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1. Introduction  

Cancer carries the second highest risk of death worldwide. Moreover, the 

incidences of death are growing, due to environmental pollution, unhealthy 

lifestyle (physical inactivity, alcohol use, active and passive smoking, etc.), 

and evidently by the aging of the population. 

Throughout the times, three basic procedures to treat cancer have been 

established – surgical removal, radiotherapy and chemotherapy. In addition, 

the last decade has given rise to new approaches, which are grouped under the 

term “Biological Therapy”.  

This approach consists of agents that help the immune system of the 

organism deal with the cancer or hinder metastatic spreading. Monoclonal 

antibodies (e.g. Rituximab, Cetuximab, Transtuzumab and many others [1-3]) 

mark the cancer cells and make them more vulnerable for the immune cells. 

Cytokines, such as interleukin-2 and interferon-γ directly enhance anti-tumor 

activity of the immune system [4]. Research is also focused on development 

of cancer vaccines and cell therapy (lymphokine-activated killer cells, tumor 

infiltrating lymphocytes, DNA vaccines and others) [5-7].    

Besides these new possibilities, the “old” treatment strategies have 

undergone potent improvements. From year to year have been seen better 

cancer imaging techniques, together with highly sophisticated instruments that 

allow a more precise surgical procedure. Radiotherapy has moved away from 

radium isotopes to cobalt, cesium and iridium, which cause less damage to the 

surrounding healthy tissue. In addition, the same applies to chemotherapy. 

New agents are less toxic for healthy tissues because they are more specific to 

aberrant cellular pathways and other tumor-specific targets in malignant tissue 

(e.g. inhibition of metastatic potential of tumor cells [8]; by limiting the tumor 

nutrition supplies by blocking neoangiogenesis [9, 10], and others).  

Many researchers have, in the past, focused on pathophysiological 

features of tumor tissue, various tumor-nonmalignant cell interactions, and 

secretion of active molecules within the tumor mass. All these aspects of 

tumor structure are known as tumor microenvironment. The tumor 
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microenvironment components can be divided into four groups: tumor cells, 

non-malignant cells, non-cellular solid material, such as the extracellular 

matrix (ECM), and soluble factors. The composition of particular tumor 

ecosystem is highly variable, with differences between various tumor types, 

even between patients with the same diagnosis, and in separate areas of the 

same tumor [11]. Moreover, further changes in tumor microenvironment often 

occur during the progression of the disease. 

As researchers better understand the role of tumor environment in 

cancer, they are hopeful of developing novel therapeutic agents targeting not 

only tumor cells, but also the environment surrounding them. Targeting both 

malignant cells and non-malignant components may be significantly more 

efficient than solely targeting the cancer cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 8 

2. Tumor microenvironment 

Solid tumor tissue consists of tumor cells, infiltrating and resident non-

malignant cells, and the molecules in proximity to these cells. This entire 

ecosystem is often described as the tumor microenvironment. Establishing  

the specific milleu of the microenvironment is orchestrated by interplay 

between either the tumor cells and the neighboring non-malignant cells. It is 

generally accepted that tumor microenvironment represents a crucial issue in 

cancer development and progression. Research fields concerning the 

cancerous microenvironment are covering already established paradigms such 

as the stroma contribution to tumor progression or the relationship of cancer 

and chronic inflammation [12], as well as novel views such as the importace 

of lymphangiogenesis on metastatic potential or the role of regulatory T-cells 

in the development of rather pro-tumoral immune milieu. 

Studies of tumor microenvironment have revealed both novel targets for 

therapy and new prognostic markers. New therapy modalities are being 

developed to target these discovered features, including drugs functioning to 

boost anti-malignancy immunity [13], to block pro-metastatic potential [14], 

or to utilize the unique features of this pathological environment [10] 

established by the tumor. These are obviously of great interest and harbor 

high potential for better management of malignant diseases. 

The complexity of factors composing such a microenvironment and 

unambigious importance of interactions and cooperation of researchers in this 

scientific domain led to establishment of the International Cancer 

Microenvironment Forum (ICMF) in 1995. Later in 2007, the Interantional 

Cancer Microenvironment Society was registerred in the USA and Israel as a 

successor of the ICMF [15]. 
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2.1  Tumor markers 

Paul Ehrlich formulated propositions of the “Magic bullet” back in 

1906[16]. This German immunologist, pathologist and laureate of the 

Nobel Prize had access to seriously ill patients suffering from syphilis, in 

which treatment efficiency was very poor. Due to the high toxicity of 

drugs during that time, it was impossible to increase the dosage up to the 

necessary levels. Higher doses of nonspecific compounds, necessary for 

effective treatment, would shift the fragile balance between disease 

treating and overall toxicity towards severe, life-threating complications 

for the patient. Ehrlich thought that if a moiety could be made which 

selectively targeted a pathogenic organism, then a drug for that organism 

could be delivered along with the selectivity agent. Therefore, a "Magic 

bullet" would be created that killed specifically the targeted organism. 

 Even though Ehrlich’s idea is more than 100 years old, researchers 

still have difficulties with numerous obstacles, while trying to develop an 

efficient and directed anticancer treatment. Identification of a truly 

specific tumor marker is quite difficult, as tumor cells rise from the host’s 

own cells and therefore express well-tolerated antigens as in healthy cells. 

Generally, tumor antigens can be divided into two groups: tumor-specific 

and tumor-associated antigens.  

 Either antigens of the first group are shared among tumors of the 

same type or they are unique to individual tumors. Tumor-specific 

antigens are represented by aberrantly glycosylated proteins, products of 

mutated self-genes, or genes of oncogenic viruses. Antigens with the 

highest specificity are idiotypes of B- and T-cell malignancies as well as 

viral antigens (Table 1). 

 The second group of tumor antigens are structures. These are not 

specific only for the tumor tissue, but can be found also in healthy tissue. 

The potential of such antigens lies in the different expression abundance 

or abnormal stage and site presence (Table 1). For example, 

carcinoembryonic antigen (CEA) and -fetoprotein (AFP) are expressed 
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by healthy embryonic cells, while they are silenced after birth (colorectal 

and hepatocellular carcinomas, respectively). Some proteins are normally 

present on healthy cells, but some tumors have amplified relevant genes 

and therefore have them in much higher density. The higher occurrence of 

such antigen makes these cells statistically more favorable target for 

affinity therapeutics. Among others (Table 1) which are currently used in 

clinical practice, is a membrane bound receptor kinase HER2/neu (Human 

Epidermal growth factor Receptor 2), which is overexpressed on mammary 

carcinomas. This receptor is present also in healthy epithelial cells but in 

tumor cells is up to two times more abundant [17] and therefore it is an 

important target of the monoclonal antibody Transtuzumab (Herceptin) [18].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 11 

Table 1  

Tumor antigens (adopted from Cellular and Molecular Immunology, Eds. 

