditions such as 

colitis, the interaction between Tregs and MDSCs via the production of TGF‐β may also play 

an important part in the coordination of the anti-tumour immunity.[20] 

2.2.4.2 Myeloid-derived suppressor cells 

One of the most prominent populations contributing to the immunosuppressive milieu 

within the tumour microenvironment are MDSCs, defined as a heterogeneous population of 

immature myeloid cells at different stages of differentiation. Under physiological condition, 

myeloid progenitors differentiate into mature mononuclear cells including monocytes, 

macrophages and DCs; as well as into polymorphonuclear cells such as neutrophils, 

eosinophils, basophils and mast cells. In contrast, under pathological condition, during chronic 

inflammation or tumour progression, these cells remain undifferentiated. Although similar to 

neutrophils and monocytes in morphology and phenotype, their functional characteristic lays in 

the ability to foster tumour progression by suppressing immune responses, promoting tumour 

cell survival and invasiveness to normal healthy tissues.[21] 

2.2.4.2.1 Immunomodulatory properties of MDSCs 

MDSCs exploit plenty of mechanisms to influence both innate and adaptive immune 

responses. Broadly speaking, these mechanisms can be divided into four distinct classes. (Fig.2) 

Firstly, MDSCs in the tumour microenvironment execute their role via the secretion of 

suppressive cytokines. It has been described that membrane-bound TGF-β1 on MDSCs is 

responsible for the inhibition of NK cell function via cell-to-cell contact mechanism.[22] 

Moreover, MDSCs producing IL-10 decrease the production of IL-12 by pro-inflammatory 

M1 macrophages and skew them toward a suppressive M2 phenotype.[23]  
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The second immune-suppressive strategy is to eliminate the key nutrition factors for 

activated T cells within the tumour microenvironment. L-arginine is a substrate for the enzyme 

arginase-1 (ARG1) highly expressed by MDCSs. Low arginine concentrations decrease T cell 

proliferation and activation, cytokine production, and eventually lead to complete loss of the 

TCRζ chain.[24] Similarly, MDSCs consume L-cysteine from the tumour microenvironment, 

limiting the availability of this essential amino acid needed for T cell activation.[25] 

Additionally, MDSCs express high levels of IDO, an enzyme that metabolizes essential amino 

acid L-tryptophan. The reduction of local tryptophan levels and generation of cytotoxic 

metabolites called kynurenines leads to impairment of immune responses initiated by effector 

T cells and a reciprocal increase in infiltration of Tregs into the tumour microenvironment.[26] 

 

Figure 2 | Immunosuppressive mechanisms used by MDSCs. (A) Secretion of TGF-β and 

IL-10. (B) Deprivation of L-cysteine and L-arginine. (C) Production of hydrogen peroxide and 

peroxynitrite. (D) Induction of development and expansion of Treg cells. ARG1 – arginase 1; 

CCL – chemokine (C–C motif) ligand; IL – interleukin; iNOS - inducible nitric oxide synthase; 

NK – natural killer; NOX2 – NADPH oxidase 2; TCR – T cell receptor; TGF – transforming 

growth factor. Adapted from [27] 
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Thirdly, MDSCs produce reactive oxygen species (ROS) and reactive nitrogen species 

(RNS). The increased ROS production by MDSC is mediated by the upregulated activity of 

NADPH oxidase (NOX2), which produces superoxide anions reacting with water to form 

hydrogen peroxide.[28] RNS are generated by inducible nitric oxide synthase (iNOS). 

Production of nitric oxide in combination with superoxide anion results in the formation of 

peroxynitrite.[29] It has been documented that peroxynitrite causes nitration and nitrosylation 

of components of the TCR signalling complex and, together with hydrogen peroxide, induces 

modification of TCR molecules. CD8+ T cells with defective TCRs lose the ability to bind 

peptides presented on MHC molecules and as result, antigen-specific non-responsiveness is 

established.[30] Moreover, MDSC-derived peroxynitrite causes modification of chemokine 

(C-C motif) ligand 2 (CCL2) resulting in decreased infiltration of effector CD8+ T cells into the 

tumour microenvironment.[31] 

At last, MDSCs induce differentiation of Tregs from naive CD4+ T cells, as well as 

activation and expansion of already existing Treg populations. MDSC-mediated Treg 

expansion is found to be mediated via the interaction of the TCR with MHC-II and CD40 with 

CD40 ligand.[32, p. 40] Furthermore, the production of soluble factors such as IL-10 or TGF-

β, and deprivation of L-arginine from the environment may also contribute to the polarization 

towards Treg cell phenotype.[33], [34] 

2.2.4.2.2 MDSCs in mice 

At present, it is well known that there are at least two main subsets of MDSCs, as 

identified in tumour-bearing mice as well as in humans. The first is the polymorphonuclear 

subset (PMN-MDSCs), which phenotypically and morphologically resembles neutrophils. The 

second is the monocytic subset (Mo-MDSC), which is similarly close to monocytes. As a 

heterogeneous population of cells, MDSCs can express several markers, which overlap with 

other myeloid lineage cells involving DCs, neutrophils or monocytes. MDSCs are not a subset 

of cells defined by the expression of a single specific marker. In mice, they were first 

characterised by the co-expression of myeloid lineage differentiation antigen Gr-1 and myeloid 

cell marker CD11b. Later on, more detailed phenotyping by two epitopes of myeloid 

differentiation antigen Gr-1, Ly-6G and Ly6C was added. Taken together, MDSCs in tumour-

bearing mice can be distinguished as CD11b+Ly6ChighLy6G− monocytic MDSCs, and 

CD11b+Ly6ClowLy6G+ polymorphonuclear MDSCs.[35]  
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For further identification, MDSCs were defined as lacking the surface markers of fully 

differentiated mononuclear phagocytes, CD11c and MHCII. Mo-MDSCs express very low 

levels of mature monocytic and macrophage marker F4/80, but its surface expression is 

insignificant when compared to TAMs.[36] At normal steady-state conditions in naïve mice, 

MDSCs are commonly found in bone marrow, and sporadically in the spleen, blood, pancreas 

or liver. Numerous studies have shown an increase in the frequency of MDSCs early in tumour 

development in the peripheral blood, which further advances upon tumour progression. When 

analysed in different models of tumour-bearing mice, almost all models demonstrated a 

preferential expansion of PMN-MDSCs over Mo-MDSC phenotype.[35], [37] In contrast, 

PMN-MDSCs were identified as less immunosuppressive compared to Mo-MDSCs, whether 

demonstrated using in vitro assays or as observed in vivo, following adoptive cell transfer.[38], 

[39] 

2.2.4.2.3 MDSCs in humans 

In recent years, a large body of research has documented a significant increase in 

MDSCs in human cancer patients. The increase in MDSCs both circulating in peripheral blood 

as well as infiltrating the tumour tissue has been described in various types of tumours, for 

instance melanoma, non-small lung cancer or renal carcinoma.[24], [40], [41]  

Unlike mice, human MDSCs cannot be characterized based on the myeloid lineage 

differentiation antigen Gr-1 because of the absence of a homologous gene in humans. 

Therefore, human MDSCs are generally defined as cells that express CD11b and the common 

myeloid marker CD33. At the same time, human MDSCs lack the expression of markers of 

mature myeloid and lymphoid cells and the MHCII molecule HLA-DR.  

The subsequent characterisation into the two main MDSC subsets is done using the 

expression of CD14 and CD15 surface markers. The human equivalent of PMN-MDSC is 

defined as CD11b+CD14−CD15+ and often expresses an activation marker of human 

granulocytes, CD66b. On the other hand, human Mo-MDSCs are identified as having 

CD11b+CD14+HLA-DR−/loCD15− phenotype.[36] The frequency of each MDSC subset appears 

to be influenced by the type of cancer. For instance, studies have shown that while patients with 

metastatic melanoma demonstrate an increase of Mo-MDSCs, the main immunosuppressive 

subset in patients suffering from renal cancer is the PMN-MDSCs.[24], [40] 
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2.2.4.2.4 STAT3 signalling in MDSCs 

STAT3 belongs to the signal transducer and activation (STAT) family of 

signal-responsive transcription factors. The STAT family of transcription factors mediates 

signals from various cytokine and growth factor receptors. Upon engagement of a ligand, 

receptors dimerize and activate receptor-associated Janus kinases (Jak), which phosphorylate 

both each other and the intracellular tails of their receptors. Jak-mediated phosphorylation 

activates STAT proteins, which then form either homo or heterodimers, translocate to the cell 

nucleus, bind directly to DNA, and regulate gene expression of multiple target genes.[42] 

Previously published reports suggest that STAT3 is overexpressed in various tumour types, 

such as human ovarian or prostate cancer cells.[43]–[45] 

 Moreover, it has been described that the STAT3 signalling pathway plays a major role 

in MDSC expansion and activation of suppressive mechanisms within the tumour 

microenvironment. Recent studies provide evidence documenting the STAT3 overexpression 

in MDSCs infiltrating the tumour microenvironment in mice and humans. For example, genetic 

deletion of suppressor of cytokine signalling 3 (SOCS3) protein, a negative regulator of STAT3 

activation, leads to an accumulation of MDSCs in murine models of prostate cancer.[46] The 

central role of this signal-transducing molecule in human MDSCs was first described as an 

increase of overall STAT3 phosphorylation in MDSCs found in the blood of patients with 

advanced melanoma.[47]  

STAT3 pathway in MDSCs is activated in response to several tumour-derived factors, 

for example, GM-CSF or VEGF. Such signals stimulate the expression of distinct proteins, 

including c-Myc, Bcl-XL, cyclin D1 and survivin. These proteins promote the proliferation of 

immature myeloid cells while preventing apoptosis and differentiation into mature cells, 

resulting in increased numbers of MDSCs.[48] Tumour-induced STAT3 upregulation of 

S100A9 protein in myeloid progenitors inhibits their differentiation into fully mature DCs and 

macrophages while expanding MDSCs. In the absence of S100A9 protein, MDSCs 

accumulation is suppressed and anti-tumour immune responses are restored.[49] It has been 

described that high levels of phosphorylated STAT3 found in MDSCs correlate with 

upregulation of ARG1 expression and activity.[50] Moreover, STAT3 directly regulates 

suppressive mechanisms in MDSCs by inducing higher expression of NOX2 

subunits. Upregulation of NOX2 leads to increased ROS production, which contributes to the 

impaired myeloid cell differentiation.[49], [51] 
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Targeting the STAT3 signalling pathway could prevent the expansion and recruitment 

of MDSCs, inhibit their suppressive functions, and induce the differentiation of MDSCs into 

the mature myeloid cells. Indeed, there are several targeted cancer therapies that affect directly 

MDSCs. For instance, administration of axitinib, a selective inhibitor of VEGF receptor, exerts 

an anti-cancer effect in renal cell carcinoma by inhibition of STAT3 signalization and reducing 

the numbers of MDSCs.[52] Treatment of tumour-bearing mice with kinase inhibitors such as 

sorafenib or sunitinib reduces the frequency of tumour-infiltrating MDSCs in murine liver and 

renal cell carcinoma models.[53], [54] Moreover, several natural compounds such as 

cucurbitacin I, enhance the differentiation of immature myeloid cells into mature DCs by direct 

inhibition of the STAT3 pathway.[55] Taken together, pharmacological inhibition of the 

Jak2/STAT3 pathway may be a potentially useful tool in improving cancer immunotherapy. 
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2.3 Immune therapeutic strategies 

Most cancer treatments include classical approaches how to eliminate malignant cells. 

These include typically surgery, radiation therapy and chemotherapy. In light of recent findings, 

an increasing number of clinical trials is currently focused on enhancing the anti-cancer 

mechanisms of the immune system. Following many initial clinical failures, the field of cancer 

immunotherapy has been one of the most progressive advancements made in cancer 

therapeutics in recent years and the combination of immunotherapy with conventional therapies 

is the leading path to the enhancement of anti-tumour responses and increased therapeutic 

success. Cancer immunotherapies include various approaches, ranging from stimulating 

effector mechanisms to counteracting inhibitory and suppressive mechanisms. 

2.3.1 Nonspecific immune stimulation 

This immunotherapeutic strategy gives the immune system an overall boost and can be 

used alone or in combination with other treatments to support long-lasting immune responses. 

Nonspecific immune stimulation treatments include the therapeutic administration of 

recombinant cytokines. Cytokine treatment enhances the activation and communication among 

immune cells. On the other hand, cytokines have a short biological half-life in the bloodstream 

and relatively low patient response rates. Besides, the administration of cytokines at high doses 

carries a risk of systemic toxicity accompanied by several adverse effects.  

Administration of IL-2 was the first clinical immunotherapy approved for the treatment 

of metastatic melanoma and renal carcinoma, although high doses of IL-2 can cause many side 

effects including capillary leak syndrome.[56], [57] IFN-α has only limited effects when used 

as a single cancer treatment, but it is used as an adjuvant in melanoma therapy.[58] 

2.3.2 Cancer vaccines 

The aim of therapeutic cancer vaccination is to prime tumour-specific immune 

responses via induction of CD4+ and CD8+ T cells capable of recognizing tumour-expressed 

antigens. There are several types of cancer vaccines currently being evaluated as a treatment of 

diverse types of tumours. Vaccines are based on tumour cell lysates, purified or recombinant 

tumour antigens, recombinant DNA or RNA molecules, as well as DCs or viral vectors. 

Unfortunately, the main obstacle in the development of successful cancer vaccines remains the 

identification of suitable tumour neoantigens.[59] 
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 Aside from therapeutic vaccines, there are several prophylactic vaccines approved for 

prevention against cancer-causing viral infections, including hepatitis B virus and human 

papillomavirus.[59] Despite initial clinical failures, therapeutic cancer vaccine research has 

succeeded with the approval of sipuleucel-T (Provenge) for the treatment of metastatic 

castration-resistant prostate cancer. The vaccine is created by isolating DCs from the peripheral 

blood of each patient. Isolated DCs are activated ex vivo in the presence of recombinant antigen, 

the prostatic acid phosphatase, which is specifically expressed on prostate cancer cells. As an 

immune activator, the granulocyte-macrophage colony-stimulating (GM-CSF) factor is used. 

