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Abstract

Cancer remains one of the most pressing issues of contemporary science and medicine.
Incidence of malignant diseases is rising worldwide and they represent a major problem for the
society due to both economic and ethical issues they cause. Although the progress in cancer
biology, therapy and immunology has led to the introduction of many novel therapeutic protocols,
approaches and drugs with specificity defined on a molecular level into clinical practice, many
malignancies retain their poor prognosis. Therefore, intense research into new ways to increase
our therapeutic options is warranted.

Unfortunately, bringing a completely novel drug into clinical use takes extremely high
amounts of time and money and entails a high risk of failure. Therefore, a promising approach has
been recently adopted which lies in repurposing compounds already used in human medicine for
cancer treatment. This form of research can advance through clinical trials for a new indication
much easier, faster and cheaper than researching completely new drugs.

The aim of this study was to examine the anticancer potential of one such drug,
mebendazole. An anthelminthic from the family of benzimidazoles, mebendazole has been in
common clinical use from the 1970s and is marked by its low toxicity as well as its very low
solubility. Due to this low solubility, mebendazole is only administered perorally and this
application is marked by a low biological availability.

We tested the cytostatic effect of mebendazole and two of its derivatives in the model of
several murine cancer cell lines with the aim of preparing HPMA copolymer-bound conjugate of
mebendazole which would increase its solubility and enable parenteral application. Mebendazole
and both derivatives were shown to possess cytostatic activity in vitro comparable to the cytostatic
activity of doxorubicin.

We synthesized the HPMA copolymer-bound conjugate and tested its in vivo toxicity and
therapeutic efficacy in the model of induced syngeneic tumors in mice. A pronounced increase in
toxicity was observed and a suppression of erythropoiesis was described. Bone marrow
suppression as well as acute liver toxicity were seen in histology, findings consistent with the rare
reports of mebendazole toxicity from literature. The therapeutic experiments were unsuccessful
due to this high toxicity; nevertheless, the experiments marked the first account of parenteral

application of high molecular weight conjugate of mebendazole in mice.

Keywords: Cancer, mebendazole, HPMA copolymer-bound drugs, drug repurposing,

toxicity, mice, chemotherapy.



Abstrakt

24

mediciny. Incidence malignich nadori je celosvétové na vzestupu a predstavuji zavazny
celospolecensky problém jak zdivodi ekonomickych, tak spolecenskych. Ackoli pokroky
v nadorové biologii, vyzkumu nadorové terapie i imunologii umoznily zavést do klinické praxe
mnoha novych léCebnych protokold, modalit i 1é¢iv s molekularné definovanou specificitou,
mnoho nadorovych onemocnéni ma stale velmi nepfiznivou progndzu. Je tedy nezbytné nutné
pokraCovat v intenzivnim vyzkumu novych zptsobti, jak rozsifit dostupné 1éCebné moznosti.

Zavést do klinického uzivani zcela nové 1€€ivo je nicméné extrémné Casoveé a finanéné
naroc¢né a zahrnuje vysoké riziko netispéchu. V poslednich letech se z téchto diivoda objevil novy
vyzkumny trend, spocivajici v patrani po potencidlnich latkach s protinddorovym uc¢inkem mezi
1é¢ivy, ktera jsou nebo byla zavedena v lidské mediciné pro pouziti v nenadorovych indikacich.
Tento typ vyzkumu mulZe uspéSné zavést latku pro pouZiti v nové indikaci podstatné snaze,
rychleji a levnéji nez vyzkum zcela novych terapeutik.

Cilem této prace bylo prozkoumat protinadorovou ucinnost jednoho z l1é¢iv odhalenych
timto ptistupem, benzimidazolového anthelmintika mebendazolu. Mebendazol je rutinné uzivan
v klinické praxi od 70. let 20. stoleti a je zndmy pro svou nizkou toxicitu, stejn¢ jako velmi nizkou
rozpustnost ve vodnych roztocich. Z tohoto diivodu je mebendazol podavany vyhradné peroralné
a toto podani je charakteristické nizkou biologickou dostupnosti.

Prozkoumali jsme cytostatickou u¢innost mebendazolu a jeho dvou derivati na modelu
nékolika mysich nadorovych linii s cilem pfipravit konjugat, obsahujici mebendazol navazany na
HPMA kopolymerovy nosi¢ za ucelem zvyseni jeho rozpustnosti, které by umoznilo parenteralni
aplikaci. Mebendazol a oba jeho derivaty se vyznacCovaly cytostatickou aktivitou in vitro
srovnatelnou s cytostatickou aktivitou doxorubicinu.

Dale jsme pfipravili konjugat mebendazolu na HPMA a otestovali jeho toxicitu a
terapeutickou ti¢innost in vVivo na modelu syngennich mySich nadori. Zaznamenali a popsali jsme
vyrazné zvyseni toxicity a Utlum erytropoézy. Na histologii jsme pozorovali ndlez odpovidajici
utlumu kostni dfené a projeviim akutni hepatotoxicity; tyto nalezy odpovidaji ojedinélym
zdznamum toxicity mebendazolu v dostupné literature. Lécebné experimenty byly z divodu této
toxicity neuspeésné, nicméné nase experimenty piedstavovaly prvni popsané podani konjugatu

mebendazolu s vysokou molekulovou hmotnosti na my$im modelu.

Klicova slova: Nador, mebendazol, 1é¢iva vazana na HPMA kopolymer, toxicita, zavadéni

l1é¢iva v nové indikaci, mysi, chemoterapie.
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I. Introduction

Despite numerous significant advances in the field of cancer biology both in terms of
understanding how various malignancies arise and function and in terms of making treatment
more effective, cancer in its numerous forms and variations remains one of the most pressing
issues of contemporary biological science. Cancer diseases represent the third most common
cause of death worldwide and their incidence grows with increasing age. Incidence of many
types of malignant diseases worldwide is on a rise and its often unfavorable prognosis and
progressively debilitating effect on quality of life of patients represent a heavy burden not
only from the medical, but also economic, social and ethical standpoint.