Abbas et al., 2005) 

 

Type of antigen Examples Expression  

      

Mutants of cellular 

genes not involved in 

cancerogenesis 

p91A Murine mastocystoma 

Mutants of cellular 

genes involved in 

cancerogenesis 

Ras mutations   

p53 mutations  

p210 (Bcr/Abl 

rearrangement) 

~ 10% of human 

carcinomas 

~ 50% of human tumors 

CML 

Product of oncogenic 

viruses 

SV40 T antigen 

HPV E6 and E7 proteins 

HTLV-1 proteins 

SV40-induced tumors 

cervical carcinomas  

ATL 

Idiotypes 
every clone of B-cells is 

bearing specific idiotype 

B-cell leukemias and 

lymphomas 

Overexpressed genes 

gp100 

Tyrosinase 

MART 

Her-2/neu 

Melanomas 

melanomas 

melanomas 

breast and other 

carcinomas  

Expressed genes that 

are silent in most 

normal tissues 

MAGE 

GAGE 

BAGE 

melanomas and many 

carcinomas 

Oncofetal antigens 
CEA 

AFP 

GIT carcinomas 

hepatocellular carcinoma 

Differentiation antigens 
CD10 and CD20 

PSA 

B-cell derived tumors 

prostate cancer 

Glycoproteins and 

glycolipids 

MUC-1 

GD2, GD3, GM2 

CA152 and CA19-9 

breast carcinoma  

melanomas 

ovarian carcinoma 
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2.2   Tumor energy metabolism 

Uncontrolled cell proliferation, a hallmark of neoplastic tissues, drives 

the need for changes in energy metabolism in favor of increased consumption 

(due to excessive cell division and growth rate). Normal cells, in normoxic 

conditions, utilize glucose first in cytoplasm into pyruvate, which is then 

transported across both mitochondrial membranes into the matrix, where it 

undergoes further utilization within the citric acid cycle. Such degradation 

leads to the production of 36 molecules of ATP per one glucose molecule. On 

the other hand, in anaerobic conditions, cells switch to much less efficient 

(two molecules of ATP per one glucose) conversion of glucose to lactate [19]. 

Back in 1920, Otto Warburg observed that even with a sustained oxygen 

supply, malignant cells reprogram glucose utilization towards “inefficient” 

lactate production [20, 21].  

Such metabolic switch in cancer cells is seemingly counterintuitive, in 

that malignant cells must compensate for that 18-fold lower ATP production 

efficiency afforded by glycolysis relative to oxidative phosphorylation by 

mitochondrial enzymes. One mechanism to overcome this is upregulation of 

glucose transporters expression, notably GLUT1, which significantly 

increases glucose import into the tumor cells [22, 23]. Substantialy increased 

glucose uptake and utilization have been documented in various human 

tumors, mainly by using noninvasive positron emission tomography (PET) 

with a radiolabeled glucose analog (18F-fluorodeoxyglucose, FDG). Further, 

the hypoxic conditions that  are common among many tumors increases the 

levels of the hipoxia inducibile factors HIF1a and HIF2a, and these 

transcription factors in turn upregulate multiple enzymes of the glycolytic 

pathway and glucose transporters [23, 24]. 

The reason for such a “disadvantageous“ (in terms of ATP production) 

switch was rather unclear. Recently, it has been described that in some tumors 

there are two tumor cell subpopulations which differ in their pathways 

generating energy. One subpopulation are glucose-dependent (‘‘Warburg-

effect’’) cells that produce big amounts of lactate, whereas the second cell 
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subpopulation surprisingly import and metabolize the lactate produced by 

their neighboring counterparts instead, and employ part of the citric acid cycle 

to produce energy [25]. This intratumoral symbiotic mode (hypoxic cells 

produce lactate and this secreted “waste product“ is internalized and 

metabolised by their normoxic cousins) isn‘t unique for tumor cells. It can be, 

under fyziologic conditions, observed in muscle as well[25]. Another reason 

can be found in hypothesis [26], in which increased amounts of intermediates 

of glycolysis can undergo diverse biosynthetic pathways, such as amino acids 

production. This leads to the generation of macromolecules and organelles 

needed for cell division. Supporting the role of large-scale biosynthesis 

needed for extensive proliferative activity, the above described Warburg 

effect is common in hurriedly dividing embryonic cells. Additionally, the 

range from hypoxia to normoxia isn’t constant, but it rather regionally and 

temporally fluctuates [27], probably due to the chaotic organization and 

instability of the tumor-induced neovasculature.  

 

 

2.3     Hypoxia in tumors 

The maintenance of oxygen homeostasis is enabled by a joint 

action of hormonal and autocrine factors. When the availability of oxygen 

is reduced, oxygen tensions decrease, and cellular responses to such 

condition are governed by the hypoxia-inducible factor (HIF). This 

transcriptional factor degrades quickly in normoxic conditions, whereas 

during hypoxia, it stabilizes and so it can translocate into the nucleus and 

fulfill its transcriptional activity. Oxygen dependent prolyl hydrolase 

domain proteins (PHDs) are essential for hydroxylation of the HIF, which 

further causes HIF degradation [28].  

Masses of malignant cells often have areas where local hypoxia 

occurs, mainly due to high oxygen consumption of these highly metabolic 

cells, and inefficient oxygen delivery to these locations. Necessary pro-

survival adaptations of tumor cells to hypoxia support selections of more 
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aggressive clones. Changes of gene expression as a reaction to harsh 

conditions help to maintain high a proliferation rate, regulate on site pH, 

and support neovascularization. There can be seen a kind of a cycle when 

the rapidly growing malignant tissue overgrows its blood supply 

possibilities, and this leads to hypoxia, which in turn selects streghtend 

malignant cells and supports neovascularization. These join the „cycle“ 

together as the tumor continues to grow until it overgrows the blood 

supply again. Levels of HIF-1 are measured as a marker of tumor 

hypoxia, moreover they are correlated with more aggressive diseases and 

worse outcomes within the majority of different cancers including 

ovarian, bladder and colorectal malignancies [29-31]. Inside the tumor 

cells, mutations in regulatory proteins can stabilize the HIF-1. Such 

stabilization and further regulation of various genes gives an advantage to 

malignant cells for survival. 

A large portion of HIF target genes are those enhancing the uptake 

of glucose (transporters GLUT 1 and 3), others further support the 

Warburg effect (e.g. lactate dehydrogenase, phosphoglycerate kinase 1). 

Another HIF induced adaptation is mitochondria autophagy [32], HIF in 

that case regulates the mitochondrial mass, which again limits the 

avilability of citric acid cycle enzymes. Hypoxia and HIF also has an 

influence on tumor associated neoangiogenesis through regulation of 

transcription of variouse pro-angiogenic factors, such as  plasminogen-

activator inhbitor 1, matrix mealloproteinases 2 and 9,  angiopoetins 1 

and 2, and platelet-derived growth factor-β [33]. 

A better and more detailed understanding of HIF function and 

regulation, as well as other features of hypoxic conditions in tumors is 

still needed. These new findings will open new doors for future 

therapeutic, prognostic and diagnostic approaches. 
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2.4   pH in tumors 

In the last several decades, studies have shown that the intracellular pH 

of malignant cell of solid tumors is well balanced within a range of values 

7.0–7.2, but the pH of extracellular space is acidic [34]. It can be an important 

factor for creating more aggressive malignant cells. The acid–base 

homeostasis maintenance is truly critical. Nevertheless, such a balance within 

solid tumors is vulnerable. The increased glucose catabolism in tumor cells 

results in significantly higher lactate and H+ ions production rates. Although 

there is increased acid production in tumor cells, they do maintain a 

physiologically standard intracellular pH when compared to healthy cells. 

Most of the acid load is secreted from the cells, but the vasculature cannot 

remove it from the interstitial space [35]. The primary extracellular buffer has 

limited capacity and as a result, extracellular space becomes more acidic. 

Moreover, tumor cells are well adapted to an acidic niche. In vitro studies 

have shown that proliferation of tumor cell is maximized at an extracellular 

pH of 6.8, as opposed to 7.3 in healthy cells [36]. The concentration gradient 

of H+ ions allows them to diffuse from the tumor site towards nearby normal 

tissue; this causes a chronically acidic microenvironment, which is toxic for 

the neighboring normal cells. Targeting the tumor pH has been designed in 

recent therapeutic approaches, either through drugs that raise the pH of acidic 

tumors [37]; pro-drugs activated lower pH [38], or low-pH activation of drug 

release liposomes and micelles [39]. 