Eventually, those DCs are returned to the patient to potentiate the anti-tumour T cell 

response.[60]  

2.3.3 Adoptive cell transfer 

Adoptive cell transfer is yet another promising type of immunotherapeutic strategy 

involving the improvement of T cell anti-tumour properties. There are two main types of 

adoptive cell transfer strategies; one relies on collecting the patient´s tumour-infiltrating 

lymphocytes (TIL); the other is based on engineering new chimeric antigen receptor (CAR) on 

T cells to recognize specific tumour antigens on the surface of cancer cells. TIL are firstly 

isolated from patients’ resected metastatic tumour tissue, expanded ex vivo in the presence of a 

high dosage of IL-2, and infused back into the patient. This approach attempts to reverse the 

functional impairment of T cells residing within the tumour caused by the immune suppressive 

mechanisms described above (Chapter 2.2). The adoptive transfer of TILs is therefore preceded 

by lymphodepleting chemotherapy eliminating immunosuppressive cells such as Tregs and 

MDSCs. Moreover, TIL infusion is accompanied by the administration of IL-2 to achieve 

durable clinical responses after the transfer of TILs.[61]  

The second advanced technique of adoptive cell transfer is based on the isolation of T 

cells from a patient's peripheral blood and their subsequent genetic modification. Genetically 

engineered CARs consist of an antibody-derived immunoglobulin variable domain fused with 

CD3ζ domains of TCR complex. Retroviral or lentiviral recombinant vectors containing cloned 

DNA plasmids are transfected into target cells creating T cells bearing TCRs that can be 

potentially targeted against any cell surface antigen. CD19-targeted CAR T cell treatment of 

patients with hematologic malignancies have demonstrated to be beneficial. On the contrary, 

CAR T cell therapy of solid tumours has yielded only limited efficacy, therefore, it needs to be 

further optimized.[62] 
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2.3.4 Monoclonal antibodies 

Humanized or chimeric monoclonal antibodies that are designed to target specific 

tumour antigens work in various ways. Monoclonal antibodies can either block growth factors 

and their receptors, cross-link surface antigens resulting in cell death by antibody-dependent 

cellular cytotoxicity, or deliver other therapeutic agents such as cancer drugs or radiation 

particles directly to targeted cancer cells. 

An example of a blocking humanized monoclonal antibody is bevacizumab. It was 

found to potently neutralize VEGF, a critical angiogenic factor involved in pathological 

alternations of tumour vasculature.[63] Bevacizumab has been evaluated in clinical trials as a 

treatment for various types of tumours, such as metastatic colorectal cancer or advanced non-

small-cell lung carcinoma.[64], [65] Rituximab is a chimeric monoclonal antibody with a 

specific affinity for the B lymphocyte transmembrane protein, CD20, which is expressed on 

normal and most malignant B cells. Rituximab was first approved by Food and Drug 

Administration (FDA) for the treatment of Non-Hodgkin’s lymphoma. Since then, it has 

become a standard in the treatment of several types of B cell malignancies.[66] Another 

humanized monoclonal antibody used in cancer treatment is trastuzumab, which targets the 

extracellular domain of human epidermal growth factor receptor 2 (HER2). It has been 

described that overexpression of HER2 in breast cancer is associated with worse clinical 

outcome. Therefore, the treatment with trastuzumab in combination with chemotherapy 

significantly improves survival among women with HER2-positive breast cancer.[67] 

An example of a drug-conjugated monoclonal antibody is trastuzumab emtansine 

approved for the treatment of HER2-positive metastatic breast cancer. Trastuzumab binds to 

the extracellular domain of the HER2 molecule and, after the internalization, it inhibits 

microtubule polymerization causing apoptosis of the targeted cell.[68] Brentuximab vedotin is 

an antibody-drug conjugate that has been approved for the treatment of Hodgkin’s lymphoma. 

The antibody targets CD30 surface antigen expressed on malignant cells and carries a 

microtubule-disrupting agent causing the apoptosis of lymphoma cells.[69] 
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2.3.5 Immune checkpoint inhibitors 

Immune checkpoint inhibitors are monoclonal antibodies that block inhibitory pathways 

from being engaged and prevent tumour cells from inducing tolerance in tumour-specific 

T cells. The most significant is the clinical success of the monoclonal antibodies blocking 

CTLA-4 and PD-1/PD-L1 inhibitory checkpoint molecules. The blockade of the CTLA-4 and 

PD-1 inhibitory signalling pathways allows the recovery of effector T cell functions and reduces 

the immune suppression mediated by Tregs, therefore improves the clinical outcome of patients 

with metastatic tumours.[11] Ipilimumab, an anti-CTLA-4 antibody, acts to upregulate 

anti-tumour immunity and has been the first to achieve an improvement in overall survival after 

treatment of patients bearing metastatic melanoma.[70] Subsequently, the anti-PD-1 antibodies 

– nivolumab and pembrolizumab, and anti-PD-L1 antibodies – atezolizumab, avelumab and 

durvalumab; were approved by the FDA for the treatment of multiple advanced cancers.[71] 

The combination therapy with Ipilimumab and Nivolumab antibodies has been also 

clinically tested in patients with chemotherapy-resistant metastatic melanoma. It has been 

described that progression-free survival and the therapeutic response of patients was 

significantly better when treated with the combination therapy compared to Nivolumab or 

Ipilimumab antibody alone.[72] 
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2.4 Polymer prodrugs in cancer therapy 

Immunotherapeutic protocols used as a sole cancer therapy are not sufficient, however, 

they can be effective when used in combination with other types of treatment, in particular 

chemotherapy. On the other hand, conventional chemotherapy is accompanied by several 

disadvantages. The efficacy of classical chemotherapy is reduced by the non-specific 

distribution within the body and causes adverse effects due to the toxicity towards healthy 

tissues. Moreover, cancer cells often develop multidrug resistance to existing chemotherapeutic 

agents. Therefore, the development of new nanoparticle drug carriers could be the path to 

overcoming the major drawbacks of conventional cancer chemotherapy.[73] 

The idea to attach a cytotoxic drug to polymer nanocarrier was initiated about fifty years 

ago and has significantly advanced since then. Macromolecular carriers protect the drug from 

degradation and activation in the bloodstream. The half-life of a nanocarrier-conjugated drug 

is increased and the overall systemic toxicity is reduced because of the controlled release from 

the polymer. Moreover, nanocarriers improve the bioavailability and solubility of drugs 

insoluble in water. A polymer carrier suitable for drug delivery has to be biocompatible, 

meaning that it has to be biodegradable or small enough to be cleared from the body by renal 

filtration or excreted by the liver and bile. The macromolecule should not interact 

non-specifically with cell membranes to prevent the accumulation of the drug in other than the 

targeted cells. The anti-cancer drug is bound to the carrier via a spacer, which provides its 

specific controlled release.[74]  

The bond between the drug and its carrier is stable in the bloodstream. However, the 

drug needs to be released once it enters the tumour microenvironment or inside lysosomes after 

its engulfment by the tumour cells. One option is to bind the drug via a pH-sensitive bond and 

exploit the pH difference between blood and tumour microenvironment or lysosomes. An 

example of such a bond could be a hydrazone spacer that is stable under physiological 

conditions (pH 7,4) and hydrolytically degradable in a mildly acidic environment (pH 6-5).[75] 

There is also an option to design spacers that could be proteolytically cleaved by the lysosomal 

enzymes. For instance, a lysosomal enzyme called cathepsin B secures the controlled release 

of anti-cancer drug by the proteolytic cleavage of the bond formed between the drug and 

tetrapeptide spacer composed of glycine, phenylalanine, leucine and glycine.[76] 

Lastly, macromolecular carriers have a distinct architecture that has an important impact 

on the biological activity of the conjugates. The studies have shown that the polymer structure, 

hydrodynamic radius and molecular weight significantly influence the elimination of the carrier 
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by glomerular filtration. Different structures of polymer nanocarriers include linear or branched 

conjugates, micellar conjugates, as well as dendrimer-based star conjugates. The results of 

whole-body biodistribution analysis showed that linear polymers with the lower molecular 

weights were excreted faster and more efficiently, followed by the higher molecular weight 

fractions with the threshold around 40 000 g/mol. More complex start conjugates with 

comparable molecular weights to the linear polymers were eliminated much slower. On the 

other hand, the treatment of tumour-bearing mice with star polymer conjugates with higher 

molecular weights exhibited longer blood circulation and yielded a significantly higher number 

of long-term survivors in comparison with the linear polymer conjugate treatment.[77] 

2.4.1 Principles of nanocarrier tumour delivery 

The targeting of polymer-drug conjugates is dependent on two key aspects: the type of 

tumour and the structure of the macromolecular drug carrier. Active targeting of polymer-drug 

conjugates can be achieved by adding target-specific antibodies or antibody fragments. An 

example of an active targeting approach is the synthesis of polymer carrier conjugated with 

CD20-specific antibody, which has been assessed for the treatment of B cell malignancies such 

as non-Hodgkin’s lymphoma.[78]  

Passive polymer-drug targeting benefits from the increased permeability of blood 

vessels and poor lymphatic drainage within the tumour microenvironment. This phenomenon 

known as the enhanced permeability and retention (EPR) effect was originally described by 

Maeda and Matsumura in 1986.[79] The majority of solid tumours have a chaotic and imperfect 

vasculature due to the abnormal production of various pro-angiogenic factors, such as VEGF. 

Newly generated blood vessels in the solid tumours have increased permeability as they are 

widely fenestrated and are often lacking smooth muscle layer and pericytes. Moreover, tumour 

endothelial cells do not form a monolayer connected with tight junctions. All those aspects 

contribute to the extravasation of macromolecules ranging up to hundreds of nanometres in 

diameter into tumour tissue. This, together with the absence of properly functioning lymphatic 

drainage allows selective accumulation of high molecular weight drug carriers in tumours less 

affecting the healthy tissues.[80] 

In recent years, several studies have depicted the heterogeneity in EPR-based 

nanoparticle drug carrier treatments. The uptake of polymer prodrugs into solid tumours varies 

in patients with different types of cancer and among individuals bearing tumours of the same 

origin.[81] A growing body of research suggests that the EPR effect varies in humans and 
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mouse models, and may change over the time of tumour progression. As it may seem that the 

heterogeneous outcomes of clinical trials with polymer-drug conjugates are often not as 

promising as results of preclinical animal studies, it is important to highlight that multiple 

passively tumour-targeted nanocarrier prodrugs have been successfully translated to the clinic. 

For instance, liposome-encapsulated doxorubicin (Dox) attached to polyethylene glycol (PEG) 

prevents the accumulation of the cardiotoxic drug in the heart while improving the delivery 

specifically into the tumour microenvironment.[82]  

Overall, while EPR-based nanomedicines might be a tool to improve the efficacy of 

systemic anti-cancer chemotherapy, there is a necessity to better understand the heterogeneity 

of the EPR effect in patients. The development of diagnostic protocols and imaging agents that 

facilitate the visualization of EPR-mediated tumour targeting on the individual level is the 

future of personalized nanocarrier drug delivery in the field of cancer therapy.[83] 

2.4.2 HPMA-based polymer drug carriers 

Various polymer-drug conjugates, based for instance on the structure of PEG or 

N-(2-hydroxypropyl)methacrylamide (HPMA), are being synthesized and evaluated to be 

suitable for use in cancer therapy. PEG belongs to the most widely used hydrophilic carriers for 

the delivery of biologically active proteins and low molecular weight drugs. However, it must 

be considered that the structure of the nanocarrier should provide enough suitable chemical 

groups available for the incorporation of cytotoxic drugs. Despite its good solubility and 

biocompatibility, the structure of PEG offers only one or two end-chain functional groups 

available for polymer modification and binding of a drug.[84]  

In contrast to PEG, drug carriers based on HPMA have functional groups available for 

drug incorporation distributed along the whole polymer chain. The first synthesis of HPMA 

structure was published in the early 1970s by Jindřich Kopeček and his colleagues and has 

further advanced since then.[85] HPMA-based copolymers have proven to be biocompatible, 

nontoxic and nonimmunogenic. Therefore, they are suitable carriers for biologically active 

cytotoxic and immunomodulatory agents. The multivalency of the HPMA backbone offers 

attachment of more types of cytotoxic agents via a biodegradable spacer. [86], [87] The anti-

tumour activity of polymer prodrugs containing cytostatics, such as Dox, docetaxel (Dtx) or 

paclitaxel, has been documented repeatedly.[88]–[90] The structure of a spacer is important for 

drug release and activation; peptide spacers are cleaved by specific lysosomal enzymes while 

low pH‐sensitive spacers undergo chemical hydrolysis. (Fig.3)  
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The degradable polymer conjugates have various architectures, whether it is a linear 

polymer, star-shaped conjugate based on a dendrimer core or polymeric micelles. Carrier 

micelles are formed by the self-assembly of amphiphilic copolymers with a molecular weight 

above the limit of a renal threshold. After drug release by hydrolysis of the pH-sensitive spacer 

in the acidic conditions of tumour tissue, micelles are disassembled and unimers are removed 

by glomerular filtration from the body.[86], [87] HPMA-drug conjugates have proven to be 

nonimmunogenic because HPMA is not recognized by the immune system as an antigen. 