In the past decades, the traditional triad of therapeutic modalities available for cancer
treatment, i.e. surgery, radiotherapy and chemotherapy, are being constantly improved and
rationalized to keep pace with and better reflect the current state of understanding tumor
biology in general and the pathophysiology of the respective clinical entity in particular. The
conventional approaches have also in recent decades been supported by the advent of
altogether novel therapeutic approaches based on latest advancements in the field of cancer
biology, i.e. immunotherapy and a new vein within chemotherapy based on more selectively
blocking the function of specifically defined biological targets, the so-called molecular
target-specific therapy. These new approaches have revolutionized tumor treatment in some
malignancies and in the ideal case offer highly specific treatment with few systemic side
effects. This specificity however makes this kind of treatment generally suitable only for
a narrow group of diseases which share a single vital characteristic, and in some cases only
for one particular form of cancer or a single clinical unit.

Therefore, although the treatment efficiency of some tumor types has been greatly
improved and some previously lethal malignancies can now be treated with a remarkable
long-term success, progress is needed in other areas. Many malignancies retain their poor
prognosis and continue to rely on highly aggressive treatment which is limited by severe
systemic toxicity due to its non-specific nature. In frequent cases temporary success may be
achieved only for the disease to relapse with increased aggressiveness and resistance to
further therapy. Therefore, intense research to broaden our understanding of tumors and offer
further options to improve this status quo and rationalize current approach to cancer treatment

based on cutting-edge science is highly warranted.
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I.1. The origin and biology of cancer

Cancer (i.e. malignant neoplastic disease) can be defined as a group of diseases,
characterized by abnormal proliferation of a single cell and its clonal progeny with the
potential to invade or spread to other parts of the body and eventually if untreated burden the
organism and deplete its resources, leading to death. It has soon become apparent that induced
or spontaneous mutations of particular types of proteins labelled proto-oncogenes or
tumor-suppressor genes (TSG) play a crucial role in this deregulation [1], [2], [3], [4], [5]. [6]
and that a series of mutation events is required to compromise the control and feedback
systems healthy cells utilize to keep their proliferation within physiologically regulated levels
[2], [7], [8]. The advent of molecular biology and rapid advances in this and related fields of
study in the second half of 20" century brought about a breakthrough in our ability to
discover, describe and interpret the molecular and subcellular mechanisms behind the causes
and principles underlying this uncontrolled proliferation. The large amount of experimental
data collected using the newly developed technologies and methods showed that while there
exists a staggering number of variations among the particular mutations and abnormalities
described in the model of different cancer cells, a set of characteristics which are true for most
or all types of malignant diseases can nevertheless be formulated to combine these diverse
data into categories by functional relevance. In a pivotal work published in 2000, Hanahan
and Weinberg defined six of the most common overarching characteristics shared in different
forms over a number of tumors into such categories, coining the term “hallmarks of cancer”
[9]. This work established a conceptual framework which united the previously diverse
findings into a comprehensive system and allowed the researchers to further elucidate the
broader underlying mechanisms and concentrate on developing rational therapy tailor-suited
to target the individual categories of tumor-enabling and tumor-promoting characteristics.
Together with continually improving understanding of the principles of cell function and cell
cycle regulation, a vast network of interconnected pathways is slowly being uncovered
painting an increasingly clear picture of how complex and carefully regulated the
physiological state is both in the context of an individual cell and in the context of its
interactions with the surrounding environment and the system as a whole.

A noteworthy aspect of the development in the field of cancer biology in the past few
decades is a shift of focus from the cancer cells as the sole population of interest to a broader
view which recognizes the critical roles of other populations of cells (Fig 1.1) [9]. Most

important of these are the elements of the immune system and the stromal cells, which create
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and maintain the tumor microenvironment required for support, growth and progression of the
tumor as well as resistance against treatment. This shift from the reductionist to a broader
point of view is both caused by and in turn further contributes to the advances in the study of
tumor immunology and tumor microenvironment, both of which contribute in a major way to
the leading edge in cancer biology research.

The concept of hallmarks was revised and updated in 2011 based on the progress in
the field and in light of the emerging importance of elements of the immune system and tumor
microenvironment in tumor formation and maintenance two additional emerging hallmarks as
well as two “enabling characteristics” were introduced, leaving the total amount of these

mechanistic categories at ten (Fig 1.2) [10].

The Reductionist View A Heterotypic Cell Biology

Cancer cells Cancer cells Fibroblasts

Immune cells

Fig 1.1 Reductionist versus heterotypic view of tumor composition. Comparison of the reductionist
view of cancer and the heterotypic model, stressing the importance of immune cells, stromal fibroblasts
and angiogenesis in tumor homeostasis.
Taken from Hanahan and Weinberg [9].

The original hallmarks largely focused on the various aspects of deregulation of tumor
cell proliferation and avoidance of control networks which limit or hamper the long term
survival of normal proliferating cells. These hallmarks included sustained proliferative
signaling, reflecting the importance of proto-oncogenes and signal cascades conveying the
mitogenic stimuli from the environment [11], [12], enabling replicative immortality, which
dealt with the way malignant cells overcome the Hayflick limit [13], as well as the evasion of
growth suppressors and disruption of the proper function of TSG regulatory pathways [2],
[14], [15], [16] therefore allowing tumor cells to proliferate regardless of the normal control
mechanisms. Another important hallmark, resisting cell death, was described as a result of the
increase in understanding of cell death and in particular apoptosis. The last two of the original
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hallmarks were concerned to a greater extent with the direct contact or interaction of the
tumor with surrounding tissue and the system as a whole, concentrating upon the importance
and specific characteristics and mechanisms of angiogenesis in newly formed tumor tissue
[17], [18] as well as the mechanisms governing the processes of invasion and metastasis. The
emerging hallmarks described in 2011 [10] reflect the rising importance of studying tumor
cell metabolism as a major contributing factor and, perhaps most importantly from the point
of view of our study, include the hallmark of avoiding immune destruction as one of the

universal defining characteristics of cancer, confirming and solidifying the role of tumor

immunity.
EGFR Cyclin-dependent
inhibitors kinase inhibitors
Sustaining Evading
Aerobic glycolysis proliferative growth Immune activating
inhibitors signaling suppressors anti-CTLA4 MAb