 

 

2.5  Angiogenesis 

A constant source of oxygen and nutrients such as glucose is needed by 

all cells. The circulatory system is necessary for delivering these throughout 

the body. Even though abnormal, cancer cells still need nutrients and 

oxygen. Tumors therefore have to make the crutial step of developing new 

blood vessels [40]. Without such new vessels tumors cannot grow, for when 
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the tumor cells start to get too far from an existing blood vessel, the oxygen 

levels drops. This so caused hypoxia triggers proangiogenic changes in the 

tumor cells [40]. 

These cells produce (or cause non-tumor cells to do so) factors 

stimulating the formation of blood vessels. Probably the most studied 

angiogenic factor is called vascular endothelial derived growth factor 

(VEGF).  The family of VEGF or other angiogenic factors secreted by tumor 

or nearby cells can cause the new blood vessel formation so needed for further 

growth of the tumor [41]. Such newly created blood vessels don´t have exactly 

the same structure as normal blood vessels.  They are frequently less 

organized and have leakier walls than “old“ vessels [42]. 

Abnormal angiogenesis is not limited to cancer.  Other diseases, 

including macular degeneration, a progressive eye disease, are linked to 

abnormal development of blood vessels [43]. 

 

 

2.5.1 Passive targeting (accumulation)    

 Rapidly growing tumor tissue strongly needs an intensive nutrient 

supply, and therefore the tumor growth is contingent on 

neovascularization. These newly built capillaries have, contrary to normal 

blood vessels, discontinued endothelial walls, which enable extravasation 

of high molecular weight compounds into the tumor intersticium. 

Moreover, these macromolecules do not clear out from the tumor by 

lymphatic drainage as in healthy tissue because tumors lack effective 

lymphatics [44]. The combination of these two facts, leaky vasculature 

and limited lymphatic resorption, causes Enhanced Permeation and 

Retention Effect (EPR Effect) (Figure 1) [44]. Accumulation in the tumor 

is thus achieved by virtue of high molecular weight, without the need of 
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cell specify. Therefore, this physiological phenomenon is used for anti-

cancer therapy based on polymeric conjugates or liposomes. 

 

 

 

 

 

 

Figure 1 

The EPR Effect (Enhanced Permeation and Retention effect; adopted 

from Wiley Interdiscip Rev Nanomed Nanobiotechnol. 1, 2009, 415-25)  

 

   

2.6  Lymphangiogenesis 

Even though the aspects of the lymphatic system were described in 

ancient Greece, as a distinct circulation system it was first contemplated 

by Gaspard Asselli in the 17
th

 century [45]. The lymphatic system is 

composed of a network of dead end capillaries with thin walls, wider 

vessels and secondary immune organs, such as the spleen, lymph nodes, 

Peyer´s Patches and tonsils. The lymphatic vasculature drains interstitial 
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fluid and immune cells from tissue through lymph nodes, and returns it, 

via the thoracic duct, into the blood circulation [46].         

It was accepted for centuries that the lymphatic system acts as a 

primary route for tumors to metastasize to nearby lymph nodes and 

perhaps also to more distant sites. It was believed that this process is 

achieved by utilization of a primordial network, rather than formation of 

new vessels as a response to signals from tumors. However, for the last 

two decades, there is a growing quantity of evidence that formation of 

new lymphatic vessels (lymphangiogenesis) plays a considerable role in 

tumor progression and metastasis [47, 48]. 

Among a number of different human tumors, the key lymfangiogenic 

mediators are VEGF-C and VEGF-D both signaling via VEGFR-3. Cell 

surface tyrosine kinase VEGFR-3 became a marker of lymphatic 

endothelial cells (LEC). Its activation, after the binding of soluble 

glycoproteins, supports LECs to proliferate, migrate and gives the cell 

prosurvival signals as well [49]. Moreover, it has been shown that the 

VEGFR-2/VEGF-A pathway likewise has a significant role during 

lymphangiogenesis (besides a crucial role in angiogenesis) [50]. Other 

lymphangiogenic factors including a whole group of integrins. For 

example, the 91 integrin is necessary for the full maturation of 

lymphatics [51]. It has been shown that integrin 91 enables migration 

of cells stimulated by VEGF-C and D [52].         

The initial studies of tumor lymphangiogenesis were mainly focused 

on primary tumor mass and neighboring tissues. Nevertheless, this 

phenomenon was documented around lymph nodes also, particularly 

around draining lymph nodes of the tumors [53, 54], where the first 

metastatic lesions were found. This increases the lymph flow through 

such lymph node and it speculatively promotes dissemination to distant 

sites within the body [54].  

Therefore, the phenomenon of lymphangiogenesis became a new 

therapeutical and diagnostic target. For example, sunitinib targeting 
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VEGFR-3 is in the Phase II trial against refractory metastatic gastric 

cancer [55]. Cyclic RGD peptides labeled with diagnostic isotopes 
18

F or 

64
Cu are successfully used for breast imaging and brain tumor xenographs 

[56]. 

  

 

2.7    Interstitial pressure 

The fluid pressure in tumor interstitium is often elevated in both 

experimental and human solid tumors [57]. Increase of tumor interstitial 

pressure is mainly resulting from physiological features, such as undeveloped 

and very permeable neovasculature of tumors. Moreover, the abnormal 

vasculature and lacking efficient and/or functional lymphatic system gives 

rise to hypertension in the tumor area [58]. Higher interstitial pressure is 

accompanied with decreased delivery and uptake of classical low-molecular-

weight drugs, which therefore doesn´t show clinically relevant therapeutic 

outcomes [44]. 

Additionally, blood and interstitial fluid pressure is considered to result 

in never-ending stimulation of the tumor growing edge. It has been 

documented that mechanical tensions do trigger cell proliferation in 

nonmalignant tissues, and it is probable that it also supports the proliferation 

of tumor cells [59]. Mechanical stress has shown a significant activation of 

p44/42 MAPK – an important regulator of signaling associated with 

proliferation of epithelial cells [59]. Data demonstrating the activation of 

mitogen-activated protein kinase (MAPK) as a response to mechanical 

stimulation supports assumptions that tumor cell proliferation is also 

stimulated by mechanical stimuli [60].  
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2.8    Stroma 

For many years the understanding of the transformation of normal cells 

into neoplastic, or cancer cells was the focus of scientists and their research, 

but they spent too little time studying other nonmalignat cells neighbouring 

the tumor cells. Nevertheless, in the last several years it has been confirmed 

that other components of tumor sites, including resident non-malignant cells 

(endothelial cells, fibroblasts), connective tissue, and extracellular matrix 

(ECM) have equal importantance both in early tumor development, 

progression and metastatic spreading [61-65]. All these components are called 

the stroma. 

Interaction between between malignant cells and their surrounding 

stroma counterparts is evidently very important. Tumor progression can be 

enhanced by influence of nonmalignant stroma cells and their products. An 

example is transforming growth factor beta (TGF-Β) [62]. TGF-B is a critical 

regulator of tumor progression, as it acts as a potent inhibitor of cell growth 

and is secerned by various cells within the tumor microenvironment [66]. 

However, in many advanced carcinomas, mutations result in malignant cells 

that are unaffected by TGF-Β signaling (these cells grow even in the presence 

of TGF-Β) [67]. Moreover, cancer cells often produce TGF-Β [68], which 

supresses the growth of the surrounding normal tissue, thus enabling the 

malignant cells to divide rapidly, so as not competiting with nonmalignant 

cells. 