Conversely, HPMA copolymers reduce the immunogenicity of substances they carry, probably 

via masking the attached molecule by creating a hydrophilic capsule around the transported 

substances and sterically hindering their accessibility to the cells of the immune system.[91] 

 

 

 

Figure 3 | Example of HPMA conjugates with Dox. (Left) Polymer conjugate with 

doxorubicin (Dox) bound via enzymatically degradable oligopeptide sequence. (Right) 

Polymer prodrug carrying Dox attached via a pH‐sensitive hydrazone bond. Adapted from [92] 
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A large body of information has been collected concerning the effectiveness of in vivo 

HPMA-based nanomedicine treatment in murine models, as well as humans.[88], [89], [93] 

HPMA nanocarriers have shown prolonged blood circulation and enhanced transport to the 

tumour tissue due to the EPR effect followed by controlled release of the drug. Polymer 

prodrugs based on HPMA and Dox or Dtx have a potent anti-cancer effect and 

immunomodulating activity. The treatment of mouse tumour models using distinct HPMA 

polymer conjugates with Dox induces treatment-dependent cancer resistance and long-lasting 

immunological memory.[94] This was documented by re-inoculating cured, long-term 

surviving mice with a lethal dose of the original tumour cells as late as six months after the 

primary therapy. Mice re-challenged by the tumours were protected and survived without 

tumour progression, unlike the controls, which developed tumours and died. Further 

investigations have highlighted the importance of CD8+ T cell responses in the development of 

cancer resistance, in rejecting re-transplanted tumours and in maintaining immunological 

memory.[94]–[96] Moreover, HPMA-Dox conjugates have shown the capacity to induce 

immunogenic cancer cell death.[97]  Immunogenic cancer cell death activates the anti-tumour 

immune responses by releasing danger-associated molecular pattern molecules that are 

engulfed by DCs, which undergo maturation and activate CD8+ and CD4+ T cells.[98], [99] 
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2.5 General characteristics of cucurbitacins 

Cucurbitacins are a class of highly oxidized tetracyclic triterpenoids originally extracted 

from the plant family of Cucurbitaceae. Historically, cucurbitacins have been known in 

traditional folk medicine for their anti-inflammatory, antipyretic and analgesic properties. 

Structurally, cucurbitacins are characterized by the tetracyclic cucurbitane nucleus composed 

of thirty carbon atoms with a variety of oxygen substitutions at different positions. According 

to the characteristics of their structures and side-chain variations, cucurbitacins are grouped into 

twelve distinct categories. The classes range from cucurbitacin A to cucurbitacin T, including 

hundreds of different derivates. Among those, the cucurbitacins B, D, E and I have been studied 

most thoroughly and proved to have strong anti-cancer activities.[100]–[102] (Fig.4) At room 

temperature, cucurbitacins are crystalline substances with prominent hydrophobicity. Therefore 

an attachment of cucurbitacins to a suitable nanocarrier could improve their solubility and 

delivery into specific tissues. Indeed, polymer micelles have been evaluated for the 

solubilization and delivery of cucurbitacin B and I; inhibitors of the STAT3 pathway. When 

studied in mouse melanoma models, polymer micellar cucurbitacins exhibited similar anti-

cancer activity compared to the free drugs. Moreover, the systemic toxicity of cucurbitacins 

bound to nanocarriers was significantly lower. These results reveal the potential of polymeric 

nanocarriers as suitable vehicles for the delivery of cucurbitacins in cancer therapy.[103] 

 

Figure 4 | Chemical structures of several widely studied cucurbitacins. Most intensive 

research is being done on cucurbitacins B, D, E, I and their derivates. Adapted from [102] 
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2.5.1 Cucurbitacin D as a promising anti-cancer agent 

Several types of cucurbitacins are currently studied due to their possible beneficial 

effects in cancer therapy. The following chapter is focused on one of them, namely 

cucurbitacin D (CuD); also known as elatericin A. The anti-cancer properties of cucurbitacins 

were first discovered in the 1960s. In the series of experiments, elatericin A and B (CuD and E) 

were found to inhibit cancer cell proliferation in vitro and following tumour inoculation 

in vivo.[104], [105] Since then, CuD has shown a potent inhibitory effect on many cell lines 

including hepatocellular carcinoma, leukaemia, breast, colon, lung, pancreatic or prostate 

cancer.[106]–[110] 

Lately, the emerging evidence describe significant synergistic effects of cucurbitacins 

with clinically approved chemotherapeutics. An example of such could be the combination of 

cucurbitacins with Dox, Dtx, gemcitabine or methotrexate.[100]–[102], [111] Unfortunately, 

the few studies published on the topic of CuD describe mainly the overall effects on cancer 

cells rather than specific mechanisms and molecules standing behind its anti-tumour activity. 

Therefore, further research regarding CuD is much needed. The effects of CuD described in 

tumour cells include for example cell cycle arrest and triggering of programmed cell death by 

affecting STAT3 or nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 

signalling pathways. 

2.5.1.1 CuD-induced cell cycle arrest and apoptosis 

The induction of cell cycle arrest and apoptosis is one of the main effects of 

cucurbitacins on cancer cells. Different cucurbitacins can induce stopping in different phases. 

It has been described that human ovarian and endometrial cancer cells are susceptible to the 

growth-inhibitory effect of CuD. In vitro cultivation of malignant cells in the presence of CuD 

induced arrest in the G2/M phase of the cell cycle. Upregulated level of p21WAF1 and p27KIP1, 

cyclin-dependent kinases that play important roles in blocking the cell cycle, was observed. 

Furthermore, CuD decreased the expression of other important cell cycle regulators, cyclins A 

and B. In line with these findings, CuD significantly increased the number of apoptotic cells 

via down-regulating the anti-apoptotic proteins Bcl-2 and Bcl-xL. Moreover, treatment with 

CuD stimulated the activity of caspase-3 and caspase-9, which initiate apoptosis by cleavage of 

many substrates such as poly-ADP ribose polymerase.[112]  

Another study documented the effect of CuD on neurofibromatosis type 2-deficient 

mouse schwannoma and human benign meningioma cells. Treatment with CuD inhibited the 
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growth of malignant cells and induced cell cycle arrest at G2/M via decreasing the levels of 

cyclin A, B, and E. Additionally, CuD inhibited the phosphorylation of pro-survival 

serine/threonine kinase Akt. The lack of phospho-Akt in treated cells led to reduced cell 

survival and apoptosis.[113]  

Analysis of human hepatocellular carcinoma cells after cultivation with CuD has shown 

increased activity of caspase-3, which plays a central role in the initiation of apoptosis. The 

results suggest that CuD activates the apoptotic pathway through proteolytic cleavage of 

procaspase-3, an inactive form of initiator caspase-3 that subsequently activates apoptotic 

effector caspases.[108] In human leukaemia cells, CuD markedly reduced anti-apoptotic 

proteins Bcl-2 and Bcl-xL and induced programmed cell death through the inhibition of the 

proteasome. The proteasome is a catalytic complex responsible for the degradation of most 

cellular proteins, therefore its inhibition led to an accumulation of ubiquitinated proteins in the 

cytoplasm, which resulted in apoptosis. More importantly, proapoptotic and proteasome 

inhibitory activity of CuD was demonstrated also in vivo using severe combined 

immunodeficiency mice inoculated with human T‐cell leukaemia cells.[107]  

Interestingly, recent evidence showed that CuD-induced apoptosis in human leukemic 

cells might be closely associated with autophagy. However, the researchers observed rather 

contradicting results using different autophagosome inhibitors on distinct human leukaemia T 

cell lines. Further work would be required to evaluate the involvement of autophagy concerning 

anti-cancer drug sensitivities.[114] 

2.5.1.2 CuD and its molecular mechanisms of action 

Mechanisms by which CuD controls the cell cycle arrest, apoptosis, and growth 

suppression can vary, as mentioned in the chapter above. At the molecular level, one of the 

most prominent CuD targets is the STAT3 transcription factor, one of the seven members of 

the STAT protein family. Activated STAT3 triggers tumour progression by regulating gene 

expression through cross-talk with other transcription factors, and it plays a major role in the 

oncogenesis of many cancer cell lineages. Therefore, the inhibition of constitutive STAT3 

activity could serve as prevention and treatment of various human tumour types.[115]  

When studied in human breast cancer cells, CuD suppressed proliferation while also 

inducing apoptosis and G2/M cell cycle arrest via inhibition of the STAT3 pathway. The 

experiments have shown inhibition of phosphorylation and nuclear translocation of STAT3 in 

treated cells. Moreover, CuD repressed STAT3-dependent reporter gene activity illustrating 
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potent inhibition of the constitutive transcriptional activity of STAT3.[114] CuD-induced 

apoptosis associated with the inhibition of STAT3 was also observed in human cervical cancer. 

CuD inhibited phosphorylation of STAT3 at Ser727 and Tyr705 residues. This resulted in the 

downregulation of STAT3 downstream target genes such as c-Myc and matrix 

metalloproteinase 9. These effects were confirmed also in vivo using athymic nude mice. The 

researchers described that the intratumoural administration of CuD reduced cervical cancer-

derived xenograft tumour growth when compared to control mice without any treatment.[117] 

Interestingly, other studies done on breast cancer cells describe the combined effect of 

CuD both on STAT3 and on NF-κB signalling pathways. NF-κB is another important signalling 

pathway playing part in human cancer initiation, progression and metastasis. NF-κB is a family 

of five transcription factors that form different homo or heterodimers. Upon engagement of 

diverse stimuli such as cytokines or growth factors, the cytoplasmic inhibitor of κB (IκB) kinase 

(IKK) complex is activated. The activated IKK complex is responsible for the phosphorylation 

of IκB, which triggers its degradation. NF-κB dimers are released and translocate to the nucleus, 

bind to DNA and regulate transcription of various target genes.[118]   

When studied in doxorubicin-resistant breast cancer cells, CuD increased IκB level in 

the cytosol and suppressed the nuclear translocation of phosphorylated NF-κB, resulting in 

apoptosis. At the same time, CuD disrupted constitutive STAT3 signalling and nuclear 

translocation, therefore promoting changes in the cell cycle resulting in apoptosis. The 

subsequent luciferase reporter gene assay performed in CuD-treated cancer cells confirmed 

reduced STAT3 and NF-κB transcriptional activity.[119] Further investigations have focused 

on the synergism of two chemotherapeutic agents, Dox and CuD, in the treatment of human 

breast cancer cells. The combined treatment with CuD and Dox was significantly more efficient 

in cell growth suppression than CuD alone. Further analysis has shown that the anti-cancer 

effect was mediated via decreased phosphorylation and activity of both STAT3 and NF-κB 

transcription factors.[120]  

When all of the above is taken into account, several studies demonstrate the potential of 

CuD as a useful therapeutic agent for the treatment of human breast or cervical cancer as well 

as other types of tumours. In summary, the accumulated studies have clearly illustrated that 

CuD has notable anti-cancer potential. STAT3 and NF-κB appear to be the most crucial CuD 

targets, although their exact contributions call for further study to achieve a complete 

understanding of the CuD-mediated pharmacological properties. 
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3 Aims of the thesis 

The general aim of the work was the definition of cytostatic activity of polymer 

conjugates based on CuD, yet unused drug with potential anti-cancer activity. Its molecular 

mechanism of action remains unclear, however, several studies suggest that CuD affects 

phosphorylation and dimerization of STAT3 transcription factor. STAT3 is overexpressed in 

many human cancer cell lines and plays an important role in the differentiation of myeloid cells. 

The work should benefit from the use of polymer conjugates based on HPMA that are suitable 

for targeted delivery of drugs specifically to the solid tumour tissue.  

 

The main aims of the work are: 

- To assess the biological activity of HPMA copolymers bearing CuD in selected human and 

murine cell lineages in vitro 

- To define the therapeutic effect of polymer-bound CuD in combination with other polymer 

chemotherapeutic prodrugs in vivo 

- To study the effect of the HPMA conjugates carrying CuD on the frequencies of MDSCs 

expanded in vitro as well as during in vivo tumour therapy 
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4 Materials and methods 

4.1 Solutions and buffers 

Phosphate buffered saline (PBS) 

9 g NaCl 

1.2 g Na2HPO4×12H2O 

 0.2 g Na2H2PO4×H2O  

The buffer filled with deionized H2O to a total volume of 1 L with the pH adjusted to value 7,4. 

Flow cytometry (FACS) buffer 

PBS supplemented with 2 % foetal calf sera (FTS, Invitrogen) and 2 mM EDTA (Invitrogen). 

Trypsin-EDTA solution 

2,5 g/L porcine trypsin and 0,2 g/L EDTA•4Na in Hank's Balanced Salt Solution with phenol 

red with pH adjusted to value 7,4. 

Media for the cultivation of isolated bone marrow cells 

RPMI 1640 (Sigma-Aldrich) supplemented with 10% FTS, 50 mM 2-mercaptoethanol 

(Sigma-Aldrich), 100 U/mL penicillin, 100 µg/mL streptomycin (Pen/strept; Gibco), 

2 mM glutamine (Sigma-Aldrich ), 0.1 mM Non-Essential Amino Acids (Sigma-Aldrich). 

Media for the cultivation of EL4 cell line 

RPMI 1640 (Sigma-Aldrich) supplemented with 10 % FTS, 100 U/mL penicillin, 100 µg/mL 

streptomycin (Pen/strept; Gibco), 2 mM glutamine (Sigma-Aldrich), 4,5 g/l glucose 

(Sigma-Aldrich), 1 mM sodium pyruvate (Sigma-Aldrich). 

Media for the cultivation of 4T1 and CT26 cell lines 

RPMI 1640 (Sigma-Aldrich) supplemented with 10 % FTS, 100 U/mL penicillin, 100 µg/mL 

streptomycin (Pen/strept; Gibco), 2 mM glutamine (Sigma-Aldrich), 4,5 g/l glucose 

(Sigma-Aldrich), 1 mM sodium pyruvate (Sigma-Aldrich), 10 mM HEPES (Sigma-Aldrich). 

Media for the cultivation of OVCAR-3 cell line 

RPMI 1640 (500mL) supplemented with 20% FTS, 100 U/mL penicillin, 100 µg/mL 

streptomycin (Pen/strept; Gibco), 2mM glutamine (Sigma-Aldrich), 4,5 g/l glucose 

(Sigma-Aldrich), 1mM sodium pyruvate (Sigma-Aldrich), 10 mM HEPES (Sigma-Aldrich), 

0,01 mg/mL bovine insulin (Sigma-Aldrich). 
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Media for the cultivation of SK-OV-3 cell line 

McCoy's 5A Medium (Sigma-Aldrich) supplemented with 10 % FTS, 100 U/mL penicillin, 100 

µg/mL streptomycin (Pen/strept; Gibco), 2 mM glutamine (Sigma-Aldrich), 7,5% sodium 

bicarbonate (Sigma-Aldrich), 10 mM HEPES (Sigma-Aldrich). 