Enabling Telomerase
replicative Inhibitors
immortality

promoting

Pro-apoptotic Resisting
BH3 mimetics cell
death

instability & . :
mutation inflammation
PARP Inducing Activating Selective anti-
inhibitors angiogenesis invasion & inflammatory drugs
metastasis

Inhibitors of Inhibitors of
VEGF signaling HGF/c-Met

Hanahan and Weinberg, 2011 PRESS

Fig 1.2 The hallmarks and enabling characteristics of cancer. Updated version of the scheme showing the
original six hallmarks of cancer as suggested in 2000 as well as the emerging hallmarks (deregulating cellular
energetics and avoiding immune destruction) and the enabling characteristics of genome instability &
mutation and tumor-promoting inflammation.

The boxes list illustrative examples of drugs under investigation which are designed to target the respective
hallmarks/enabling characteristics.

Taken from Hanahan and Weinberg [10].
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1.1.1. Cancer immunology

The capability of the immune system to recognize the arising tumor cells as aberrant
and eliminate them or limit their spread was suggested as early as 1957 by Burnet [19], who
postulated the concept of “immune surveillance”. While great controversy marked this
concept for the better part of the second half of 20™ century, eventually it became clear that
the immune system does indeed play a crucial role in tumor control as well as progression.
A new concept, known as the process of immunoediting, has been therefore suggested [20].
The immune system is capable of recognizing the aberrant features of tumor cells, most
commonly antigens, both tumor-specific (i.e. exclusively occurring in tumors) [21] and
tumor-associated (i.e. those which occur physiologically in organism but are expressed in an
aberrant temporal, spatial or quantitative pattern on cancer cells) [22]. Afterwards,
components of the immune system — mainly T cells, natural Killer (NK) cells and
macrophages [23] — contribute to elimination and keeping the tumor in check. In the process
of immunoediting, this represents the phase of elimination (Fig 1.3, adapted from [24]) The
tumor, however, represents a complex tissue composed of numerous clones and subclones
derived from the original cancer cell due to its intrinsically high genome instability.
Therefore, any given tumor may contain subpopulations of cells which successfully evade the
immune system recognition and continue to survive despite the immune surveillance, a stage
known as equilibrium (Fig 1.3). During this phase, additional subpopulations are created in
response to the continuous pressure exerted by the immune system, until the tumor progresses
into a stage where it no longer can be contained by the immune systems. This is known as the
escape phase (Fig 1.3) and is often accompanied not only by the loss of immune system
control, but also by the conscription of immune mechanisms to promote the tumor growth by
actively suppressing any further anti-tumor immune response. The escape phase is then
characterized by exponential growth and rapid progression of the tumor, which can then
quickly spread and lead to serious clinical conditions.

There are numerous ways in which tumor cell subpopulations can escape the immune
system. Among these number diverse effects which take place both within the tumor cells
themselves and in the tumor microenvironment. Downregulation of major histocompatibility
complex (MHC) class | molecules [25] and expression of proapoptotic ligands such as FasL
(CD95L) occur on the tumor cell surface [26] while the tumor cells and stromal cells both can
contribute towards the creation of a highly immunosuppressive environment within the tumor,
producing factors such as TGF- [25], [27] and upregulating the activity of enzymes such as
Indoleamine 2,3-dioxygenase [28], [29] and arginase [25], [30], [31].
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Among the most important subversive mechanisms tumors employ to circumvent the
immune control is the suppressive activity of the recruited regulatory immune cell
populations, predominantly regulatory T cells (Tregs) [23], [32], [33], [34] but also suppressive
(TAMs),
tumor-associated neutrophils (TANs) and myeloid-derived suppressor cells (MDSC) [30],

cells of other immune origin, including tumor-associated macrophages
[35]. These cells upon their recruitment into tumor confer immunoprotective effects both by
directly eliminating and inhibiting anti-cancer immune cells and by further changing the
tumor microenvironment milieu in favor of the immunosuppressive state, further facilitating
the recruitment and suppressive activity of more elements in a vicious circle.

An important part of the problem is that since cancer cells most often arise from
ordinary somatic cells and only differ in minor ways from healthy cells in the early stages of
tumor progression (exceptions being e.g. tumors induced by oncogenic viruses [36]), there is
generally a strong bias towards a tolerogenic response that the immune system has to
overcome in order to effectively start the anti-tumor immune response. The induction of this
response can be facilitated by appropriate forms of treatment of the patient, giving rise to

an array of approaches which collectively form immune therapy (see chapter 1.2.3.)

A. Elimination B. Equilibrium C. Escape

When tumors arise in a

Eventually, one variant

tissue a number of Variant tumor cells Over time a variety of ::m:::n: t:: ,':'cl:i::
immune cells can arise that are more different tumor alatory calls to
recognize and resistant to being killed variants develop ':I? otact :z ko
eliminate them spread unchallenged

Figure 15-13 Immunobiology, 7ed. (© Garland Science 2008)

Fig 1.3 The three phases of immunoediting. Adapted from Janeway et al. [24].
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1.1.1.1. Immunogenic cell death

A breakthrough in our understanding of tumor immunity and our ability to fully
exploit its potential came with the realization that under specific conditions, some therapeutic
modalities (e.g. doxorubicin) previously thought to be immunosuppressive not only do not
have this detrimental property, but in fact elicit effective antitumor immune response [37]. It
has soon been proven that this occurs when the tumor cells are killed in a specific fashion,
dubbed immunogenic apoptosis or immunogenic cell death (ICD) [38], [39], which stimulates
dendritic cells (DCs) to mature and become effective antigen presenting cells (APCs), priming
the further effectors of the immune response. The functional basis for this lies in exposition
on membrane and/or release of certain factors functioning as alarmins and eat-me signals by
the dying cells, which then effectively attract phagocytes and stimulate the immune response.
The key molecules implicated in this effect are calreticulin [38], HMGB1 [39] and Hsp90
[40], molecules typically functioning via stimulation of receptors including scavenger
receptors and Toll-like receptor 4 (TLR4) [39] on cells of innate immune system such as DCs,
leading to effective stimulation.