 

2.8.1 Fibroblasts 

The predominant cells of tumor stroma are fibroblasts. The responsibility 

for generating the ECM and connective tissue lays on them. As every tissue 

has different demands, fibroblasts from diverse organs express different 

genes. Tumor progression is associated with changes in fibroblast behaviors 
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[69], mainly thanks to factors produced by the tumor cells. Fibroblasts 

normaly don’t express α-SMA (alpha-smooth muscle actin), but under the 

influence of tumor produced compounds they begin to express it [70], which 

is followed up with their ability contract. These myofibroblasts are 

surrounded by a dense network of the collagen and are highly proliferate [70]. 

Such profile, known as desmoplasia, is often associated with recruitment of 

immune cells and angiogenesis [71].  

Surprisingly, although the close proximity to a tumor cells often alter the 

fibroblasts´s phenotype, in some cases such altered fibroblasts have been 

found in patients without any signs of cancer. However, they had hereditary 

predispositions to the neoplastic disease. These observations suggest that such 

changed fibroblasts may actually be involved in the development of 

malignancy [72]. The question of how these cells might become oncogenic in 

the absence of a malignant cells can be answered with several possibilities. 

These include accumulation of genetic damage due to aging, hormone 

imbalances and exposure to carcinogens. Likewise, the molecules present in 

wound healing processes can lead fibroblasts into such alterations similar to a 

way in that they resemble fibroblasts located near tumor cells [71]. 

 

 

2.8.2    Matrix Metalloproteinases 

The production and remodeling of the extracellular matrix (ECM) is one 

of the principal actions performed by fibroblasts, both in normal and cancer 

tissues [73].  The ECM primarily secures structural support and strength of 

tissues,  moreover it also provides sites for the attachment of receptors on the 

cell surface, and it also acts as a basin of chemokines, growth factors and 

other cytokines. Tumor-associated ECM has an abnormal structure, with 

disorganized collagen fibers [74]. Matrix metalloproteinases (MMPs), a large 

family of enzymes capable of degrading the ECM components are critical for 
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maintenance of the ECM. The ECM degradation by MMPs enables the 

release of entrapped growth factors, alters cell ECM, and cell to cell 

interactions, and enhances migration [75, 76].  MMPs are produced by tumor 

cells, but the vast majority are produced by infiltrating macrophages and 

fibroblasts [77], because MMPs are secerned into the microenvironment by 

these cells, and they are a nice example of the interactions between a tumor 

cells and their stromal counterparts. 

Growing evidence supports the MMPs as key mediators of the multiple 

steps in tumor progression; they promote angiogenesis, metastasis, and even 

tumor initiation [78]. Paradoxicaly, the activity of MMPs often have  

opposing consequences depending on the the tumor microenvironment 

composition and the nature of particular MMPs present. For example, 

different MMPs can release various molecules from ECM, which either 

inhibit or promote angiogenesis [76, 79] . Because of their key functions 

evolving tumor formation and metastasis, several clinical trials attempted to 

use MMPs as a target for anticancer therapy. Nevertheless, these trials with 

MMPs inhibitors were cut short as patients reported averse effects such as 

muscle and bone pain, formation of connective tissue nodules, and joint 

disorders. These failures highlight the obstacles of targeting molecules critical 

for the proper function of various tissues [79]. 

 

 

2.9    Immune cells and cancer 

The components of the immune system in tumors play the role of a 

double-edged sword. There is a body of evidence suggesting beneficial 

outcomes within the presence of a functioning immune system (for example, 

patients with a weak immune system or immunosuppressed one have an 

increased occurence of malignancies), and reversely in many cases, the 
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immune system can support the malignat growth. The role of immune cells 

and their products are still being extensively studied.  

 

 

2.9.1 Inflammatory cells 

Innate immune cells, such as macrophages, are prominent in pre-

malignant and malignant tissues which are trusted to contribute to formation 

of tumors through the secretion of molecules regulating cell growth and 

migration, changes of the ECM, and angiogenesis [80]. Additionaly, 

numerous types of cancer (gastric, colon, cervical, liver) are connected with 

infection and can be in correlation with activity of the host‘s immune 

response. Certain cancers are more likely to develop under chronic 

inflammatory conditions.  As an example, patients suffering from Crohn's 

disease have a higher incidence of colorectal cancer [81]. A better 

understanding of the processes of how the malignancy initiates due to 

inflammatory responses may lead to novel potent therapeutical approaches. 

Furthermore, malignant cells themselves attract immune cells which can 

then influence cancer progression. Hypoxia and cancer cell damage promote 

signals for macrophages, which cause their extravasation from blood 

infiltrating the tissue surrounding the tumor. Usually, high numbers of tumor 

associated macrophages (TAM) correlate to worse overall survival [82]. 

Malignant cells produce secreted factors which alter the standard activity of 

macrophages; these macrophages don´t alert other immune cells to the 

presence of tumor cells, ending up with supressed recognition of tumor cells 

by the immune system. On the other hand, macrophages produce soluble 

factors, enhancing cancer cell proliferation, metastatic invasion, and promote 

neoangiogenesis  [83]. On the top of this, TAMs produce oxygen free radicals 

and other mutagens that can lead to mutations in neibouring cells. TAMs help 
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in the metastatic spread of cancer cells, as they can attach themselves to tumor 

cells allowing TAMs to deliver the tumor cells into circulation [84].  

 

 

2.9.2 Adaptive immunity 

 

2.9.2.1       CD4
+
 Th1 and CD8

+
 T cells 

 IFN-γ producing CD4
+
 Th1 cells and CD8

+
 T cells have an important 

role within cancer by inhibiting and killing tumor cells and inhibiting the 

growth of the tumor. The variety of cancers show lymphocytic infiltrates and 

in some cases, such infiltrates can be a positive prognostic factor [85]. These 

cells produce many factors, but IFN-γ seems to be the most potent of 

cytokines significantly suppressing the development of cancers. Moreover, 

the CD8+ T cells’ cytotoxic effects can mediate the killing of tumor cells as 

well.  

 Although there is persistent exposure of tumors to the host immune 

system, they often evade it, thanks to an immunological phenomenon called 

“tumor immune escape.” Tumor cells frequently escape from the host immune 

system attacks via physiological immunosuppressive mechanisms. For 

example, tumor cells often induce CTLA-4 or PD-1 on T-lymphocytes [86], 

eliminate the immune counterplayers by expressing Fas ligand on their 

surface, or they also often secerne TGF-β [87]. These findings about tumor-

host interplay open new approaches to cancer treatment [88]. 

 

 

2.9.2.2. CD4
+
 CD25

+
 Foxp3

+
 regulatory T cells 

A subpopulation of CD4
+
 T cells expressing CD25 and the transcription 

factor Foxp3 (CD4
+
CD25

+
Foxp3

+
), called regulatory T cells (Tregs), play an 

important role in tumor growth by suppressing the favourable immune 
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response against malignant cells [89]. They inhibit the activation of effector 

immune cells specific for auto-antigens. This limits, under physiological 

conditions, the autoimmunity. Foxp3 gene knockouts show fatal autoimmunity 

affecting multiple organ systems, and furthermore, Treg depletion in mice has 

resulted in severe autoimmunity [90]. Inhibition of activation of both CD8
+
 

and CD4
+
 cells within the tumor microenvironment suppresses anti-tumor 

cellular immunity. Depletion of Tregs promotes rejection of various murine 

tumors including fibrosarcoma, melanoma, renal carcinoma and leukaemia 

[91-93]. 

 

 

2.9.2.3 Th17 cells 

The presence of Th17 cells within the tumor microenvironment could 

affect the CD4
+
 Th1 cells’ production of tumor-inhibiting IFN-γ [94]. 