Media for the cultivation of DU-145 cell line 

Minimum Essential Medium (Sigma-Aldrich) supplemented with 10% FTS, 100 U/mL 

penicillin, 100 µg/mL streptomycin (Pen/strept; Gibco), 2 mM glutamine (Sigma-Aldrich), 

1 mM sodium pyruvate (Sigma-Aldrich), 0.1 mM Non-Essential Amino Acids 

(Sigma-Aldrich), 7,5% sodium bicarbonate (Sigma-Aldrich). 

4.2 Cells 

Tumour cell lines 

Following murine and human cell lines that were used in the experiments were purchased from 

ATCC: murine EL4 T-cell lymphoma (ATCC TIB-39), murine 4T1 mammary carcinoma 

(ATCC CRL-2539), murine CT26 colon adenocarcinoma (ATCC CRL-2638), human ovarian 

carcinoma SK-OV-3 (ATCC HTB-77) and human ovarian carcinoma OVCAR-3 (ATCC HTB 

161). Human prostate cancer DU-145 were obtained from Dr. Hodný from the Institute of 

Molecular Genetics of the Czech Academy of Sciences, Prague, Czech Republic. The cells were 

maintained as recommended by the provider. All cell lines were checked for the presence of 

mycoplasma contamination (MycoAlert Mycoplasma Detection Kit, Lonza). 

Cell cultivation 

Cells were cultured in complete media in culture flasks (Nunc, Thermo Fisher Scientific) and 

kept in a CO2 incubator in a stable atmosphere containing 5% CO2 at temperature 37°C. Cells 

were manipulated in a laminar flow cabinet under sterile conditions. The first passage of cells 

was used for all experiments. Cell viability and cell numbers were evaluated using automatic 

cell counter Countess (Invitrogen) and trypan blue staining (Invitrogen). 

4.3 Experimental mice 

BALB/c female mice were obtained from a breeding facility at the Institute of Physiology of 

the Czech Academy of Sciences, v.v.i. Mice were housed under conventional conditions, food 

and water ad libitum, at the laboratory animal experimental facility at the Institute of 

Microbiology of the Czech Academy of Sciences, v.v.i. and used for experiments at 2-5 months 

of age. 

https://www.lgcstandards-atcc.org/products/all/30-2007.aspx
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4.4 Therapeutic agents 

All HPMA polymer-bound drugs for the experiments were synthesized in the Institute of 

Macromolecular Chemistry of the Czech Academy of Sciences, v.v.i... Polymer–drug 

conjugates were prepared via the reaction of the hydrazide groups of linear and micellar carriers 

based on HPMA with the keto group from carbon three of CuD, providing pH-sensitive drug 

delivery systems through the use of the hydrazone bond. Some results presented in this diploma 

thesis including the physicochemical characterization of CuD-bearing polymer prodrugs have 

already been published.[121] 

Polymer conjugates carrying CuD 

Four batches of linear conjugates of HPMA copolymer carrying CuD (8,5 wt.%; 6,2 wt.%; 

7,7 wt.% and 9,3 wt.%) bound to the polymer by pH-sensitive hydrazone bond were prepared. 

Besides, one batch of a micellar conjugate of amphiphilic HPMA copolymer bearing 

cholest-4-en-3-one (2 mol.%) and CuD (6,7 wt.%) bound to the polymer by pH-sensitive 

hydrazone bond was tested. 

Polymer conjugates carrying Dox 

For in vivo therapy, the micellar conjugate of amphiphilic HPMA copolymer bearing 

cholest-4-en-3-one (2 mol.%) and Dox (8,1 wt.%) bound by hydrazone bond was used.  

 

Table 1 | Physicochemical properties of hydrophilic or amphiphilic copolymer precursors 

(LP or MP) and their conjugates with CuD or Dox.[121] 

Compound 

Content of 

hydrazide 

[mol. %] 

Content of 

hydrophobic 

moiety 

[mol. %] 

Content 

of drug 

[wt. %] 

Mn 

[g/mol] 

Mw 

[g/mol] 
Ð 

Dh ± SD 

[nm] 

LP 4,0 - - 25 100 26 500 1,05 8,8 ± 0,2 

LP-CuD - - 6,2 27 000 36 200 1,34 12,4 ± 1,0 

MP 5,0 2,1 - 21 500 26 400 1,23 19,8 ± 0,4 

MP-CuD - 2,1 6,7 25 700 39 000 1,51 32,2 ± 1,6 

MP-Dox - 2,0 8,1 14 200 25 500 1,80 29,6 ± 1,0 

LP – linear polymer; MP – micellar polymer; Mn – number-average molecular weight; Mw – 

weight-average molecular weight; Ð – dispersity; Dh – hydrodynamic diameter.  

Free drugs 

In several in vitro experiments, free CuD (Tocris Bioscience) was used. 

Checkpoint inhibitors 

For in vivo treatment, anti-mouse PD-1 monoclonal Ab (RMP1-14; BioXcell) was used. 
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4.5 In vitro cellular drug sensitivity assay 

To test the cytostatic effect of the drugs, the cancer cells were washed and cell viability 

and counts were estimated. Cells were seeded in 96-well flat-bottom tissue plates (Nunc, 

Thermo Fisher Scientific) in the culture medium at concentrations of 5 000 cells per well, or 

2 500 cells in the case of the 4T1 cell line. In each well, 200 µL of cell suspension was pipetted 

and different concentrations of polymer-drug samples were added to reach a final volume of 

250 µL. Four parallel samples were used for each experimental condition. Free CuD (Tocris 

Bioscience) was used as a control, dissolved in DMSO at 4 mM concentration, and further 

diluted in the culture medium. Besides the wells containing polymer-bound or free drug, control 

wells containing only cells in media were seeded. The cells were cultivated for 72 hours at 

standard conditions in a CO2 incubator. At the end of the cultivation, 3H-thymidine was added 

at a concentration of 0.4 µCi/mL for 6 hours. Afterwards, the plates were frozen at −20 °C. The 

final processing was done using a Tomtec Mach III harvester, and the radioactivity was 

measured on the filter plate with a solid Meltilex scintillator using the Microbeta Trilux beta 

counter (Perkin Elmer).  

Because EL4 T-cell lymphoma cells do not incorporate 3H-thymidine in a sufficient 

quantity, the metabolic activity and cytotoxic effect of polymer-bound or free drug were 

evaluated using the standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) assay. After cultivation, the plates were centrifuged (250 g, 5 min, 4 °C) and 100 µL of 

complete medium and 20 µL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(solution 5 mg/mL in PBS) were added to each well. The plates were incubated in a CO2 

incubator. After 1-2 hours, 200 μL of DMSO was added to each well and the plates were left 

for another 15 minutes in the dark. The absorbance was measured using a plate 

spectrophotometer Infinite M200 Pro (Tecan) at 540 nm, reference wavelength 690 nm. The 

cytotoxicity towards normal murine spleen cells was also tested using the MTT assay. Cells 

were seeded at a density of 100 000 cells per well and for polyclonal stimulation, 5 µg/mL 

concanavalin A (Sigma-Aldrich) was added.  

The cytotoxicity towards isolated bone marrow cells was determined by Alamar blue 

cell viability reagent (Invitrogen). The cells were seeded at concentrations of 50 000 cells per 

well and for stimulation toward MDSC phenotype, 20 ng/mL GM-CSF (Sigma-Aldrich) was 

added. Different concentrations of polymer-drug samples were added to each well to reach a 

final volume of 250 µL. After cultivation, the plates were centrifuged (250 g, 5 min, 4 °C) and 

100 μL of media with 10 μL of Alamar blue cell viability reagent (Invitrogen) was added to 
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each well. Plates were left in a CO2 incubator for 2 hours. The fluorescence was measured using 

a plate spectrophotometer Infinite M200 Pro (Tecan) using an excitation wavelength of 550 nm 

and an emission wavelength of 590 nm. The in vitro cytostatic/cytotoxic effects were expressed 

as half-maximal inhibitory concentration (IC50) value, which is the concentration of drug that 

inhibits the proliferation or metabolic activity by 50%. All IC50 values were a mean of at least 

three independent experiments. 

4.6 Bone marrow isolation and in vitro MDSCs expansion 

Bone marrow cells were extracted from the femur and tibia of BALB/c mice, washed in 

a culture medium, and cell viability and cell numbers were evaluated. Cells were seeded at a 

concentration of 5×106 bone marrow cells per well in 6-well flat-bottom tissue plates (Nunc, 

Thermo Fisher Scientific). Cells were cultured in complete media in the presence of 20 ng/mL 

GM-CSF (Sigma-Aldrich) and different concentrations of polymer or free drug samples in the 

total volume of 5 mL. The cells were cultivated in a CO2 incubator for 72 hours. After the 

cultivation, cells were collected and flow cytometry analysis was performed (Chapter 4.9). 

4.7 In vitro detection of STAT3 signalling pathway 

DU-145 human prostate cancer cells were washed with EDTA and a trypsin-EDTA 

mixture (Sigma-Aldrich) was added until cells detached from the bottom of the culture flask. 

The cells were harvested, washed with serum-free media and viability and cell numbers of the 

suspension were evaluated. The cells were seeded at a concentration of 1×106 cells per well in 

12-well flat-bottom tissue plates (Nunc, Thermo Fisher Scientific). The cells were left overnight 

in a CO2 incubator. The next day, the plates were centrifuged (250 g, 5 min, 4 °C) and the 

supernatant was discarded. Then, 20 µM Stattic (Sigma-Aldrich), a selective STAT3 inhibitor; 

or different concentrations of free CuD (Tocris Bioscience) in serum-free media in a total 

volume of 1 mL were added. The plates were left in a CO2 incubator for 1 hour. After that, 50 

ng/mL of human recombinant interleukin-6 (IL-6) (Peprotech) was added to each well and the 

plates were left stimulated in a CO2 incubator for another 30 minutes.  

Next, the cells were harvested and seeded into 96-well U-bottom plates (TPP), in 200 µL 

of FACS buffer at 1×106 cells per well, the plates were centrifuged (250 g, 5 min, 4 °C) and the 

supernatant was discarded. FoxP3 Transcription Factor Staining Buffer Set (eBioscience) was 

used to fix and permeabilize cells for staining of intracellular markers. The cell pellet was 

resuspended in 100 μL of the prepared Fix/Perm solution (eBioscience; Fix/Perm Concentrate 
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+ Diluent 1:3). The plates were incubated for 30 minutes in the dark at room temperature. After 

the incubation, 100 µL of Perm Wash (eBioscience, diluted 1:10 in deionized water) was added 

to each well and plates were centrifuged (250 g, 5 min, 4 °C). The plates were washed once 

more with 200 µL Perm Wash. The pellet was resuspended in a 50 µL mixture of fluorochrome-

conjugated monoclonal Abs (diluted in Perm Wash) for labelling intracellular markers. PE-

conjugated anti-STAT3 (Invitrogen; clone: 232209) and APC-conjugated anti-pSTAT3 

(Tyr705) (Invitrogen; clone: LUVNKLA) was used. The plates were incubated on ice in the 

dark for 1 hour. The cells were washed twice with 200 µL Perm Wash, the pellet was 

resuspended in 100 µL FACS buffer and analysed by flow cytometry. The analysis was 

performed on LSRII cytometer (BD Biosciences). The data were analysed using FlowJo 

10.6 software (Tree Star). 

4.8 In vivo experimental tumour therapy 

Tumour cells were harvested from the culture flasks, washed with serum-free media and 

cell viability and counts were defined. The 4T1 mammary carcinoma cells (ATCC CRL-2539) 

or CT26 colon adenocarcinoma cells (ATCC CRL-2638) were injected subcutaneously (s.c.) 

with 2×105 cells in 100 µL volume per mouse. The mice were treated after tumours developed 

to a measurable size (diameter around 6–7 mm). The mice were treated intravenously (i.v.) 

according to the therapeutic scheme. One group of mice was left untreated and served as a 

control. Tumour size was regularly monitored by measuring its length and width by calliper. 

Survival of experimental mice was recorded. Moreover, body weight and signs of systemic 

toxicity were scored following the treatment, considered toxic if the body weight dropped by 

more than 15%. For FACS analysis, mice were treated according to the selected therapeutic 

scheme and the blood was collected from the tail vein on day 9, day 15 and day 21 after therapy 

and further processed and analysed using FACS (Chapters 4.9-10). 

4.9 Isolation of cells from mice and preparation of single-cell 

suspensions 

The blood was collected in round-bottom 15 mL tubes (Falcon) and centrifuged (250 g, 

5 min, 4 °C). The supernatant was discarded, and the cell pellet was resuspended in 1 mL of 

ACK lysing buffer (Gibco) to achieve the lysis of red blood cells. The reaction was stopped 

after 10 mins by adding the FACS buffer to the total volume of 10 mL. The cells were then 



43 

 

centrifuged (250 g, 10 min, 4°C) and the process of lysis was repeated, if needed. After 

erythrocyte lysis, the cells were centrifuged (250 g, 10 min, 4°C) and resuspended in cold FACS 

buffer and kept on ice from this point on.  

Spleens and tumours were harvested. Spleens were placed into C Tubes (Milteyi Biotec) 

with 5 mL of cell media and homogenized using gentleMACS Tissue Dissociator (Miltenyi 

Biotec). Tumours were placed into C Tubes (Milteyi Biotec) with 5 mL of an enzymatic mixture 

(Tumor Dissociation Kit, mouse; Miltenyi Biotec), homogenized using gentleMACS Tissue 

Dissociator according to the manufacturer’s instructions and incubated for 40 min at 37 °C. 