A noteworthy fact is that this effect is not solely limited to chemotherapy by agents
such as doxorubicin [37], [41], [42] but also occurs when cells die after exposition to X-rays
[39] and even specific physical stress such as high hydrostatic pressure [43].

This discovery is proving to be of extremely high significance, as it allows for
identification, research and improvement of those chemotherapeutic agents and treatment
modalities/regimens which offer the optimal immunostimulatory effect and may serve as the
basis for novel therapeutic protocols maximizing the benefit of combining chemotherapy or
radiotherapy with immunotherapeutic approaches.

1.1.2. Angiogenesis

Another hallmark described earlier is the dependence of the tumor on angiogenesis. It
has been proven that while very small primary and metastatic clusters of tumor cells are
sufficiently supplied with oxygen and nutrients through diffusion from vessels located in
surrounding tissue, in order to progress past certain size (less than 2 mm) [18], the tumor
needs to elicit growth of a system of novel blood vessels, otherwise growth is offset by death
of cells in the center of the tumor caused by the insufficient nutrient and oxygen supply [9],
[44], [45]. This is known as the tumor neoangiogenesis or neovasculogenesis and is
characterized by the process of sprouting of new capillaries from the preexisting blood vessels

in the vicinity of the tumor [46], [17] and formation of capillary loops which finally give rise
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to a complete blood vessel network within the tumor [17]. This complex process, which is
initiated at a particular stage of the tumor progression and likely is a prerequisite to the
exponential growth phase which results in the appearance of a macroscopically detectable
tumor [9], [46], [17], is orchestrated by a balance of upregulating the proangiogenic stimuli
produced by the tumor cells and/or stroma and downregulating the antiangiogenic regulatory
mechanisms [17].

Arguably the most important proangiogenic factor is the vascular endothelial growth
factor (VEGF) [47], [48], [49]. Its role in tumor neo-angiogenesis has been confirmed by the
findings that inhibition of its function led to tumor growth prevention in in vivo conditions
[50], [51] and subsequently its therapeutic potential has become the subject of intensive
research. This ultimately resulted in the introduction of bevacizumab, an anti-VEGF
recombinant humanized monoclonal antibody (Mab), into clinical practice as the first
antiangiogenic biological agent in the history [52], [53].

An important facet of the newly created vasculature in solid tumors is its highly abnormal
morphology and its dysfunction. The vasculature network is denser and far less organized
than in healthy tissues and the blood vessels are improperly formed [54]. They were also
described to lack a contiguous layer of pericytes [55] and to be formed of defective
endothelial cells with numerous openings in between them [56]. Together with the effective
absence of lymphatic drainage [57] this creates a highly specific environment within a tumor
tissue. The leakiness of the aberrant tumor vasculature allows for passage of high molecular
weight (HMW) compounds into the tumor, whereas in the ordinary tissues, this is prevented
by the barrier function of the intact epithelium. Moreover, the dysfunctional lymphatic
drainage of tumor tissue ensures far longer half time of efflux of HMW compounds from
tumor tissue than would be the case in a tissue with properly functional lymphatic drainage.
Together, this means that tumor tissues accumulate HMW substances with far greater
efficiency than healthy tissues, and any such compounds therefore show high selectivity for
tumor tissue unlike ordinary, low molecular weight compounds such as most conventional
chemotherapeutics (Fig 1.4). This mechanism was described in 1986 and the term enhanced
permeability and retention (EPR) effect was coined [58]. Subsequently, EPR effect has been
widely exploited as a rationale and basis for design of systems for passive targeting of
therapeutics into tumor, effectively forming a foundation of an entire new branch of cancer
therapy research. The resulting vast quantity of research data and works furthering the
understanding of this phenomenon and exploiting it for design of novel therapeutic agents has

recently been comprehensively reviewed in [59] and [60].
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Fig 1.4 The EPR effect. Figure shows the different blood vessel permeability for high molecular weight
compounds in tumor and intact tissue as described in the text.

1.2. Cancer therapy

Traditionally, tumor therapy has relied on three basic treatment modalities,
i.e. surgery, radiotherapy and conventional (also called cytotoxic) chemotherapy, often
combined into complex treatment regimens depending on the disease type and the
accessibility of its location. In the past few decades, this battery of options has been expanded
to include immunotherapy and molecular target-specific therapy which brought many novel
and promising avenues of research and revolutionized therapy of some tumor types. The three
traditional treatment modalities however still represent the most common and in many cases
only possibilities to stop or mitigate malignant disease progression. As a result, massive effort
is continuously expended to improve their efficacy, to alter and optimize treatment regimens,

often tailor-made to address the particular cancer subtype and individual patient’s needs, t0

19



uncover novel avenues within these established treatment modalities and to counter the

specific issues limiting their full potential.

1.2.1. Surgery

Historically, surgical excision has been the first treatment option available for tumor
patients and it remained the only treatment until the advent of radiotherapy in the 1920s. It
retained its prominent role as the most effective method to reduce tumor volume and decrease
the burden on the patients. Surgery has over the last century been subject to vast improvement
in terms of standardly available operating tools and conditions, development of novel surgical
protocols to better incorporate the understanding of tumor biology and the consideration of
the particular surgical needs arising from the biological characteristics of the tumor in
question and its relations to the surrounding of the tissue and the system as a whole. Perhaps
most importantly, surgery is constantly being pushed to make full use of the possibilities
offered by innovations in radiotherapy and chemotherapy, as well as immune therapy and
biological therapy since their appearance in the last decades.