However, a potential anti-tumor role has been found. Th17 cells and Tregs 

share common lineage and certain cytokines in the microenvironment 

orchestrate their differentiation. When the tumor site cytokine profile is altered 

towards Th17 subpopulation it can reverse the immune suppression caused by 

Tregs [95].  Moreover, adoptively transferred tumor-specific Th17 cells in 

mice deficient in in IL-17A cell production were able to promote activation of 

tumor-specific CD8
+
 T cells [96].   
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3. AIMS 

The focus of this thesis is to study the interactions of polymeric drug 

delivery systems within the tumor microenvironment and to utilize various 

features of this specific niche for drug delivery research. This work is divided 

into the following chapters represented by enclosed publications: 

 

 

 

 Linear HPMA copolymeric carriers - their impact on the tumor 

microenvironment and targeting to specific features of the tumor 

microenvironment (3.1). 

 

  

 Degradable polymeric micellar carriers for treatment and diagnosis 

of cancer – utilization of the EPR Effect (3.2).  

 

 

 Establishment of an imageable T-lymphoma cell line, as a tool for 

better insight into drug delivery research (3.3).  
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3.1  Polymeric drugs 

 More than three decades ago, Helmut Ringsdorf first suggested the 

idea to use water-soluble polymers as carriers for biologically active 

compounds [97]. According to his concept, these polymers should be 

hydrophilic (to ensure efficient solubility) and should contain such a 

functional group that enables the covalent bondage of the drug or 

targeting moiety. Ringsdorf also postulated parameters for each potential 

polymer to possibly be used as a drug delivery system. The ideal 

candidate should meet these requirements: 

 

 It must be non-toxic; if metabolized, no metabolic product should 

be toxic 

 It must not be immunogenic 

 It must not accumulate in healthy tissue 

 It must be hydrophilic 

 It must be relatively stable and chemically well-defined 

 It must be able to carry a sufficient amount of biologically active 

compounds 

 Production on a large scale should be inexpensive and 

reproducible.  

 

 Both naturally occurring and synthetic polymers have been tested as 

potential drug carriers. Among polymers of natural origin, in the context 

of drug delivery research, it is necessary to report chitosan [98], 

polypeptides [99], dextranes [100] or hyaluronic acid [101]. Nevertheless, 

more promising seems to be synthetic polymers, which provide a broader 

variability of structures and more possibilities of how to bind biologically 

active substances. Among those used as synthetic polymers, the most 

commonly used are poly(ethylene glycol) [102], and namely the poly[N-

(2-hydroxypropyl)metacrylamide], (pHPMA) [103-106]. 
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The drug should be covalently attached to the polymer through a 

spacer, and this attachment should be biodegradable either hydrolytically 

[103-105] or enzymatically [105-107]. Proper selection of the spacer 

allows a more controlled release of cytostatic within the targeted tissue. 

 HPMA copolymer is a Czechoslovak patent [108] developed by The 

Institute of Macromolecular Chemistry as a blood expander under the 

commercial name “DUXON”. Long-term studies about pHPMA as a 

carrier of anticancer drugs led in 1994 into clinical trials.  Polymeric 

conjugate, bearing doxorubicin bound by a protelyticaly cleavable bond, 

proposed for the treatment of lung, breast and colorectal cancer reached 

phase II of the clinical trial held in Great Britain [106]. A similar 

conjugate targeting by galactosamin failed in phase I [107]. Other 

HPMA-based polymer prodrugs that reached clinical testing can be found 

in Table 2.  

Moreover, pHPMA conjugates containing human immunoglobulin 

and epirubicin or doxorubicin were tested in a pilot clinical study, which 

was the first clinical use of IgG-containing pHPMA conjugate. In patients 

with generalised angiosarcoma or breast carcinoma, the study proved the 

stability of such conjugate, its non-immunogenicity, prolonged circulation 

time and well tolerated treatment. Stabilization of the disease for months 

and partial clinical response was also documented. More than 116 

hematological, immunological and biochemical parameters were tested in 

blood samples taken from patients at different intervals after treatment. 

An increase in cell numbers of CD4, CD8 lymphocytes, NK cells and 

lymphokine-activated killer (LAK) cells after the treatment confirmed the 

suggestion that such conjugates exerts both cytostatic and 

immunomobilizing properties, which was previously documented in an 

experimental murine tumor model [109].   

Besides pHPMA carriers for doxorubicin, researchers developed 

pHPMA conjugates bearing other cytostatic drugs such as pHPMA-cis-

platine, pHPMA-paclitaxel, and many others [110]. 
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Table 2 

HPMA conjugates of various drugs in clinical trials (adopted from 

Macromolecular Anticancer Therapeutics, Eds. Reddy and Couvreur, 2010). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1.1    HPMA copolymer-bound doxorubicin and glycosylation pattern 

It was published previously that the conjugation of doxorubicin to 

polymeric carrier intensely affects its mode of action. Polymer conjugated 

doxorubicin exerts less cytotoxicity in vitro, in comparison with free 

doxorubicin, but its in vivo anti-tumor properties are supreme to free form. 

HPMA conjugates can not only cure mice from cancer, but also induce long-

lasting anti-tumor immune resistance, which can be transferred to the naïve  

host [104]. 

Drug Targeting Phase  

Anthracyclines 
Doxorubicin Passive 

Phase 

II 

FCE 

28068 

Doxorubicin 

active – 

Galactosamine 

Phase 

I/II 

FCE 

28069 

Taxanes Paclitaxel Passive 

Phase 

I/II 

PNU 

166945 

Camptothecin Camptothecin Passive 

Phase 

I/II 

PNU 

166148 

Platinates 
Platinum Passive 

Phase 

II AP5280 

Eloxatin Passive 

Phase 

II AP5346 
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Doxorubicin can be bound to the HPMA copolymer either via 

enzymatically [105-107, 109, 110] (Dox-HPMA
AM

 conjugate) cleavable bond 

or by a pH sensitive, hydrolytically (Dox-HPMA
HYD

 conjugate) cleavable 

bond [103-105, 110]. These bonds differ in the release strategy, but more 

importantly by the orientation of doxorubicin (Figure 2). Doxorubicin 

orientation and the used bond affects the intracellular fate of such conjugates 

as well as the manner in which the cell dies.  Free doxorubicin penetrates both 

the plasma and nuclear membranes and intercalates into the nuclear DNA, and 

on the other hand, a polymeric prodrug enters the cell by endocytosis and 

fluid-phase pinocytosis. Once inside the cell, Dox-HPMA
HYD

 conjugate 

releases doxorubicin in endosomes and lysosomes according to low internal 

pH, and further acts as free doxorubicin. On the contrary, Dox-HPMA
AM

 

conjugate accumulates in the cellular membranes and doxorubicin release was 

never in vitro documented. The different intracellular accumulation and 

release of doxorubicin leads to the activation of different intracellular 

signaling pathways and a consequental triggering of distinct cell death 

pathways. 

We have tested the effects of free doxorubicin and two polymeric 

prodrugs based on N-(2-hydroxypropyl)methacrylamide (Dox-HPMA
HYD

 and 

Dox-HPMA
AM

) on a glycosylation pattern of treated cancer cells. Dox-

HPMA
AM

 conjugate, in contrast to the parent drug (free doxorubicin) and to 

Dox-HPMA
HYD 

conjugate, increase surface membrane glycosylation and also 

change overall oligosaccharide composition. The expression of highly 

glycosylated surface molecules CD44 and CD45 was not afected in cells 

exposed to either free doxorubicin or both polymeric conjugates, while the 

CD43 molecule was overexpressed in cells exposed to Dox-HPMA
AM

, but not 

in those cells exposed to other forms of doxorubicin. The CD43 is known to 

possess an anti-adhesive structure and also can trigger, together with CD7 gal-

1, an induced cell death pathway [111]. This overexpression of CD43 on EL-4 

cells correlates with enhanced binding of gal-1 to Dox-HPMA
AM

  treated 
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cells. We therefore demonstrate here another unique mechanism of action of 

HPMA conjugates containing Dox bound via amide bonds.  