After the end of incubation, the suspension was homogenized twice more using gentleMACS 

Tissue Dissociator. The cell suspensions were filtered through a 70 µm filter (BD Falcon) and 

centrifuged (250 g, 10 min, 24°C). The supernatant was discarded, and the cell pellet was 

resuspended in 2 mL of ACK lysing buffer (Gibco). The reaction was stopped after 10 mins by 

adding FACS buffer to the total volume of 20 mL. The cells were then centrifuged (250 g, 10 

min, 4°C), resuspended in 5 mL of ice-cold FACS buffer and filtered through a 30 µm filter 

(BD Falcon). The cells were kept on ice from this point on and labelled for the flow cytometry 

analysis. 

4.10 Flow cytometry  

Single-cell suspensions of cells from blood, spleen, tumour or the bone marrow of mice 

were prepared as described in the chapters above. The number of cells in suspension was 

determined and the cells were seeded into 96-well U-bottom plates (TPP) in 200 µL of FACS 

buffer at 1×106 cells per well. Plates were centrifuged (250 g, 5 min, 4°C), the supernatant 

discarded and each well was resuspended in 20 µL of the prepared mixture containing Fc block 

(anti-mouse CD16/CD32; eBiosceince, diluted 1:50) and 10% normal mouse sera. Plates were 

kept on ice for 10 min; 200 µL of FACS buffer was added to each well and the plates were 

centrifuged (250 g, 5 min, 4°C). The supernatant was discarded and the cells were then stained 

with 20 µL of the prepared mixture containing fluorochrome-conjugated monoclonal Abs for 

surface cell antigens (Table 2) and kept on ice in dark for 30 min. Fixable viability dye was 

used to stain dead cells. After the staining, the cells were twice washed with 200 µL FACS 

buffer and centrifuged (250 g, 5 min, 4°C). The pellet was resuspended in 100 µL FACS buffer 

and analysed by flow cytometry. The analysis was performed on an LSRII cytometer. The data 

were analysed using FlowJo 10.6 software and gated as shown on one representative dot-blot. 

(Fig.5) 
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Table 2 | The list of monoclonal Abs with conjugated fluorochrome used in FACS analysis. 

Marker Clone Fluorochrome Dilution Manufacturer 

CD11b M1/70 PE-Cy7 1:1200 eBioscience 

CD11c N418 eF450 1:150 eBioscience 

CD45 30-F11 FITC 1:200 eBioscience 

CD45 30-F11 PE-Cy7 1:1200 eBioscience 

CD45 30-F11 eF450 1:150 eBioscience 

CD45.2 104 AF700 1:80 eBioscience 

CD45.2 104 PE 1:200 eBioscience 

CD45.2 104 APC 1:1000 eBioscience 

F4/80 BM8 PE 1:200 eBioscience 

Gr-1 RB6-8C5 APC 1:1000 eBioscience 

Ly6C HK1.4 AF488 1:200 eBioscience 

Ly6G 1A8 AF700 1:80 BD Pharmigen 

FVD - eF780 1:200 eBioscience 

 

Figure 5 | Gating strategy applied in the experiments. The basic gating strategy comprised 

of exclusion of doublets and FVD+ dead cells. (A) F4/80−CD11c− and CD11b+Gr1+ were gated. 

(B) First, CD11b+ and F4/80−CD11c− cells were gated. Then, Ly6ChighLy6G− monocytic 

MDSCs and Ly6ClowLy6G+ polymorphonuclear MDSCs were gated.  

 

B. 

A. 
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4.11 Statistical analysis 

The data was processed using Graph-Pad Prism8 software. The data are presented as 

means +/- standard deviation unless stated otherwise. Analysis of significance was conducted 

using Student’s t-test. Statistical significance of mice survival experiments was determined by 

log-rang Mantel-Cox test. P values of *p < 0.05, **p < 0.01 and ***p < 0.001 were considered 

statistically significant.  

  



46 

 

5 Results 

5.1 In vitro anti-cancer activity of CuD-based conjugates 

The in vitro biological activity of both linear and micellar CuD-based polymer 

conjugates was tested on several murine and human cancer cell lines. Some results presented 

in this diploma thesis including the characterization of CuD-bearing polymer prodrugs have 

already been published.[121] The cytostatic activity was determined by the 3H-thymidine 

incorporation assay. In the case of the EL4 cell line, cytotoxic activity was determined using 

the MTT assay as EL4 do not incorporate 3H-thymidine in sufficient quantity. 

As already seen in other HPMA-based conjugates carrying various cytotoxic drugs, the 

free drug CuD was more toxic than its polymer conjugates. The half-maximal inhibitory 

concentration (IC50) of CuD polymer conjugates has proven to be four to six times higher 

compared to the free CuD. (Table 3) Free drug enters the cell mainly via diffusion. The 

internalization of HPMA copolymers into the cell occurs via endocytosis, which is a 

significantly slower process. As a result, a higher drug amount is required within a given time 

to produce a comparable cytotoxic effect as a free low molecular weight drug. Therefore, 

polymer conjugates carrying anti-cancer drugs are in vitro less toxic than the free parent drugs. 

  

Table 3 | Cytostatic/cytotoxic effect of CuD-based polymer conjugates in murine and 

human cancer cell lines in vitro. [121] 

Cell line CuD-LP CuD-MP Free CuD 

4T1 0,512 ± 0,258 0,293 ± 0,033 0,175 ± 0,025 

CT26 0,521 ± 0,226 0,386 ± 0,037 0,125 ± 0,020 

EL4* 0,175 ± 0,002 0,380 ± 0,189 0,048 ± 0,013 

SK-OV-3 0,183 ± 0,009 0,185 ± 0,037 0,025 ± 0,007 

OVCAR-3 0,190 ± 0,057 0,277 ± 0,099 0,053 ± 0,014 

DU-145 0,272 ± 0,057 0,517 ± 0,155 0,062 ± 0,022 

IC50 values ± SD are expressed as a concentration equivalent of CuD (µM). Cytostatic/cytotoxic 

activity was determined by 3H-thymidine incorporation assay and (*) the MTT assay. The 

experiments were repeated 3-5 times. 4T1 – murine mammary carcinoma; CT26 – murine colon 

adenocarcinoma; EL4 – murine T-cell lymphoma; SK-OV-3, OVCAR-3 – human ovarian 

carcinoma; DU-145 – human prostate carcinoma. 
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The selected human tumour cell lines were notably more susceptible to the activity of 

CuD polymer conjugates compared to murine tumour cell lineages. This could be due to 

overexpression of the STAT3 transcription factor, which has been documented in many human 

tumours of various origins. We have chosen to examine the cytostatic effect on human ovarian 

carcinoma SC-OV-3 and OVCAR-3, and prostate DU-145 cells; based on the previously 

described overexpression of the STAT3 transcription factor.[43]–[45] Indeed, SC-OV-3, 

OVCAR-3, and DU-145 cells showed a rather high susceptibility to CuD in vitro. Lower IC50 

values in these cell lines were in good agreement with the hypothesis that CuD could act as a 

STAT3 inhibitor, although additional mechanisms of toxicity are probably involved in this 

process.[117], [119], [120]  

Subsequently, four batches of linear polymer CuD conjugates were tested in selected 

murine and human cancer cell lines, all with reproducible results and comparable IC50 values. 

The biological activity of different batches of linear conjugates was similar, therefore the 

synthesis and preparation of  HPMA prodrugs containing CuD proved to be reproducible. 

Moreover, we did not find significant differences between the cytotoxicity of the linear and 

micellar CuD-based conjugates. This could be partly due to the extracellular release of the drug 

before the engulfment of the polymer conjugate by the tumour cells. In this case, the rate of 

pH-sensitive hydrolysis of the hydrazone bond in both types of polymer conjugates seems 

similar. On the other hand, the values expressed as a concentration equivalent of CuD might 

not reflect the behaviour of the polymer conjugate in the in vivo system. (Fig.6A) 

Cytostatic and cytotoxic activity of CuD conjugates was also tested in normal murine 

cells isolated from the spleens of tumour-free BALB/c mouse. Upon addition of T-cell mitogen 

concanavalin A, spleen cells were stimulated to proliferate, therefore were quite sensitive to the 

cytotoxic activity of free CuD. On the other hand, spleen cells showed considerable durability 

to the cytotoxic effect of the linear CuD polymer conjugate. The IC50 values were calculated as 

0,14 ± 0,035 µM CuD for the free drug and 2,6 ± 0,055 µM CuD equivalent for linear polymer 

conjugate. (Fig.6B) These results suggest that the cancer cells are generally more susceptible 

to polymer CuD conjugates in comparison to normal proliferating murine spleen cells.  
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Figure 6 | In vitro cytostatic activity of the polymer CuD-based conjugates in murine CT26 

colon adenocarcinoma and normal spleen cells. (A) Four batches of CuD-LP, one batch of 

CuD-MP and free CuD were tested on murine CT26 cancer cells. The values are expressed as 

a concentration equivalent of CuD (µM). The cytostatic activity of a drug was determined by a 

3H-thymidine incorporation assay. (B) Cytotoxic activity of CuD-LP and free CuD in 

mitogen-activated murine spleen cells. The cells were isolated from spleens of normal BALB/c 

mice and during cultivation stimulated by 5 mg/mL concanavalin A. Metabolic activity was 

determined using the MTT assay. Four parallel samples per condition were used. 
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5.2 Effect of CuD-based conjugates on MDSCs expanded in vitro 

As described in Chapter 3.2.4.2, MDSCs play an important role in the development and 

progression of many cancer types. It has been suggested that CuD could act as a STAT3 

transcription factor inhibitor. [117], [119], [120] Since STAT3 plays a crucial role in MDSC 

differentiation and immunosuppressive function [42], [46], [48], we aimed to investigate 

whether free CuD or CuD-based polymer conjugates have a biological effect on in vitro 

cultivated bone-marrow cells stimulated towards MDSC-like phenotype. Bone marrow cells 

extracted from tumour-free BALB/c mice were cultured in complete media in the presence of 

20 ng/mL GM-CSF to stimulate their differentiation towards MDSC-like phenotype. Firstly, 

the cytostatic activity of polymer CuD conjugates and the parent free drug was assessed using 

Alamar blue cell viability reagents. The half-maximal inhibitory concentration (IC50) values 

were calculated as 4,33 µM CuD equivalent for the linear polymer conjugate; 2,58 µM CuD 

equivalent for the micellar polymer conjugate and 0,56 µM CuD equivalent for the free drug. 

(Fig.7A, Fig.7B) CuD polymer conjugates were characterized by approximately six times 

higher IC50 values compared to the free CuD, similarly to the results previously obtained from 

in vitro testing in murine and human cancer cell lineages.  

 

Figure 7 | In vitro cytotoxic activity of CuD-LP, CuD-MP and free CuD on bone marrow 

cells. The cells were isolated from the bone marrow of normal BALB/c mice and upon 

cultivation stimulated by 20 ng/mL GM-CSF. The values are expressed as a concentration 

equivalent of CuD (µM). The cytostatic activity of polymer conjugates and the free drug was 

determined by Alamar blue cell viability assay. IC50 values were 4,33 µM CuD equivalent for 

LP-CuD; 2,58 µM CuD equivalent for CuD-MP and 0,56 µM CuD equivalent for the free drug. 

Four parallel samples per condition were used. 
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Based on the results of in vitro proliferation assays, the isolated bone marrow cells were 

cultivated in the presence of various concentrations of free CuD; or the equitoxic dose of linear 

or micellar conjugate and 20 ng/mL GM-CSF. After 72 hours, the cells were collected and flow 

cytometry analysis was performed. Cells were gated to detect MDSC-like CD11b+Gr1+ 

phenotype as shown on the representative dot-blot. (Fig.8A) In the analysed samples, we could 

see a significant decrease of MDSC-like CD11b+Gr1+ phenotype with increased concentrations 

of free CuD compared to untreated controls. (Fig.8B) The equitoxic dose of linear polymer CuD 

conjugate had a similar effect on MDSC-like CD11b+Gr1+ cells as free CuD. Micellar polymer 

conjugate did not reduce the expansion of MDCS-like population to the same extent as the free 

drug or linear CuD conjugate. Conversely, the CD11b+Gr1− population has significantly 

expanded with higher concentrations of free drug and linear polymer conjugate. (Fig.8C) 

 

Figure 8 | The effect of CuD-based polymers and free CuD on MDSC-like cells in vitro. 

The cells were isolated from the bone marrow of tumour-free BALB/c mice and cultivated in 

the presence of 20 ng/mL GM-CSF. A gradient of concentrations of free CuD or polymer 

conjugates expressed as a concentration equivalent of CuD (µM) were added. (A) FACS 

analysis was performed as shown on one representative mouse. Percentage of (B) CD11b+Gr1+ 

and (C) CD11b+Gr1− within all viable cells are presented as means of 3-4 mice +/- SD. 

Statistical significance was determined by two-tailed unpaired Student t-test, *p < 0,05, **p < 

0,01 and ***p < 0,001. 

A. 
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5.3 Effect of CuD-based conjugates on STAT3 detected in 

DU-145 cells in vitro 

In line with the in vitro cytotoxic activity of CuD-based polymer nanomedicines, we 

have decided to further illustrate the mechanism behind this phenomenon. Human prostate 

cancer cells DU-145 are known to express high levels of an active STAT3 transcription factor. 

It has been described, that overexpression of STAT3 promotes the growth and metastatic 

progression of prostate cancer cells and direct STAT3 inhibition induces apoptosis in several 

prostate cancer lines. [45], [122] 

We evaluated the direct effect of low-molecular-weight CuD on the phosphorylation of 

the STAT3 transcription factor. We compared the effect of free CuD and Stattic, a selective 

STAT3 inhibitor reducing phosphorylation of STAT3 on Tyr705 residue. [123] DU-145 cells 

were cultivated with 20 µM Stattic or various concentrations of free CuD. Upon stimulation 

with IL-6, 20 µM Stattic significantly decreased the phosphorylated STAT3 but did not have 

any effect on overall levels of the STAT3 transcription factor. The concentration of 50 nM CuD 

(approximately IC50 value) was able to reduce the levels of pSTAT3 compared to the 

stimulation with IL-6 without any inhibition. Again, it did not influence the overall expression 

of STAT3. (Fig.9) These results suggest that CuD indeed acts as the STAT3 signalling pathway 

inhibitor, although additional mechanisms of toxicity are probably taking part in the anti-cancer 

activity of CuD-conjugated polymer nanomedicines. 