This includes the fact that in the current stage of malignant disease treatment, surgery
is almost always employed as a part of a combination scheme. In a neoadjuvant regimen, the
patient is first subjected to a round of treatment with a different modality (usually radio or
chemotherapy) before surgery in order to decrease the tumor volume or stabilize the tumor to
increase the likelihood of successful surgery and decrease the risks of intra- and postoperative
complications. In the case of an adjuvant treatment scheme, the tumor is first surgically
removed, and then the patient is subjected to further treatment with a different modality
according to the particular protocol in order to remove the residual and circulating tumor cells
and treat the potential metastasis. Surgery plays a critical role in this not only in reducing the
tumor volume, but above all in providing important diagnostic tool in pathological analysis
and scoring of the removed tumor. This is universally expressed in the form of a standardized
classification (known as the AJCC/UICC-TNM classification) and serves to evaluate the
aggressiveness of the disease in order to choose the optimal postoperative treatment regimen
from the available scale [61]. This is done according to the finding in the primary tumor site
(T), findings in the draining lymph nodes (N) and signs of systemic metastases (M).
An important initiative is also currently underway worldwide to update these staging
guidelines to also include immune score, based on the observation that immune infiltration in

the tumor site and systemic parameters of immune system in many cases provide better
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predictive effectiveness of prognosis than the currently used TNM classification [61], [62],
[63],[64].

The limitations of surgical treatment include the often unfavorable location of the
tumor which renders surgery difficult or outright impossible, the often high burden surgery
and general anesthesia impose upon patients, who are usually old and in poor overall
condition, and above all the inability to causally treat tumors which progress past the strictly
local stage into locally invasive or metastatic stages. Surgery is however often used even in
the cases when complete cure is no longer possible as a palliative measure to relieve pain and

improve the quality of the remainder of the patient’s life.

1.2.2. Radiotherapy

Radiation therapy (RT) became available following the discovery of X-rays by
Réntgen in 1895 and came into use as a mode of cancer treatment in the early 20" century. It
is commonly combined into treatment regimens including the other forms of cancer treatment
according to the properties of the particular type of cancer. It can also be used as a palliative
measure to reduce the tumor volume and relieve the symptoms if this is not achievable
surgically for some reason.

Its efficiency is derived from a direct or indirect effect of the ionizing radiation on
DNA of the cells and it therefore mainly affects tissues characterized by a high level of
proliferation, accounting for the anticancer efficacy as well as the common adverse side
effects.

Due to this fact, radiotherapy exhibits different levels of effectiveness on different
types of cancer, with malignancies of hematopoietic origin (leukemias and lymphomas) and
germ-line tumors being the most radiosensitive. An important indication of highly aggressive
radiotherapy is the use of RT in myeloablation, a technique of complete destruction of
patient’s own hemopoietic elements in preparation for subsequent bone marrow
transplantation, procedures which revolutionized the treatment of some forms of leukemia and
other malignancies of hemopoietic origin and continue to be used till today [65].

Radiotherapy can be categorized according to the type of ionizing radiation used or
according to the way of administering the radiation dose into internal radiotherapy, which is
characterized by the direct application of a radioactive substance into a patient’s body, and
external beam radiotherapy, in which external sources of radiation beams are used.

The considerable side effects of radiotherapy include its damaging effects on healthy

tissues with high proliferation rate, most importantly bone marrow and gastrointestinal tract
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(GIT) as well as hair follicles. Possibly the most serious adverse effect is the risk of secondary
malignancies, which may arise years or decades after radiation treatment especially in the
cases treated with high doses of radiation. Research and improvement of both the technology
used and therapeutic protocols continually strive to curtail these unwanted side effects while
maintaining therapeutic efficacy. In the case of internal radiotherapy, this can be achieved by
conjugating the radiotherapeutic agent with a targeting moiety such as an antibody [66],
a polypeptidic targeting moiety [67] or even just exploiting the natural affinity of the
radiotherapeutic to the target tissue, as is commonly used in the treatment of some forms of
thyroid cancer using *3I thyroid ablation. In the case of external beam RT, contemporary
methods allow for using of highly coherent radiation beams of lower individual radiation
burden which intersect at the precise location of the tumor and combine to expose it to
a higher dose needed for effective therapy. The ultimate precision can be achieved in this way
in the so-called stereotactic radiosurgery, when highly focused and precisely applied radiation
beams are used in lieu of conventional surgery for tumors localized to places inaccessible to

conventional surgery, such as intracranially [68].

1.2.3. Immunotherapy

The rising awareness of the importance of tumor immunity naturally led to the various
attempts to support or induce immune response against tumors which collectively form
immune therapy. With the refinement of available methods and progress in understanding the
components and functions, multiple forms of cancer immunotherapy have already been
introduced into clinical use and more are in the phase of clinical trials.

The first forms of immune therapy used were non-specific, i.e. aimed at
indiscriminately supporting and activating the immune elements already present at the time of
treatment. This included the use of adjuvant-like substances such as intravesical application of
Bacillus Calmette-Guerin (BCG) to treat superficial forms of urinary bladder malignancies
[69]. This treatment proved high long-term benefit [70], but the toxicity resulting from the
live attenuated mycobacteria warrants further research [71]. Another approach of passive
immunotherapy is using cytokines. The most commonly used cytokine in cancer therapy is
IL-2, which is in clinical use against several forms of cancer, most notably renal cell
carcinoma [72] and metastatic melanoma [73]. Systemic administration of high-dose IL-2 is
however significantly burdened with toxicity; hence, substantial effort is made to improve its
tolerability without sacrificing the therapeutic effect [74]. Another cytokine commonly used

in cancer immunotherapy is IFN-a, functioning via a number of biological effects, including
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antiproliferative, proapoptotic and antiangiogenic. IFN-a is used in clinical practice in the
treatment of hematological malignancies, angiomas and metastatic malignant melanoma [75],
[76], [77].