 

 

 

  

  

 

 

 

 

 

 

 

 

 

 

Figure 2 

Two different HPMA conjugates of doxorubicin: left with proteolyticaly and 

right with hydrolytically degradable bond. The arrow indicates the release 

sight.  

 

 

3.1.2  Oligopeptide-targeted HPMA copolymer conjugates 

Passive accumulation in the tumor mass can be improved furthermore by 

suitable targeting moiety. Over time, synthetic oligopeptides have become 

new promising targeting ligands, because they can be better characterized and 

more easily conjugated. We have chosen peptides binding to αVβ3 integrins, 

because they are reported to be present on some malignant cells. More 

importantly, this integrin is highly expressed on endothelial cells of the 

neovasculature [112]. As the process of neoangiogenesis is essential for 
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growth of solid tumors and important for metastatic spreading through a 

hematogenous route, efficient targeting of cytostatics to newly built blood 

vessels is a novel approach to eradicate malignancy (Figure 3). For the 

purpose of this work we have synthetised and characterised water-soluble 

HPMA conjugates with the targeting peptides GRGDG, cyclo(RGDfK), and 

PHSCN. 

We have tested the in vitro binding properties of synthetised conjugates. 

For this study we have used cell lines expressing αVβ3 integrins (murine 

fibroblasts – 3T3 and human umbilical vein cell line EA.hy926), and as a 

negative control cell lines without relevant receptor (murine T-cell lymphoma 

– EL-4, and human metastasizing colorectal carcinoma – SW620). Among 

those used as targeting peptides, RGD and cyclo(RGDfK) performed with 

superior binding activity, while PHSCN peptide binding activity didn’t differ 

from its scrambled sequence (SPNCH). This failure of proposed targeting 

peptide might be explained by steric hindrance of polymeric carrier in 

receptor-peptide binding and in addition by significantly lower affinity of 

PHSCN motive to appropriate integrin over the RGD sequence. 

In vivo accumulation efficiency was reported by fluorescent whole-body 

imaging, using established tumor cell line expressing enhanced green 

fluorescent protein (EL4-EGFP
+
), which doesn´t express particular integrin. 

Conjugate with cyclo(RGDfK) motive showed improved accumulation the 

over control, non-targeted conjugate. The signal of presence of tested 

conjugate was mainly in the periphery of the tumor mass, which corresponded 

with presumable binding to the newly built vasculature, because the primary 

target of this conjugate is not the tumor itself, but its neovasculature. Harming 

the neovasculature cuts off tumor nutrient supply and thus affects the whole 

tumor. Moreover, this approach can affect a whole spectrum of solid tumors, 

as the neoangiogenesis has to occure to maintain the tumor growth needs. 

Anticancer, HPMA-based drug carrier systems can be efficiently targeted 

to neovasculature by synthetic oligopeptides, such as RGD or its cyclic form. 

Moreover, the targeting of such structures brings a dual benefit. First it 



 33 

increases accumulation within the tumor site over nontargeted conjugates and 

secondly, it can serve as an effective blockator of angiogenesis, which is 

essential for tumor growth. Therefore, this type of targeting moiety seems to 

be quite a promising approach in polymeric drug delivery research. 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 3 

Principle action of polymer-oligopeptide conjugate as an inhibitor of 

angiogenesis. 
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3.2 Polymeric micelles  

The beneficial prolongation of plasma half-life caused by conjugation 

to polymeric carrier can be even highlited by using polymers, forming 

micellar aggregates. These spherical supramolecular particles are nanosized 

(typically in the range of 10-100 nm) constructs formed from the self-

assembling amphiphilic block copolymers in aqueous mileau [101]. In water 

the hydrophobic parts of the block copolymer self-associates into a semi-solid 

core, with the hydrophilic segment of the copolymer forming a coronal layer. 

The resulting core-shell architecture is important for drug delivery purposes, 

because the hydrophobic core can act as a reservoir for water insoluble drugs, 

while the outer shell protects the micelle from rapid clearance. Although 

several functional aspects of the constituent blocks have been explored (e.g. 

temperature or pH sensitive blocks) [113, 114], the most important criteria are 

biocompatibility and/or biodegradability. Currently, the most commonly used 

corona-forming polymer is polyethylene glycol (PEG), with a molecular 

weight range from 2 to 15 kD [101, 114]. Core-forming blocks typically 

consist of poly(D,L-lactic acid) (PDLLA) [114], poly(propylene oxide) (PPO) 

[101], poly(histidine) [114] to name a few. 

By encapsulation of the drug within the hydrophobic core of the 

micelle, the apparent solubility of the drug can be significantly increased. 

Hence, encapsulating the drug within the polymer core affords drug stability 

by hindering enzymatic degradation and inactivation. 

The hydrophilic micellar corona also plays an important role in in vivo 

applications by reducing particle recognition by opsonins. In the absence of 

this coating, the micelle would undergo rapid phagocytic clearance by the 

reticuloendothelial system [114, 115]. Additionally, polymeric micelles are 

characterized by low critical micellar concentration, which means that the 

hydrodynamic balance between free polymer unimers and micellar 

particle is shifted towards the particle formation. In other words, even 

very low concentration of unimers in solution forms micelles.  Such 

aggregates are therefore very stable in aqueous solutions and protected 
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against the break down of micellar structure and release of entrapped drug 

after dilution in the blood post intravenous administration. These 

characteristics together contribute to longer time in circulation, and this 

longevity results in an increase in the bioavailability of the drug. The long 

circulation times and small size of polymer micelles also help to the 

preferential accumulation of micelles in tumor tissue through the enhanced 

permeability and retention (EPR) effect. 

 Active targeting strategies, which involve the functionalization of the 

micelle surface with a ligand that recognizes tumor-specific receptors, are an 

intense area of study with several potential advantages. These include 

increased accumulation at tumor sites as well as increased uptake into cancer 

cells via receptor-mediated endocytosis. Carbohydrate molecules, such as 

galactose, has also been used to functionalize micelles. Monoclonal antibodies 

represent another wide class of active targeting ligands [116]. Aditionally, 

tumor-specific aptamers, DNA or RNA oligonucleotides identified by library 

screening, are also gaining potential as targeting ligands [117]. 

 The unique architecture of polymeric micelles allows for the 

incorporation of multiple functional components within a single micelle. By 

combining tumor targeting, stimulated release of therapeutics, and the 

delivery of imaging agents, multiple interventions against a tumor can be 

integrated into one platform. Recently, a multifunctional micellar platform 

that incorporates a targeting ligand, pH-stimulated release of DOX, and an 

MRI-visible agent was established [118]. In this design, DOX and a cluster of 

SPIO nanoparticles (8 nm in diameter) were loaded into the cores of PEG-

PLA micelles, while a cRGD ligand on the micelle surface (cRGD-DOX-

SPIO micelles) was used for targeting. The resulting targeted, multifunctional 

micelles, measuring 45 ± 8 nm in diameter showed increased uptake in vitro 

in αvβ3-overexpressing SLK endothelial cells. In in vivo studies, the 

multifunctional micelles showed effective tumor targeting, imaging 

sensitivity, and antitumor efficacy [118]. The cRGD-encoded DOX-SPIO 
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micelle treatment exhibited regression of tumor growth, with the PBS control 

group showing a steady tumor growth [118]. 

Considering all difficult issues several micellar systems have been 

approved for clinical use [119]. Among these are two DOX formulations 

(SP1094C and NK911), and micelles encapsulating paclitaxel (Genexol-PM) 

[119]. 