  

Figure 9 | The effect of free CuD on the phosphorylation of STAT3 detected in DU-145 

human prostate cancer cells in vitro. The cells were incubated in the presence of 20 µM Stattic 

or 50 nM free CuD for 1 hour and stimulated with 50 ng/mL IL-6 for 30 mins. The levels of 

STAT3 and pSTAT3 transcription factor were detected using FACS. The mean fluorescence 

intensity was calculated. Data are presented as means of 3 experiments +/- SD. Statistical 

significance was determined by a two-tailed unpaired Student t-test, ***p < 0,001. 
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5.4 Evaluation of optimal dosing for in vivo CuD-based therapy 

The hydrophobic nature and low bioavailability of CuD restrict its potential therapeutic 

application. Several studies have shown the anti-cancer activity of CuD in various tumour 

models when administered intraperitoneally (i.p.) or intratumorally (i.t.). [107], [109], [114], 

[117]. In our study, the mice that were s.c. inoculated with 5×105 4T1 mammary carcinoma 

cells were treated i.t. with CuD. The changes in the behaviour and body weight of the mice 

were monitored. The reduction of body weight by more than 15% was considered as a cut-off 

value for the determination of systemic toxicity. The treatment with 1 mg/kg CuD in six 

consecutive doses every other day led to the development of severe superficial lesions lined 

with an edge formed by growing tumour cells and no survival prolongation. The higher dosing 

scheme, 2 mg/kg CuD i.t. in six consecutive doses every other day, led to the observable 

systemic toxicity. Therefore, the free parent drug was not included in any further experiment as 

a control. To estimate the optimal therapeutic dose of polymer CuD-bearing prodrugs, we 

performed intravenous (i.v.) administration of the linear polymer CuD conjugate at three dosing 

schemes. Tumour-free BALB/c mice were injected i.v. with linear polymer CuD conjugate. 

Three dosing schemes were following: the single-dose equivalent of 2 mg CuD/kg, single dose 

equivalent of 5 mg CuD/kg, or three consecutive doses each equivalent of 2 mg CuD, injected 

in 3-day intervals. The conjugate was dissolved in PBS. The changes in the behaviour and body 

weight of the mice were monitored. (Fig.10) 

 

Figure 10 | Systemic toxicity of treatment with linear CuD-based conjugate. BALB/c mice 

(n=3 per group) received linear polymer CuD conjugate i.v according to three different 

therapeutic schemes. Potential systemic toxicity was monitored using the body weight as the 

measurable parameter; a reduction of more than 15 % was chosen as the cut-off value. The 

values are shown as means +/- SD. 
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As shown in Fig.10, linear polymer CuD conjugate did not induce any detectable 

systemic toxicity. As well, no other signs of systemic toxicity (e.g., hunched posture, bristle 

coat) were observed. As previously shown, linear and micellar CuD-bearing polymers had a 

comparable cytostatic effect in vitro. Therefore, we have decided to use a comparable 

therapeutic dosage of both conjugates also for in vivo treatment. Taken together, the results 

have confirmed the hypothesis that CuD transported by the HPMA polymer nanocarrier is 

suitable for drug delivery because it significantly reduces the systemic toxicity of i.t. 

administered free parent drug. 
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5.5 MDSC levels in CT26 and 4T1 tumour-bearing mice 

Our next goal was to determine the significance of MDSCs in two well-established 

murine experimental models; CT26 colon adenocarcinoma and 4T1 mammary carcinoma. First, 

we assessed the levels of MDSCs in blood, tumours and spleens of CT26 tumour-bearing mice. 

BALB/c mice (n=5) were s.c. inoculated with 2×105 CT26 tumour cells on day 0. The blood, 

spleens and tumours were collected in 6-day intervals starting on day 9. Flow cytometry 

analysis was performed; MDSCs were distinguished as CD11b+Ly6ChighLy6G− Mo-MDSCs, 

and CD11b+Ly6ClowLy6G+ PMN-MDSCs as shown on the representative dot blot. (Fig.11A) 

The analysis of peripheral blood has shown that the major MDSC subset circulating in the blood 

is PMN-MDSCs. The levels of PMN-MDSCs and Mo-MDSCs in the peripheral blood of CT26 

tumour-bearing mice have not significantly changed with the ongoing progression of the 

tumour when compared to the tumour-free mice. (Fig.11B) Both subsets of MDSCs in the 

spleen had comparable frequencies and had mildly increased over the course of the tumour 

growth, even though the overall counts of MDSCs remained very low. (Fig.11C) Tumour 

analysis has shown that both subsets of MDSCs have remained at similar counts over the course 

of the tumour growth. (Fig.11D) Probably due to the significant turnover of the cells within the 

tumour microenvironment and rapid changes in MDCSs frequencies, detected MDCSs counts 

are low and relatively heterogeneous. Moreover, the tumour isolation process and the 

preparation of samples are rather difficult. For future experiments, we have decided to focus on 

the flow cytometric analysis of the peripheral blood, which allows repeated sample collection 

over the course of tumour progression accompanied by easier sample isolation, manipulation 

and analysis. 

The second step was to detect the levels of MDSCs circulating in the blood of 4T1 

tumour-bearing mice. BALB/c mice (n=5) were s.c. inoculated with 2×105 4T1 tumour cells on 

day 0. The blood was collected in 6-day intervals starting on day 9. The blood samples were 

analysed using flow cytometry. Again, MDSCs in tumour-bearing mice were gated as 

CD11b+Ly6ChighLy6G− Mo-MDSCs, and CD11b+Ly6ClowLy6G+ PMN-MDSCs as shown on 

the representative dot blot. The analysis has shown a significant increase in the PMN-MDSC 

population in the peripheral blood of the experimental animals. PMN-MDSCs had gradually 

expanded over the course of the tumour progression. (Fig.11E) Our results suggest that MDSC-

mediated immune suppression plays a considerable role in murine 4T1 mammary carcinoma. 

On the other hand, the immune modulation via MDCSs does not seem to a have similar impact 

on the tumour progression in CT26 colon adenocarcinoma tumour-bearing mice. 
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Figure 11 | The levels of MDSCs subsets in blood, spleen and tumour in CT26 colon 

adenocarcinoma and blood of 4T1 mammary carcinoma mouse model. BALB/c mice (n=5) 

were s.c. inoculated with 2×105 CT26 tumour cells on day 0. The blood, spleens and tumours 

were collected in 6-day intervals on day 9, day 15 and day 21. (A) FACS analysis was 

performed as shown on one representative mouse. Percentage of CD11b+Ly6ChighLy6G- and 

CD11b+Ly6ClowLy6G+ populations in (B) peripheral blood, (C) spleen and (D) tumour within 

all viable cells are depicted. BALB/c mice (n=5) were s.c. inoculated with 2×105 4T1 tumour 

cells on day 0 and the blood was collected on day 9, day 15 and day 21. (E) FACS analysis was 

performed as shown on one representative mouse as shown in (A). Percentage of 

CD11b+Ly6ChighLy6G− and CD11b+Ly6ClowLy6G+ in the peripheral blood within all viable 

cells are depicted. The data are presented as means of 5 mice +/- SD. Statistical significance 

was determined by two-tailed unpaired Student t-test, *p < 0,05, **p < 0,01 and ***p < 0,001.   

A. 
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5.6 In vivo 4T1 murine mammary carcinoma therapy 

5.6.1 Linear polymer CuD-based conjugate 

Based on previously established therapeutic schemes using micellar Dox-bearing 

conjugate and our experimentally estimated safe dose of linear CuD conjugate, we conducted 

in vivo therapeutic experiment. We aimed to investigate whether linear polymer CuD-based 

prodrug brings benefit to the treatment of murine 4T1 mammary carcinoma, rapidly progressing 

and metastasizing type of cancer. Tumours derived from 4T1 carcinoma cells are rather difficult 

to treat, tumour-bearing mice left without any therapy live only around forty days. Based on 

our results of peripheral blood analysis and published data [124], we assumed that MDSCs have 

an important impact on the development of murine 4T1 mammary carcinoma. Therefore, we 

hypothesized that combined therapy composed of CuD-based conjugate blocking the STAT3 

signalling pathway in MDSCs and classical Dox-based chemotherapeutic micellar conjugate 

targeted directly towards the malignant cells could bring significant benefit in the treatment of 

tumours derived from 4T1 carcinoma cells. 

We investigated the anti-tumour activity of linear CuD-based conjugate as a sole therapy 

as well as in the combination with micellar Dox-bearing conjugate. BALB/c mice (n=8) were 

s.c. inoculated with 2×105 4T1 tumour cells on day 0. Mice were treated i.v. with linear CuD 

conjugate (3 mg CuD eq./kg) and/or micellar Dox conjugate (8 mg Dox eq./kg) in 3-day 

intervals starting on day 8. One control group was left without any treatment. The dosing 

scheme (Fig.12A) was chosen to prevent any systemic toxicity. The changes in body weight of 

the mice were regularly documented, no significant decrease was observed. The minor decrease 

in body weight during the combination therapy was within the 15% range that was considered 

as a cut-off value for the determination of systemic toxicity. We have confirmed that the 

combination of CuD-based and Dox-based prodrugs do not carry any risk of toxicity. (Fig.12B) 

Tumour growth was measured from day 8 after inoculation of cancer cells and measurements 

were terminated on day 32. Linear polymer CuD conjugate did not significantly reduce the 

tumour growth, although we could see a trend in the reduction of tumour size in the combined 

treatment together with micellar Dox conjugate. (Fig.12C) Sole CuD-based linear conjugate 

treatment had no observable effect on the survival of experimental animals. On the contrary, 

micellar polymer carrying Dox was efficient at prolonging the lifespan of experimental mice in 

comparison to the control group. Only a mild beneficial effect on the survival of mice treated 

with the combination of both conjugates was observed. (Fig.12D) 



57 

 

 

Figure 12 | In vivo therapeutic effect of linear CuD-based polymer conjugate combined 

with micellar polymer Dox conjugate in 4T1 mammary carcinoma tumour-bearing mice. 

(A) Therapeutic scheme of the experiment. BALB/c mice (n=8 per group) were s.c. inoculated 

with 2×105 4T1 tumour cells on day 0. Mice were treated i.v. with linear polymer CuD 

conjugate and/or micellar polymer Dox conjugate. (B) Potential systemic toxicity was 

monitored using the body weight as the measurable parameter; a reduction of more than 15 % 

was considered the cut-off value. (C) Tumour growth (means +/- SD) (D) and survival were 

recorded. Statistical significance was determined by a two-tailed unpaired Student t-test for 

tumour growth assessment and log-rang Mantel-Cox test for survival analysis, ***p < 0,001. 
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5.6.2 Micellar polymer CuD-based conjugate 

Our next step was to assess the therapeutic effect of micellar CuD-bearing conjugate 

and to compare it with the linear CuD-based polymer. Micellar nanocarriers have different 

biological properties and the parent drug is sheltered by the micelle core which should provide 

more continuous drug release. We tested the activity of micellar polymer CuD conjugate in 4T1 

mammary carcinoma. We used a similar therapeutic scheme as in the previous experiments 

with optimized doses to prevent any systemic toxicity. BALB/c mice (n=8) were s.c. inoculated 

with 2×105 4T1 tumour cells on day 0. Mice were treated i.v. with linear polymer CuD 

conjugate (2,5 mg CuD eq./kg); or micellar polymer CuD conjugate (2,5 mg CuD eq./kg.); 

and/or micellar polymer Dox conjugate (8 mg Dox eq./kg) in 3-day intervals starting on day 8. 

(Fig.13A) One control group was left without any treatment. Tumour growth and survival were 

monitored. (Fig.13B, Fig.13C) 

 

Figure 13 | Therapeutic effect of micellar and linear CuD-based polymer conjugates in 

combination with micellar Dox conjugate in 4T1 tumour-bearing mice. (A) Therapeutic 

scheme of the experiment. BALB/c mice (n=8 per group) were s.c. inoculated with 2×105 4T1 

tumour cells on day 0. Mice were treated i.v. with linear polymer CuD conjugate, micellar 

polymer CuD conjugate; and/or micellar polymer Dox conjugate. (B) Tumour growth (means 

+/- SD) (C) and survival were monitored. Statistical significance was determined by two-tailed 

unpaired Student t-test for tumour growth assessment and log-rang Mantel-Cox test for survival 

analysis, *p < 0,05, **p < 0,01. 
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Tumour growth was measured from day 11 after inoculation of cancer cells until day 28. 