A more selective approach is the induction of a specific antitumor response, i.e.
vaccination or immunization in the strict sense. This can be done passively, i.e. by
administering immune cells extracted from the patient and activated ex vivo for efficient
anti-tumor function, such as lymphokine-activated killers (LAKs; i.e. lymphocytes isolated
from peripheral blood and activated under laboratory conditions with IL-2 [78]) or tumor
infiltrating lymphocytes (TILs; autologous leukocytes isolated from the tumor, activated and
cultured into high numbers before being adoptively administered back into the patient) [79].
Another approach is active anti-tumor vaccination, an area that holds much promise. The
possibilities include tumor cell based vaccines, relying on administration of tumor cells killed
via the pathway of ICD [80], DNA-based tumor vaccines which attempt to induce anti-tumor
response by presenting the immune system with tumor antigens in a manner which elicits
effective response [81], and perhaps most importantly, dendritic cell based vaccination. This
approach was made possible by improving the technology of DC generation and maintenance
in culture, enabling their efficient maturation into effective APCs and arming with relevant
tumor antigens, which then upon administration into the patient elicit potent anti-tumor
response. The first DC vaccine against castration-resistant prostate cancer was based on
prostatic acid phosphatase tumor-specific antigen and was clinically approved in 2010 [82].
Further clinical studies of DC-based vaccines as well as their inclusion into combinatory
therapeutic protocols e.g. with chemotherapy are underway [83], [84].

Last but not least, spanning the border between immunotherapy and the molecular
target-specific therapy is the use of monoclonal antibodies (MAbs) or their fragments in
cancer therapy. This highly versatile class of molecules combines multiple benefits both for
cancer therapy and in other fields, such as anti-inflammatory biological therapy of
autoimmune diseases. Their advanced and well characterized manner of synthesis allows
efficient creation of well-tolerated humanized or fully human MAbs. Their high molecular
weight and ability to specifically target tumor environment can improve unfavorable
pharmacokinetics of other therapeutic agents, such as in conjugates of MAbs and cytokines
labelled immunocytokines, e.g. L19-1L2 [85], [86], [87]. Their capability to selectively target
any antigen is used in cancer treatment in a variety of ways and by a number of clinically
approved MADbs. Modes of function include activating antigen-dependent cellular cytotoxicity

and complement-dependent cytotoxicity via their Fc fragments (e.g. rituximab, anti-CD20
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[88]), direct inhibitory effect of various biological pathways implicated in the hallmarks of
cancer, such as angiogenesis (e.g. bevacizumab, anti-VEGF [52], [53]) or sustained
proliferative signaling (e.g. trastuzumab, anti-HER2/neu [89]), counteracting suppressive
pathways employed by regulatory immune cells in the tumor (known as immune checkpoint
inhibitors, e.g. ipilimumab, anti-CTLA4 [86], [90], [91]) and finally, serving as a targeting

entity to deliver chemotherapeutic agents [92] or radionuclides [66], [93] directly into tumors.

1.2.4. Chemotherapy

Chemotherapy represents the final modality of the conventional triad of cancer
treatment options, and the first one to offer an effect encompassing the whole organism,
including the circulating cancer cells and metastases. As a discipline, chemotherapy was
established with the describing of the first conventional chemotherapeutical agents in the
1940s and by 1960s had achieved practically universal importance as the number of available
cancer chemotherapeutics rapidly grew due to intensive research. Chemotherapy is still used
to complement both radiotherapeutic and surgical protocols in the complex treatment
regimens of almost all types of cancer and countless chemotherapeutical protocols have been
devised and implemented to tailor-suit the myriad clinical forms of cancer with the most
effective possible treatment schemes. Despite this, the prognosis in many cases remains poor.

The most commonly used categories of conventional chemotherapeutic drugs still
being used in clinical practice include: antimetabolites (i.e. metabolite analogues which either
inhibit crucial enzymes mostly in the metabolism of nucleic acids or induce irreparable
damage upon integration into DNA,; e.g. methotrexate, fludarabin, cytarabin, 5-fluorouracil);
alkylating agents (i.e. compounds which covalently modify DNA, leading to failure of
replication and cell death, e.g. mitomycin C, cyclophosphamide, cisplatin and its derivatives);
intercalating agents (i.e. compounds which work by non-covalently intercalating into the
DNA spiral and consequently render transcription and replication impossible, e.g.
anthracyclin antibiotics such as doxorubicin, actinomycin D, mitoxantrone); topoisomerase
inhibitors (i.e. substances hampering replication via inhibiting topoisomerases, e.g. irinotecan,
topotecan); and antimitotic agents, i.e. chemotherapeutics which induce mitotic catastrophe by
disrupting the microtubule dynamic instability and therefore function either by inhibiting
microtubule polymerization (e.g. colchicine and vinblastine, working via different binding
sites) or inhibiting microtubule depolymerization (signature activity of taxanes, e.g. docetaxel

and paclitaxel).
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All of the categories mentioned above differ greatly in all of their important
characteristics, including their origins, modes of function, toxicity profiles, pharmacokinetic
and chemical properties, portfolios of effectiveness in various cancer types etc. Despite this,
all conventional chemotherapeutic agents share certain attributes as well as certain issues
these attributes bring. Generally speaking, the conventional cytostatic drugs are all small, low
molecular weight (LMW) compounds. When viewed along the perspective of the cancer
hallmarks as presented in [10], it is noteworthy that virtually all the conventional
chemotherapeutics practically exclusively act via the two of them which manifest in rapid
proliferation (i.e. sustaining proliferative signaling and evading tumor suppressors) while
affecting the other hallmarks with random collateral damage at best and actively abetting
some of the hallmarks and enabling characteristics at worst (e.g. the mutagenesis inherent in
the mode of function of some of the groups; immunosuppressive effect of many of these
drugs). This effectively limits their effect to rapidly proliferating tissues which means that
they are not only nonspecific, but also show only limited effectiveness in the types of tumors
or populations of tumor cells which proliferate less aggressively.