 

 

 

 

 

 

 

 

Figure 4 

Schematic view of polymeric micellar agregates  

 

 

 

3.2.1 Polymeric micellar drug delivery system for doxorubicin 

Back in the 1950s an anthracycline antibiotic daunorubicin, a natural 

ancestor of doxorubicin (14-hydroxydaunorubicin, adriamycin, rubex) was 

discovered. Daunorubicin, originally isolated from Streptomyces peuceticus is 

clinically useful only for treatment of acute leukemia. In 1969, Streptomyces  
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peuceticus was mutated by Arcamone et al. and a subspecies cesius (ATCC 

27952), producing 14-hydroxydaunorubicin (doxorubicin) was established. 

Doxorubicin causes cell death through several mechanisms. Two of the 

main cytotoxic activities are intercalation into the nuclear DNA and an 

inhibitory feature against topoisomerase II. Tight interaction with the double 

helix of DNA causes inhibition of replication and transcription and inhibition 

of topoisomerase II, which leads to double strand breaks of DNA chain. 

Excepting DNA affecting mechanisms, doxorubicin can impair the integrity 

of various cellular membranes. It interacts with a phospholipid cardiolipin 

within the mitochondrial membranes disrupting mitochondrial membrane 

potential, or with protein called spectrin, affecting the plasma membrane 

scaffolding network. 

In clinical practice, doxorubicin is a frequently used anti-cancer drug 

with a broad spectrum of employment. Unfortunately, like other low-

molecular chemotherapeutic agents, application of free doxorubicin can cause 

many serious side-effects. All highly prolifating cell populations are affected, 

and it leads to myelosupression and damage of the epithelia. Moreover, 

doxorubicin (as other anthracyclines) is cardiotoxic, which is often a limiting 

factor for repeated treatment by doxorubicin, due to the cumulativeness of 

such damage. Among the most common side-effects are nausea, vomiting, 

neutropenia, alopeciair, and palmar plantar erythrodysesthesia ("hand-foot 

syndrome"). 

Researchers are investigating several approaches to overcome the 

toxicity of doxorubicin. One option seems to be a coadministration with other 

drug that potentially could reduce the cardiotoxicity of anthracyclines. 

Dexrazoxane has a cardioprotective effect, and adjuvant treatment with 

anthracyclines based therapies is beneficial [120]. Other attempts involve the 

development of drug delivery systems, which increase the solubility of the 

drug, improve tumor targeting and decrease unwanted side-effects. Such 

delivery systems could be based on water-soluble polymers [103-107, 109, 

110] (e.g. polyHPMA – poly[N-(2-hydroxypropyl)methacrylamide]; PEG – 
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poly(ethylene glycol) with various release strategies or the drug can be 

encapsulated within the liposomal body [121]. Both approaches have their 

advantages and disadvantages of course.  

For the purpose of this study, we have designed and synthetised a 

delivery system for doxorubicin based on amphiphilic poly(ethylene oxide)-

block-poly(allyl glycidyl ether). Doxorubicin is bound into the micellar core 

(to the poly(allyl glycidyl ether) block) through a hydrolytically cleavable 

hydrazone bond. The amphiphility of single diblock unimers is set not to form 

micelles in aquaeous solution, but only after binding of highly hydrophobic 

doxorubicin the micelles are able to assemble. The formation of micellar 

particles increases the apparent molecular weight and thus improves the 

passive accumulation in the tumor tissue. Moreover, the hydrophobic 

doxorubicin is in the micellar core, covered by the protective poly(ethylene 

oxide) shell. Usage of the hydrazone bond, which is sensitive to lowered pH 

(a common feature of solid tumors environment), provides the preferential 

release of doxorubicin within the tumor site. After the doxorubicin is released, 

the hydrophobicity of the micellar core steeply drops, micellar architecture 

breaks down and free diblock unimers can undergo the renal excretion.    

We have demonstrated the biological and anti-tumor properties of the 

described micellar delivery system for doxorubicin. The empty polymeric 

carrier proved to be non-toxic in in vitro conditions, as we haven’t seen any 

signs of lysis of human red blood cells. Systemic toxicity is very low (the 

maximum tolerated dose is almost 20 times higher than that of free DOX) and 

circulation in the bloodstream is significantly prolonged (24h – blood 

circulation halflife). Higher plasma levels of our system, lasting for a longer 

time than free doxorubicin (tens of minutes for free DOX compared to tens of 

hours for micellar formulation), enhanced the passive accumulation within the 

tumor. This accumulation was also confirmed by fluorescent whole body 

imaging. Promising therapeutical effectivity against the EL-4 lymphoma was 

found completely curing up to 75% of tumor bearing mice. Moreover, 

treatment with micellar conjugate enabled the immune system to develop anti-
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tumor immunologic memory, as up to 80% of cured animals survived without 

any treatment of the second transplantation of tumor cells.  

 

 

3.2.2 Thermoresponsive biodegradable micellar system  

Micelles with the thermoresponsive core and hydrophilic corona are 

easily prepared by simple heating of the thermoresponsive polymer in an 

aqueous solution (Figure 5). Among reported systems, a poly(N-

isopropylacrylamide) is the most studied thermoresponsive polymer 

commonly used for micellar formulations [122]. A well engineered, 

hydrolytically cleavable bond between polymeric chains is important, as it 

enables the release (after efficient delivery) of chains with molecular weight 

under the renal threshold.  

We have synthetized poly(N-isopropylacrylamide)-graft-poly(N-(2-

hydroxypropyl)methacrylamide) and  poly[2-methyl-2-oxazoline-block-(2-

isopropyl-2-oxazoline-co-2-butyl-2-oxazoline)-block-2-oxazoline] carriers, 

and those are well soluble at room temperature. At body temperature (37ºC) 

the thermoresponsive blocks collapse and create the micellar core. A fast 

increase of temperature leads to formation of micellar particles of an average 

hydrodynamic diameter 128 nm and 200 nm, respectively. We have linked the 

polymeric blocks by N-glycosylamine bond to ensure more predictable in vivo 

behavior, due to low pH dependence and suitable hydrolysis rate. Micellar 

conjugate showed the needed degradation for elimination from the body, and 

as was required, the degradation wasn´t too fast to decrease the circulation 

time. The chelating and phenolic groups for radioactive labeling with various 

isotopes were introduced into the thermoresponsive block.  

To evaluate the toxicity of polymeric carriers we have carried out 

[
3
H]Thymidine incorporation assay. We have used the following cell lines: 

human B-cell lymphoma – Raji, murine B-cell lymphoma – 38C13 and normal 

murine splenocytes (isolated from Balb/C mice). Tested termoresponsive 
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polymers haven´t affected the proliferation rate of any cell line used, even up 

to the maximum tested concentration of the polymer (1 mg/ml). 

We have documented that both reported thermoresponsive micellar drug 

delivery systems could be easily labeled by isotopes and showed very low in 

vitro toxicity. Synthetized polymeric carriers have proved to be suitable for 

radiodiagnostic and/or radiotherapeutic delivery to tumor tissue. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 

Scheme of micellarization of thermoresponsive polymeric systems. 
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3.3 Imageable murine tumor model 

Originally isolated from jellyfish Aquorea victoria, the Green 

Fluorescent Protein (GFP) contains 238 amino acids, forming eleven 

antiparalel beta-strands forming a structure of a tight beta-barrel. Between the 

third and forth beta-strand is an -helix, which is in tercial structure hidden in 

the core of the beta-barrel. This -helix contains residues Ser65–Tyr66–

Gly67, which forms a chromophore of GFP. The outcome of the great effort 

that has been devoted to improvement of the properties of wildtype GFP are 

enhanced GFP variants and fluorescent proteins with different spectral 

characteristics (BFP, CFP, YFP, RFP, etc.). Up to today, various fluorescent 

proteins have been discovered in other organisms (reef corals, marine 

anemones, crustaceans).  