Anti-tumour activity of micellar polymer CuD conjugate was not detectable as a reduction of 

tumour growth when applied as a sole treatment. Linear polymer CuD conjugate did not 

significantly reduce the tumour growth, although we could see a mild reduction of tumour size 

when applied as a sole therapy. The combined treatment with both types of CuD-based polymer 

prodrugs together with micellar conjugate bearing Dox significantly reduced the tumour 

growth. However, we hypothesize that the effect was caused mainly due to the treatment with 

Dox-based polymer conjugate, because the sole Dox-based conjugate treatment had the same 

effect as the combination treatment with both CuD-bearing conjugates. (Fig.13B) 

Sole CuD-based micellar conjugate treatment has failed to have any effect on the 

survival of experimental animals. On the contrary, micellar polymer carrying Dox moderately 

prolonged the lifespan of experimental mice in comparison to the control group. Interestingly, 

we could see that CuD-based linear polymer mildly prolonged the survival of experimental 

mice when compared to the untreated controls. The other therapeutic modalities failed to 

significantly extend the survival time of experimental mice. (Fig.13C) 

We hypothesize that the key issue in such a low therapeutic efficacy of micellar polymer 

CuD conjugate lies in the release of CuD from the nanocarrier. The release of free parent drug 

entrapped in the micelle core surrounded by the micellar unimers may be very slow and CuD 

is not liberated from the conjugate in levels high enough to be therapeutically sufficient. Based 

on our experiments, the micellar polymer CuD conjugate does not seem to bring any advantage 

for in vivo treatment. This, together with the rather poor water solubility of micellar polymer 

CuD conjugate lead us to the decision to continue further only with the in vivo testing of linear 

CuD-based conjugate. 
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5.6.3 Linear CuD-based conjugate plus checkpoint blockade 

Based on the results of previous experiments, we have decided to adjust the therapeutic 

scheme and optimize the dosing of linear polymer CuD conjugate. We have also decided to add 

the checkpoint inhibition by anti-PD-1 monoclonal antibody to further support the potential 

immunotherapeutic efficacy of the combined treatment. BALB/c mice (n=8) were s.c. 

inoculated with 2×105 4T1 tumour cells on day 0. Linear polymer CuD conjugate (2,5 mg 

CuD eq./kg) was administered to mice i.p. in five doses in 3-day intervals starting on day 7 

and/or micellar polymer Dox conjugate (8 mg Dox eq./kg) was administered i.v. in three doses 

in 3-day intervals starting on day 8. Moreover, five consecutive doses of anti-mouse PD-1 

monoclonal Ab (5 mg/kg) were administered i.p. in 2-day intervals starting on day 15. (Fig.14A) 

One control group was left without any treatment. Tumour growth and survival were monitored. 

(Fig.14B, Fig.14C) 

  

Figure 14 | Therapeutic effect of linear CuD-based conjugate combined with Dox-bearing 

micellar conjugate and checkpoint inhibition treatment in 4T1 tumour-bearing mice. (A) 

Therapeutic scheme of the experiment. BALB/c mice (n=8 per group) were s.c. inoculated with 

2×105 4T1 tumour cells on day 0. Mice were treated i.p. with linear polymer CuD conjugate; 

and/or i.v. with micellar polymer Dox conjugate; and/or i.p. with an anti-mouse PD-1 

checkpoint inhibitor. (B) Tumour growth (means +/- SD) and (C) survival were monitored. 

Statistical significance was determined by a two-tailed unpaired Student t-test for tumour 

growth assessment and log-rang Mantel-Cox test for survival analysis, *p < 0,05.  
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Tumour growth was measured from day 7 after inoculation of cancer cells until day 27. 

All the therapeutic strategies were able to significantly reduce the tumour growth compared to 

the untreated control group. The combined therapy with CuD-based linear conjugate and 

micellar polymer Dox conjugate has proven to be the most efficient. (Fig.14B)  

Potentiation of combined treatment with PD-1 blockade significantly prolonged the 

survival time in one out of the eight animals in the group, whilst the other treatment modalities 

did not extend the lifespan of experimental mice. (Fig.14C) We can see that the addition of the 

checkpoint blockade did have a significant beneficial effect on the survival in the group treated 

with the combination of linear polymer CuD conjugate together with Dox-based nanomedicine. 
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5.7 In vivo CT26 murine colon adenocarcinoma therapy 

We aimed to investigate whether linear CuD-based prodrug brings benefit to the 

treatment of murine CT26 colon adenocarcinoma. CT26 cells are slowly metastasizing and 

reveal a certain degree of multidrug resistance to various anti-cancer agents via upregulation of 

the P-glycoprotein expression.[125] Therefore, the treatment of tumours is rather difficult. 

Untreated tumour-bearing mice live around sixty days. The previous analysis of the peripheral 

blood has shown that the frequencies of MDSCs do not change upon the tumour progression so 

that MDSC-mediated immune suppression may not be crucial for the development of murine 

CT26 colon adenocarcinoma. Based on our in vitro results, we have decided to investigate the 

direct inhibitory effects of CuD-based conjugates on malignant cells during in vivo therapy. We 

investigated the anti-tumour activity of linear polymer CuD conjugate as a single therapy as 

well as in the combination with micellar Dox-based conjugate.  

BALB/c mice (n=8) were s.c. inoculated with 2×105 CT26 tumour cells on day 0. Mice 

were treated i.v. with linear CuD conjugate (2,5 mg CuD eq./kg) and/or micellar polymer Dox 

conjugate (8 mg Dox eq./kg) in 4-day intervals starting on day 9. (Fig.15A)  One control group 

was left without treatment. The therapeutic scheme was chosen based on our estimated safe 

dosage to prevent any systemic toxicity. The changes in body weight were regularly monitored, 

no significant decrease was observed. (Fig.15B) Tumour growth was measured from day 10 

until day 38 after the inoculation of cancer cells. All the therapeutic strategies have failed to 

significantly reduce the tumour growth compared to the control group. Anti-tumour activity of 

linear polymer CuD conjugate was not observable and did not reduce the tumour growth at all. 

However, we could see a mild reduction of tumour size in the treatment with micellar 

Dox-bearing conjugate or when combined with linear CuD-based conjugate. (Fig.15C) Sole 

CuD-based linear conjugate treatment has failed to have any effect on the survival of 

experimental animals. Other therapeutic modalities failed to significantly extend the lifespan of 

experimental mice as well. (Fig.15D)  

We hypothesize that the key issue for low therapeutic efficacy of CuD-containing 

nanocarriers in CT26 colon adenocarcinoma therapy lies in the low significance of 

MDSCs-mediated immune suppression for the tumour progression in this experimental tumour 

model. The direct cytotoxic effect of CuD-based conjugate is too low to improve either tumour 

growth or survival of the CT26 tumour-bearing mice. 
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Figure 15 | Therapeutic effect of linear CuD-based polymer conjugate combined with 

micellar polymer Dox conjugate in CT26 colon adenocarcinoma tumour-bearing mice. 

(A) Therapeutic scheme of the experiment. BALB/c mice (n=8 per group) were s.c. inoculated 

with 2×105 CT26 tumour cells on day 0. Mice were treated i.v. with linear polymer CuD 

conjugate and/or micellar polymer Dox conjugate. (B) The changes in body weight were 

monitored; a reduction of more than 15 % was considered the cut-off value. (C) Tumour growth 

(means +/- SD) (D) and survival were recorded. 
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5.8  MDSCs levels during in vivo CuD-based conjugate therapy 

Based on the results of in vivo experimental therapies and the peripheral blood analysis, 

we have decided to assess the effect of the CuD-based nanomedicine on the levels of MDCSs 

subsets in the peripheral blood of mice during the early stages of 4T1 murine mammary 

carcinoma development. BALB/c mice (n=5) were s.c. inoculated with 2×105 4T1 tumour cells 

on day 0. Mice were treated i.v. with linear polymer CuD conjugate (2,5 mg CuD eq./kg); and/or 

micellar Dox-bearing conjugate (8 mg Dox eq./kg) in 3-day intervals starting on day 8. 

(Fig.16B) The blood was collected in 6-day intervals, on day 9, day 15 and day 21. The blood 

samples were analysed using flow cytometry. MDSCs in tumour-bearing mice were gated as 

CD11b+Ly6ChighLy6G− Mo-MDSCs, and CD11b+Ly6ClowLy6G+ PMN-MDSCs as shown on 

one representative dot blot. (Fig.16A)  

Tumour growth was measured from day 8 until day 25 after the inoculation of cancer 

cells. We could see a trend in reduction of the tumour growth in all therapeutic modalities. The 

combination of CuD-based linear conjugate and micellar Dox-bearing conjugate has proven to 

be the most sufficient. (Fig.16C) All the therapeutic modalities failed to significantly extend 

the survival of experimental mice when compared to the control group. (Fig.16D) 

The peripheral blood analysis has shown a reduction in levels of PMN-MDSCs in all 

the therapeutic modalities; starting to be apparent, but statistically insignificant, on day 9. 

(Fig. 16E) The most significant differences were observed on day 15. (Fig 16F) The combined 

therapy, as well as sole micellar Dox-bearing conjugate treatment, have significantly decreased 

the number of circulating PMN-MSDCs. Sole CuD-based conjugate treatment was not as 

efficient as the other two therapeutic strategies. (Fig.16F) The flow cytometry analysis on day 

21 has shown, that the effect of polymer prodrugs on the levels of PMN-MDSCs a week after 

the last dose of therapy is almost nondetectable. (Fig.16G) This corresponds with the fact that 

the drug-conjugated polymers often reduce the tumour growth in earlier stages of tumour 

progression, but fail to significantly extend the survival of the experimental animals. 
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Figure 16 | MDSCs in the peripheral blood of 4T1 tumour-bearing mice during 

CuD-based conjugate therapy. BALB/c mice (n=5 per group) s.c. inoculated with 2×105 4T1 

tumour cells on day 0 were treated i.v. with linear CuD conjugate and/or micellar Dox 

conjugate. The blood was collected on day 9, 15 and 21. (A) FACS analysis was performed as 

shown on the representative dot-blot. (B) Therapeutic scheme of the experiment. (C) Tumour 

growth (means +/- SD) (D) and survival are presented. Percentage of Ly6ChighLy6G− and 

Ly6ClowLy6G+ populations within all viable cells on (E) day 9, (F) day 15 and (G) day 21 is 

shown. The data are presented as means of 5 mice +/- SD. Statistical significance was 

determined by a two-tailed unpaired Student t-test, ***p < 0,001. 

A. 
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6 Discussion 

Despite the progressive development of the new immunotherapeutic protocols, 

chemotherapy is still one of the most commonly used anti-cancer treatments. Chemotherapy is 

based on the administration of cytotoxic drugs that generally inhibit the rapidly dividing cells 

by various mechanisms. Therefore, it is accompanied by characteristic side effects as it affects 

non-cancerous cells with fast proliferation rates; typically the bone marrow, gastrointestinal 

tract cells or hair follicles. Besides the overall systemic toxicity, conventional 

chemotherapeutics carry other disadvantages such as short biological half-life and circulation 

time in the blood or narrow therapeutic window. Moreover, cancer cells might develop multiple 

drug resistance, which is directly related to the repeated administration of low molecular weight 

cytotoxic drug.[73] 

An essential task to achieve successful immune-oncotherapy is the preparation of an 

effective drug delivery system. An improvement of the pharmacological properties of classical 

chemotherapeutics could be accomplished by binding the drug to a polymer nanocarrier. For 

example, polymer nanocarrier based on HPMA, that has proven to be biocompatible, nontoxic 

and nonimmunogenic.[85], [91] HPMA copolymers are currently studied mostly in the context 

of low molecular weight cytotoxic drugs.[126] The binding of low molecular weight drug to 

HPMA increases its solubility in water, reduces systemic toxicity, prolongs the circulation time 

in the blood and increases the maximum tolerated dose. The drug is bound to the polymer 

backbone via a spacer. The nature of the spacer determines the specific release of the drug, 

whether it is liberated depending on the changes in pH or enzymatically.[127] In addition to the 

attachment of the cytotoxic drugs, the HPMA polymer backbone can be modified by molecules 

providing specific targeting of the conjugate, such as monoclonal Abs or their fragments.[128], 

[129] Besides the specifically targeted copolymers, HPMA conjugates accumulate in the 

tumour microenvironment passively via the so-called EPR effect.[79], [80]  

The drug-polymer conjugate is then engulfed via endocytosis by tumour cells and the 

cytotoxic agent is released in the low pH of the lysosomal compartments of the cell. The 

pH-sensitive hydrolysis of the hydrazone bond and release of the parent drug may to some 

extent occur also in the tumour microenvironment where the pH is lower compared to normal 

tissues. Polymer prodrugs based on HPMA conjugated with established anti-cancer 

chemotherapeutics have a potent anti-cancer effect and immunomodulating activity. It has been 

described, that the treatment of experimental tumours using distinct HPMA polymer conjugates 
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with Dox induces treatment dependent resistance of the host towards the same cancer cells and 

establishes immunological memory.[94]–[96]  

This diploma thesis describes the biological evaluation of novel polymer therapeutics 

based on HPMA copolymers and immunomodulatory agent CuD, intended for tumour-targeted 

immune-oncotherapy. Several studies have reported that cucurbitacins exhibit potent 

pharmacological effects, including anticancer activity.[106], [110], [117], [130] Among 

cucurbitacin derivatives, CuD showed an inhibitory effect on the proliferation of several tumour 

cell lineages mediated mainly via inhibition of the JAK/STAT3 signalling pathway.[116], [117] 

Reports also suggested that cucurbitacins together with other chemotherapeutic agents can 

promote a synergism and may support the effect of chemotherapy via the suppression of STAT3 

transcription factor.[111], [120]  

On the other hand, there are notable limitations concerning the potential clinical 

application of cucurbitacins such as their poor water solubility, considerable toxicity, low 

selectivity, and narrow therapeutic window for treatment.[103], [130], [131] We have assumed 

that binding an immunomodulatory compound, such as CuD, to a hydrophilic nanocarrier, such 

as HPMA, would provide a conjugate that could be easily administered to the body without the 

risk of systemic toxicity. Moreover, the polymer-drug conjugate would improve the 

pharmacokinetic profile and bioavailability of the free highly hydrophobic drug. Besides, the 

CuD-based conjugate would enable selective targeting directly to the solid tumour tissue 

through the EPR effect. Based on the previous results from our laboratory, polymer drug 

delivery systems can be used to elicit a targeted and localized effect directly in the tumour 

microenvironment. For instance, we have described that polymer nitric oxide donors, which 

alone do not exhibit antitumor effect, allow higher accumulation of polymer cytostatics via 

augmenting the passive accumulation of nanomedicines in tumours induced by the EPR effect. 

We have demonstrated, that the combination of polymer nitric oxide donors and polymer-bound 

Dox increased Dox accumulation in the tumour microenvironment, thereby increased the effect 

of treatment which led to a better therapeutic outcome in the mouse EL4 T-cell lymphoma 

tumour model.[132] 

 This thesis is based on the hypothesis that CuD as a STAT3 inhibitor could exert a dual 

effect, killing directly the tumour cells as well as inhibiting tumour-infiltrating MDSCs. The 

use of CuD-based nanomedicine could also work as an adjuvant therapy complementary to the 

treatment with other polymer-bound cytostatic, necessary for the direct anti-tumour responses. 