1.2.4.1. Issues limiting the conventional chemotherapy

From the common properties mentioned previously arise several surprisingly universal
pitfalls which limit the effectiveness of tumor chemotherapy by conventional
chemotherapeutics and need to be overcome or circumvented if cancer treatment is to be
further improved.

The LMW nature (molecular weight usually less than 1500 [58]) of the conventional
chemotherapeutics limits their half-life in the blood circulation and also accounts for the fact
that they are generally distributed according to the relative perfusion of a given organ and the
characteristics of the drug in question. Coupled with the unspecific nature of mechanism of
these drugs, this unfavorable biodistribution leads to high systemic toxicity and commonly
severe organ-specific side effects. The first category are universal side effects which result
from the effect of all LMW drugs on rapidly proliferating cells, such as gastrointestinal
toxicity, hair loss and importantly, bone marrow toxicity resulting in immunosuppression and
anemia. Individual classes of conventional cytostatic drugs may also have other systemic or
organ-specific side effects, e.g. the typical cardiotoxicity of anthracyclins including
doxorubicin [94], [95]. The high toxicity is usually the most important dose-limiting factor of
conventional chemotherapy. The short circulatory half-life also necessitates using unfavorable
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treatment schemes to keep the concentration of the drug in the tumor on the effective level.
Usually, this means either administration of high bolus doses which are followed by
correspondingly high systemic side effects, or administering the drug in the form of
a continual infusion, which necessitates hospitalization of the patient at least for a short time.
Both of these increase the costs incurred and decrease the quality of life of the patient, which
is an extremely important medical aspect as it reduces the patients’ compliance and the
probability of treatment success.

The threshold on dosage created by the high toxicity leads to the fact that often the
drug cannot efficiently reach the concentration in the tumor needed to elicit the full
therapeutic effect. Solid tumors are usually somewhat harder to treat with chemotherapy due
to the highly dysfunctional nature of tumor vasculature, which limits the biological
availability of both nutrients and other compounds including drugs. The tumor stroma, which
contains tumor cells, fibroblasts, immune cells and extracellular matrix in a highly
disorganized pattern, typically has higher interstitial pressure than healthy tissues, further
complicating the diffusion of LMW drugs into solid tumors [96]. This is further compounded
by the phenomenon of intrinsic or more importantly acquired drug resistance. Intrinsic
resistance may be caused by the specific biological properties of the tumor cells, which render
different types of tumor more responsive to some classes of therapeutics and less to others.
Generally, some tumor types show particularly low sensitivity to conventional chemotherapy,
often reflecting low overall proliferative activity. Furthermore, as each tumor is in fact
a complex population of many subclones derived from the original cell [20], some of these
populations may also become more resistant to therapy than others due to acquired biological
differences, effectively evolving to evade the therapeutic pressure. This is an example of
acquired resistance, likewise a crucial factor limiting therapeutic efficacy. The induced
resistance may be caused by a single specific change in a subpopulation of cancer cells, like
the loss of dependence on a particular enzyme or a point mutation in the drug target (e.g.
tubulin molecule in case of antimicrotubule drugs), in which case the tumor becomes resistant
to a particular drug or class of drugs but retains sensitivity to others. A different situation
occurs in the phenomenon known as the multi drug resistance (MDR), where the tumor cells
become resistant to a wide range of structurally and functionally diverse therapeutics [97].
This is most commonly caused by the expression of a specific type of ATP-dependent efflux
pumps known as ATP-binding cassette or ABC transporters [98], which are a conserved

family of proteins used by many types of cells to transport a variety of diverse, usually foreign

26



compounds out of the cytoplasm [99]. The most important of ABC transporters is known as
the P-glycoprotein (Pgp) [100].

Taken together, these factors contribute to the common scenario in which tumor
seemingly responds well to the therapy, only to relapse after some time with the same or
increased aggressiveness. This may to some degree also be caused by the presence of
a population of slowly proliferating, highly chemoresistant cells with full tumorigenic
potential known as cancer stem cells [101]. These cells may effectively weather the treatment
regimen and afterwards repopulate the tumor under more favorable conditions.

Last but not least, due to its unspecific nature, conventional chemotherapy also often
has a devastating effect on the patient’s immune system, hampering its effectiveness against
the residual populations of tumor cells after treatment.

Numerous avenues of research have been explored in order to circumvent these
pitfalls. Dose-limiting adverse effects may be mitigated by adhering to a more rational
treatment schedule and changing the way of application. Combination regimens of drugs with
complementary effect and non-overlapping toxicities allow the potentiation of the therapeutic
effect while lowering the doses of the individual therapeutics and limiting the overall toxicity
[102]. An entire area of research is devoted to studying and preventing or inhibiting MDR
[103], [104]. Treatment protocols are improved based on better understanding of tumor
biology and immunology, favoring the compounds and regimens which not only leave
immunological system intact, but effectively stimulate it to recognize and eliminate remaining
tumor cells [41], [40], [80]. Among the most important implications, however, is the impetus
the issues accompanying conventional chemotherapy gave to the research and implementation
into clinical practice of novel ways to increase selectivity by passively or actively targeting
tumors. There are two main facets of this focus on more selective treatment. The first is the
design of high molecular weight (HMW) drug delivery systems which allow specific transport
of drugs into tumors and the accumulation of drugs in them (i.e., tumor targeted therapy); and
the second is the development of novel compounds which work selectively on specific targets
within the tumor cells, based on better understanding the particular abnormalities and

pathways of cancer biology (i.e., the molecular target-specific therapy).