In 2008, the Nobel Prize in chemistry was awarded to three scientists, 

“for the discovery and the development of the green fluorescent protein, 

GFP”. Back in 1962, Osamu Shimomura extracted a protein from the jellyfish 

Aquorea victoria, and described its fluorescent activity. Martin Chalfie. 

showed the possible usage of GFP to uncover various biological phenomena, 

such as monitoring gene expression and protein localization. In 1994, he 

published a paper describing the application of GFP in a living organism, the 

roundworm Caenorhabditis elegans [123]. In addition, Professor Robert 

Tsien and his team contributed to the field of fluorescent proteins by 

characterization of principles describing how GFP fluoresces. Later studies of 

Professor Tsien´s team, based on directed mutagenesis of another fluorescent 

protein (DsRed) gene, led to the development of a wide palette of colors 

[124]. That enabled the performance of a multiple color experiments. Another 

milestone was in the year 1997 and was the work of Chishima et al., in which 

they introduced the GFP fluorescence to tumor cells [125]. It was the first 

time ever that we were able to visualize tumor growth in vivo, and it opened a 

possibility to see the process of metastasizing.  Until now, scientist have 

developed an enormous variety of applications.  Fluorescent proteins are used 

as tags of cells, organoids and proteins, and thus enable localization or 
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interaction studies. They can respond to changes in the environment, such as 

pH (“pHluorins”), Ca2
+
 concentration (“Cameleon“) etc. A broad palette of 

available colors brings with it the potential of multicolor and FRET 

experiments. Developments of in vivo imaging techniques supported the 

“glowing cancer” studies. It is possible now to visualize in real time and in 

live animals such phenomenon as neoangiogenesis, extravasation, formation 

of distant metastases, influence of interstitial pressure, and interaction with 

the immune cells etc. [126-129]. 

We have achieved our goal to establish murine T-cell lymphoma stably 

expressing enhanced GFP protein. We have used two different expression 

vectors, first coding the EGFP gene alone and second coding the fusion 

construct consisting of EGFP and H2B histone. As the most efficient 

transfection method for our cell line, it was determined the nucleofection 

technology. We have performed a single cell sorting and obtained clones 

which had undergone testing regarding both in vitro and in vivo properties, 

regarding the comparison with the parental cell line. One clone representing 

each plasmid was chosen for further studies. Both clones performed similar in 

vitro proliferative activity and in vivo tumor growth, compared to the wild 

type EL-4 cell line. Selected clones are stably transfected, with an unaltered 

level of EGFP expression after long culturing and also post ex vivo isolation. 

The cell line expressing free EGFP within the whole cell, performs very 

bright green fluorescence, and is thus applicable to in vivo imaging. The 

second cell line has EGFP anchored in the cell nucleus by H2B histone. This 

clone forms tumors in immunocompetent C57Bl/6 mice (Figure 6), and is 

therefore suitable for studies providing information about changes and 

influence of the treatment on the anti-tumor immune reaction of the host. 
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Figure 6 

Stable EGFP expressing T-cell lymphoma cell line forms tumors in 

immunocompetent C57Bl/6 mice; a) brightfield; b) GFP signal; c) merged. 

  

 

 

Established EGFP expressing cell lines are a magnificent tool for further 

studies of anticancer polymeric drugs. Tumor cells can be identified due to 

green fluorescence and we can observe changes in subpopulations of tumor 

infiltrating lymphocytes in response to a used polymeric conjugate or 

treatment schedule. This can be done performing either tissue sectioning or by 

fine needle aspiration biopsy, without sacrificing the experimental animal. We 

can visualize efficiency of the treatment, while studying conjugate 

accumulation within the tumor, reduction of neoangiogenesis, or cancer 

dissemination. 
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4. CONCLUSIONS 

 

 Linear polymer of N-(2-hydroxypropyl)methacrylamide, targeted 

oligopeptides (GRGDG, cyclo(RGDfK), and PHSCN) was prepared and 

characterized. The conjugate targeted by cyclo(RGDfK) peptide, has 

shown excellent binding capacity to the cells expressing V3 integrin. 

We have also proved significant in vivo accumulation of by 

cyclo(RGDfK) targeted conjugate (contrary to conjugate with scrambled 

oligopeptide) at the tumor periphery (EL4; nonexpressing αVβ3 integrin) 

in the area of intensive neoangiogenesis. Such conjugate serves as a 

anticancer agent with a dual impact. It can abolish neoangiogenesis by 

the blocking of integrin binding with targeting peptide and 

simultaneously release the cytostatic drug payload from its polymeric 

backbone and kill tumor cells directly. 

Furthermore, we studied the changes in glycosylation paterns of 

cancer cells after treatment with free doxorubicin and two polymeric 

conjugates. Polymeric conjugates based on N-(2-

hydroxypropyl)methacrylamide differ in the way of conjugation of 

doxorubicin, as it is bound via an amide bond (Dox-HPMA
AM

), or via 

hydrazone pH sensitive bond (Dox-HPMA
HYD

). We documented that 

neither the free drug nor Dox-HPMA
HYD

 have any influence on cellular 

surface glycosylation. Vice versa, the Dox-HPMA
AM

 conjugate 

influenced glycosylation of EL-4 cell surface, not only by enhanced 

expression of CD43 molecule, but also via altering of the whole 

glycosylation pattern. This directly influenced the efficiency of the 

treatment, because the biological function of CD43 is the loss of 

adhesiveness and enhanced susceptibility to gal-1 triggered cell death. 

 

 

 We have tested micellar a delivery system for doxorubicin, which is 

bound into the micellar core through a hydrolytically cleavable 



 45 

hydrazone bond. This system, based on amphiphilic poly(ethylene 

oxide)-block-poly(allyl glycidyl ether), performs a long circulation time 

and has a very low systemic toxicity. We have recorded promising 

therapeutical efficiency against experimental murine cancer. We also 

documented activation of the immune system during the treatment, and 

we can state that usage of micelles triggers the establishment of an 

effective tumor-specific immunological memory.  

Moreover, we prepared a thermoresponsive, hydrolytically degradable, 

micellar delivery system made of either poly(N-isopropylacrylamide)-

graft-(N-(2-hydroxypropyl)methacrylamide) or poly[2-methyl-2-

oxazoline-block-(2-isopropyl-2-oxazoline-co-2-butyl-2-oxazoline)-block-

2-oxazoline] for possible use in radiodiagnostics and radiotherapy. 

Studied polymers form micelles with a hydrodynamic diameter of 128 

nm after rapid heating to 37ºC. The usage of a hydrolytically degradable 

N-glycosylamine bond allowed slow degradation, which leads to the 

production of polymeric blocks sized under the renal threshold. In 

regards to the tested human and murine cells, the polymers showed no 

direct cytotoxicity, so it could be considered as a promising delivery 

system. 

   

 

 Two different stable EGFP transfectants (clones 3 nad 12) of murine T-

cell lymphoma (EL-4) were established and characterized. They differ in 

EGFP localization, clone 3 exhibits nuclear localization of the EGFP 

reporter, while clone 12 has EGFP throughout the whole cell. Both 

clones showed similar in vitro properties as a wildtype parental cell line. 

Moreover, clone 3 exhibits the similar tumor growth rate in 

immunocompetent mice. This makes it a very usefull tool for evaluating 

the interaction of the immune system in response to the treatment. On 

the other hand, clone 12 possesses a very bright signal, which enables 

the tracking of metastatic spreading in immunodeficient murine models. 
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