The polymer conjugate would allow us to target the immunomodulatory effect of CuD 

specifically into the tumour microenvironment and attenuate the immune-suppressive functions 



68 

 

of MDSCs that are crucial for the suppression of the anti-tumour immune responses via 

inhibiting effector T cells by direct cell-to-cell contact or secreted mediators. 

Our first goal was to assess the biological activity of HPMA copolymers bearing CuD 

in vitro. Cytostatic/cytotoxic activity tested in selected human and murine cell lineages proved 

that the binding of CuD to the polymer nanocarrier, whether linear or micellar, retains the 

functional capacity of the drug. As previously seen in other HPMA-based prodrugs, polymer 

conjugates were in vitro less toxic than the free parent drug; with four to six times lower IC50 

values. The human cancer cells were more sensitive to CuD-bearing conjugates compared to 

murine tumour cell lines. The results correspond with the fact that human ovarian carcinoma 

cells SC-OV-3 and OVCAR-3, and prostate DU-145 cells have been reported to have high 

expression of the STAT3 transcription factor.[43]–[45] Moreover, the cytotoxic activity of CuD 

conjugates was checked in normal murine spleen cells proving that tumour cells are 

significantly more susceptible to polymer CuD-based conjugates, which seems beneficial for 

the potential in vivo applications. 

We have tested four batches of linear CuD-bearing conjugates with well-defined 

physicochemical parameters (Table 1), that corresponded when compared within the individual 

batches. We have obtained results with corresponding IC50 values proving that the synthesis 

and preparation of HPMA prodrugs containing CuD were reproducible. We did not find 

significant differences between in vitro cytotoxicity of the linear and micellar CuD-based 

conjugates. We believe that this could be partly due to the pH-sensitive extracellular release of 

the drug before the engulfment of the polymer conjugate by the tumour cells. The results 

suggest that the rate of extracellular pH-sensitive hydrolysis of the hydrazone bond in both 

types of polymer conjugates is similar. However, IC50 values expressed as a concentration 

equivalent of CuD might not reflect the biological activity of different types of polymer 

conjugates that may show different behaviour observed during in vitro and in vivo experiments. 

Based on the cytotoxicity assays results, we wanted to investigate the hypothesis that 

CuD acts as the STAT3 signalling pathway inhibitor in DU-145 cells in vitro.  We have decided 

to compare the effect of free CuD and Stattic, a selective inhibitor of phosphorylation of STAT3 

on Tyr705 residue.[123] Indeed, we could see that Stattic as well as the concentration of CuD 

corresponding with the IC50 value significantly decreased the phosphorylated STAT3 in IL-6 

stimulated cells while not affecting the total levels of the STAT3 transcription factor. In this 

case, CuD-bearing conjugate would not work similarly because of the short incubation times 

used in the experiments. Free parent drug enters the cell via diffusion, meanwhile, HPMA 

copolymers are engulfed via endocytosis, which is significantly slower.  
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As MDSCs play an important role in the progression of various tumour types, one of 

our goals was to study the effect of the HPMA conjugates with CuD on the frequencies of 

MDSCs expanded in vitro as well as over the course of in vivo experiments. It has been 

suggested that the cytotoxic activity of CuD could be mediated via the inhibition of the STAT3 

signalling pathway.[117], [119], [120] As previously described in several studies [52]–[55], 

targeting the STAT3 signalling pathway could prevent the expansion of MDSCs and enhance 

their differentiation towards immature myeloid cell populations. On the other hand, many 

investigators have used the Gr-1-specific Ab to deplete MDSCs in tumour-bearing mice and 

the results were quite controversial. The efforts to eliminate MDSC with an anti-Gr-1 antibody 

have shown only limited effect because eliminated MDSCs are rapidly supplemented by the 

increased recruitment of precursors from the bone marrow.[133]–[135] Thus, administration of 

a low molecular weight drug that inhibits MDSCs function is likely to have only limited 

efficacy. On the contrary, the administration of a polymer-drug conjugate could prolong the 

effect of eliminating or reducing the number of MDSCs over a longer period of time due to the 

prolonged blood circulation and targeted accumulation in the tumour tissue. 

Based on the literature describing STAT3 as essential for MDSCs differentiation and 

immunosuppressive function [42], [46], [48]; we aimed to investigate whether polymer-bound 

CuD or free drug for comparison affects bone-marrow cells in vitro stimulated into expansion 

towards MDSC-like cells. Indeed, flow cytometry analysis of MDSC-like bone-marrow cells 

after cultivation with different concentration of free CuD and the equitoxic dose of its linear 

polymer conjugate has shown a significant decrease of MDSC-like CD11b+Gr1+ phenotype 

with increased concentrations of the drug compared to untreated controls. Conversely, the 

CD11b+Gr1− population has significantly expanded with higher concentrations of the drug. 

Micellar CuD-based conjugate did not reduce the expansion of MDCS-like population to the 

same extent as a free or linear polymer-bound CuD, possibly due to the slow release of CuD 

from the hydrophobic micellar core. CuD may not be liberated from the conjugate in levels high 

enough to prevent CD11b+Gr1+ cell expansion during the 72-hour cultivation. 

Following the in vitro experiments, we intended to define the therapeutic effect of 

polymer-bound CuD in combination with other polymer chemotherapeutic prodrugs in vivo. 

The hydrophobic nature and low bioavailability of CuD restrict its therapeutic application. 

Some studies have described an anti-cancer activity of i.p. or i.t. administered free CuD.[107], 

[109], [114], [117] Polymer-bound CuD brings the possibility to inject the conjugates i.v. which 

is in contrast to the devastating effect of i.t. administration of free CuD. Our results have proven 

the hypothesis that CuD transported by the HPMA nanocarriers is applicable and suitable for 
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the targeted drug delivery because it significantly reduces systemic toxicity when compared 

with the i.t. administration of free parent drug. We do not have exact data describing the targeted 

accumulation of CuD in the tumour microenvironment, normal tissues or its blood clearance as 

the direct detection of CuD in the tissue samples is not reliable. From our previous experience 

with conjugates based on Dox [77], [136]; we know that the accumulation of the drug is 

controlled mainly by the size and structure of the polymer nanocarrier. Therefore, we assume 

that the accumulation of CuD-bearing polymer conjugates could be similar to other 

nanomedicines based on other low molecular weight drugs. 

For our experiments, we have chosen two distinct types of murine tumours; CT26 colon 

adenocarcinoma and 4T1 mammary carcinoma. At first, we have performed a flow cytometry 

analysis of MDSCs levels in tumour-bearing mice in both. Our results together with published 

literature [124] suggest, that MDSC-mediated immune suppression plays a considerable role in 

murine 4T1 mammary carcinoma, but might not have such a great impact on the tumour 

progression in the CT26 colon adenocarcinoma tumour-bearing mice. In line with these 

findings, the anti-tumour activity of linear CuD-based conjugate in CT26 tumour-bearing mice 

was not observable as it did not reduce the tumour growth. A mild reduction of tumour size 

observable in the treatment with linear CuD-based conjugate together with micellar 

Dox-bearing conjugate was caused probably by the Dox-based nanocarrier as Dox-based 

micellar conjugate reduced the tumour growth by itself. CuD-based linear conjugate therapy 

has failed to have any effect on the survival of experimental animals. We hypothesize that the 

reason for the poor therapeutic efficacy of linear CuD-containing nanocarrier in CT26 treatment 

lies in the disputable significance of MDSCs-mediated immune suppression in this 

experimental cancer model. The in vitro described cytotoxic effect of CuD-based conjugate on 

CT26 cells is probably too low to improve either tumour growth or survival of the CT26 

tumour-bearing mice. On top of that, CT26 tumour cells have a naturally increased upregulation 

of the P-glycoprotein expression. [125] It seems that this mechanism, which plays a major role 

in the difficult-to-treat characteristic of CT26 tumours, is not influenced by the activity of CuD-

based conjugates. 

On the contrary, the treatment of mice with 4T1 mammary carcinoma showed the 

potential of the CuD-containing polymer conjugates in combination with targeted Dox-based 

therapy. We aimed to assess and compare the therapeutic efficacy of linear and micellar 

CuD-bearing conjugates used as a single therapy or together with Dox-bearing conjugate. As 

previously documented, the molecular weight and structure of conjugates have an important 

impact on their biological activity.[77] Micellar nanocarriers are typically formed by the 
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self-assembly of amphiphilic copolymers and the parent drug is sheltered by the micelle 

core.[86], [87] CuD-based micellar conjugate was prepared to investigate whether it could 

mediate a higher accumulation of CuD in the tumour microenvironment as it is known that 

polymer transport systems with higher molecular weight and larger hydrodynamic radius have 

prolonged blood circulation, provide more specific tumour localization and yield higher 

therapeutic efficacy.[137], [138] Unfortunately, the anti-tumour activity of micellar 

CuD-bearing conjugate was not detectable as a reduction of tumour growth when applied as a 

sole treatment. The combined treatment together with micellar conjugate bearing Dox 

significantly reduced the tumour growth, but we hypothesize that the effect was caused mainly 

by Dox-based polymer conjugate as the sole Dox conjugate treatment yielded similar results. 

Sole CuD-based micellar conjugate treatment has failed to have any effect on the survival of 

experimental animals when compared to the untreated control group. Based on the significant 

hydrophobic nature of CuD, we assume that CuD could remain partially entrapped in the 

hydrophobic micellar core even after the release from the hydrazone bond. A similar effect has 

been recently documented in other micellar HPMA-based systems.[139] Based on our results, 

it seems that the release of the parent drug from the micellar conjugate is not fast enough to be 

therapeutically efficient therefore the micellar polymer CuD conjugate does not bring any 

advantage for in vivo experimental tumour therapy. Linear CuD conjugate improved the in vivo 

activity of micellar conjugate containing Dox as evidenced by a significant reduction in tumour 

growth in several experiments. However, the survival prolongation is a parameter better 

reflecting the potential clinical applicability. Sole linear CuD-based conjugate treatment was 

not highly efficient in prolonging the lifespan of experimental animals. On the other hand, the 

addition of checkpoint inhibition by anti-PD-1 monoclonal antibody did have a significant 

beneficial effect on the survival in the group treated with the combination of linear polymer 

CuD conjugate together with Dox-based nanomedicine.  

Based on the results of in vivo experimental therapies and the flow cytometry blood 

analysis, we investigated the effect of CuD-based linear conjugate on the levels of MDCSs 

during the early stages of 4T1 tumour development. The peripheral blood analysis one day after 

the last therapeutic dose has shown a reduction in levels of PMN-MDSCs in the combined 

therapy, as well as in the sole micellar Dox-bearing conjugate treatment. Single CuD-based 

conjugate treatment was not as efficient as the other two therapeutic strategies. The effect of 

polymer prodrugs on MDSCs in the blood a week after the last dose of therapy was not 

observable. It has been described that Dox can inhibit the expansion and functions of MDSCs 

and induce their apoptosis.[140], [141] From our results, it may seem that the addition of 
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CuD-bearing conjugates brings only mild benefit to the inhibition of MDSCs caused by 

Dox-based therapy. Since the turnover of MDSCs within the tumour microenvironment is very 

rapid, we hypothesize that CuD-conjugated polymers succeed in the reduction of the tumour 

growth in the early stages of the tumour development, but fail to significantly extend the 

survival of the experimental animals. We cannot rule out that we could achieve better 

therapeutic efficacy via optimizing the therapeutic and dosing scheme of conjugates, but we do 

not consider it as highly likely. 
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7 Conclusion 

In this diploma thesis, we provide the biological evaluation of linear and micellar HPMA 

conjugates bearing the immunomodulatory agent CuD bound by the pH-sensitive hydrazone 

bond. Both types of CuD-based polymer conjugates were characterized by significant cytotoxic 

activity in several murine and human cancer lines in vitro. In vivo results suggest only mild 

therapeutic efficacy of the combined therapy with newly developed CuD-based nanomedicines 

and micellar HPMA copolymers containing Dox. The proper and optimized dosing of the 

conjugates remains a task for future investigations. With CuD being probable STAT3 inhibitor, 

the combination of chemotherapy with immunotherapy targeted on the inhibition of STAT3 

signalization could be the path for improving the outcome of cancerous diseases.  

The main conclusions of the thesis include: 

- Linear and micellar CuD-bearing conjugates exhibit potent cytostatic/cytotoxic activity 

tested in vitro on murine 4T1, CT26 and EL4 cancer cells and human SK-OV-3, OVCAR-3 

and DU-145 cancer cells 

- The binding of free CuD to an HPMA nanocarrier retains its functional capacity while 

improving the solubility of the hydrophobic parent drug  

- Linear polymer-bound CuD prevents the expansion of MDSC-like CD11b+Gr1+ phenotype 

cultivated in vitro as well as the free parent drug 

- We confirmed that CuD reduces the levels of phosphorylated STAT3 detected in vitro in 

IL-6 stimulated DU-145 prostate cancer cells 

- Polymer-bound CuD brings the advantage to inject the conjugates i.v. which improves its 

therapeutic applicability in contrast to the i.t. administration of free parent drug 

- As a sole treatment, the anti-cancer activity of linear CuD conjugate during in vivo CT26 

therapy is neither observable as a reduction of tumour growth nor prolongation of survival 

- Similarly, the anti-tumour activity of micellar CuD conjugate during in vivo 4T1 tumour 

therapy is neither detectable as a reduction of tumour growth nor survival prolongation 

- Linear CuD conjugate improves the activity of micellar Dox-based conjugate as evidenced 

by a significant reduction in 4T1 tumour growth in several in vivo experiments 

- Sole linear CuD-based conjugate therapy is not efficient in prolonging the survival of 

4T1 tumour-bearing mice and does not bring a significant benefit in prolonging the survival 

of mice treated with micellar Dox-bearing conjugate 

- Linear CuD-based conjugate brings mild benefit to the inhibition of MDSCs caused by 

Dox-bearing micellar conjugate during in vivo 4T1 tumour therapy 
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