1.2.4.2. HMW drug delivery systems
Various HMW systems are currently under research and development to improve the

unfavorable pharmacokinetic profile and biodistribution of LMW chemotherapeutics, mainly
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prolonging their time of activity at the target site and achieving preferential delivery into
tumor tissue while keeping drug away from sites of potential damage. Many of the LMW
drugs are hydrophobic compounds and the use of HMW delivery systems improves their
water solubility and bioavailability [105]. Another important aspect of the HMW carrier
research is the design of ways for controlled release of the drug from the carrier under tumor
specific conditions, further improving the selectivity of the effect and decreasing toxicity.

The specific delivery and accumulation into tumors can be achieved either passively
via taking advantage of the biochemical and pathophysiological characteristics of the tumor
such as the EPR effect [58], or actively, i.e. by ligand targeting. This is based on the specific
affinity of a ligand (e.g. antibodies, saccharide moieties etc.) bound to the HMW carrier with
a specific partner in the target tissue (e.g. tumor antigens or surface lectins, respectively) and
combined with the passive accumulation inherent to HMW systems greatly improves the
preferential biodistribution into the tumor and therapeutic effect [106].

Controlled release of the drugs from HMW delivery systems may occur in the tumor
tissue or within the tumor cells themselves after intake of the HMW carrier via endocytosis
(note that this may offer the added benefit of partially circumventing the MDR efflux pumps
which are present on the cell membrane [107]). The mechanism of controlled release depends
on the design of the linker which forms the bond between the carrier and the drug and may be
either enzyme-dependent or pH dependent. Enzyme dependent release employs some of the
various proteases, glucuronidases or esterases expressed within or released by tumor cells,
whereas the pH dependent release takes advantage of the characteristically low pH in the
microenvironment of solid tumors.

Numerous HMW delivery systems have been designed so far. This includes nanosized
carriers and water soluble polymer based drug delivery systems. Among the nanosized entities
as comprehensively reviewed in [108], [109] are liposomes (i.e. lipid bilayer vesicles
surrounding a core of aqueous solution), micelles (i.e. vesicles formed of a hydrophilic
external layer surrounding a lipid core used for loading with hydrophobic drugs), emulsions
and lipid nanospheres (similar to liposomes but possessing hydrophobic oil- or solid
lipid-based cores, respectively), dendrimers (i.e. tree-like macromolecules possessing a highly
branched but well-defined architecture, allowing for good control of their molecular weight
and properties during synthesis, e.g. polyamidoamine [PAMAM)] dendrimer [110]) and lastly,
polymer nanoparticles (e.g. albumin-based nanosized particles for drug delivery) [111].

Water soluble polymer-based delivery systems include several of the best studied and

most commonly used in clinical practice. In particular, synthetic polymers are widely used for
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surface modification of proteins (e.g. to decrease their immunogenicity and increase their
biological half-life [112]) or implants, construction of nanoparticle-based drug delivery
systems and finally as the basis of HMW drug carriers, all due to the biologically inert nature
of the majority of these compounds. The most important and well-studied examples of such
polymers are polyethyleneglycol (PEG) [112] and N-2-hydroxypropyl)methacrylamide
(HPMA) [113].

HPMA copolymer-based drug delivery systems in particular offer numerous well
documented benefits for cancer treatment. The HPMA polymers have been first synthesized
in the 1970s by Kopecek and co-workers and both the homo- and the copolymers were
subsequently described to be non-toxic, biologically inert and non-immunogenic [114]. They
are not metabolized and do not form deposits but instead are eliminated unchanged via renal
excretion unless they exceed the renal excretion limit of approx. 45 kDa [115]. HPMA is also
water-soluble and its conjugation commonly improves the solubility of even highly
hydrophobic drugs [105].

The presence of multiple active sites on the HPMA monomer side chain allows for the
binding of various types of cargo to the HPMA copolymer backbone such as anticancer drugs,
moieties for active targeting, peptides and other biologically active agents via defined linkers,
(Fig 1.5). It has been proven that conjugation with HPMA copolymer significantly decreases
immunogenicity of proteins [116] and toxicity of drugs such as LMW chemotherapeutics
[117] while prolonging the biological half-life and allowing for prolonged and specific
accumulation in the tumor owing to the EPR effect [118]. Directed synthesis can also allow
for combining of HPMA monomers carrying multiple substituents into a single polymer,
ensuring the effective delivery of a combination of drugs and/or biologically active substances
into tumor at exactly the same time, allowing for very effective combination treatment [103],
[119].

The exact pharmacokinetic parameters of an individual HPMA-drug conjugate and the
effectivity of accumulation into tumors mainly depend on its hydrodynamic diameter, largely
corresponding to the molecular weight [120]. This led to the design of various types of HMW
HPMA copolymer-based carriers with higher molecular weight based on linking individual
HPMA copolymer chains into a branched network or attaching them onto a dendrimer core
formed e.g. by a defined PAMAM dendrimer [120]. The elimination can be then ensured by
the inclusion biodegradable bonds between individual HPMA chains and to the dendrimer

core, with the chemical properties of these bonds governing the kinetics of elimination [121].
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The release of the drug from HPMA copolymer is controlled by the presence of
a defined linker between the drug and the backbone. The release can be either enzymatic or
pH-dependent, and its kinetics critically influence therapeutic effect as well as toxicity [122],
[123]. While in some cases the drug retains its therapeutic efficacy while still bound to the
HPMA copolymer backbone [124], generally, release from the carrier is necessary for the

drug to reach its molecular target and achieve full function [125].
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Fig 1.5 Schematic draw of HPMA copolymer. Figure shows HPMA subunit without any substituents (a), a
subunit with a drug bound via the amidic GFLG linker (b) and a subunit with a targeting moiety bound via the
amidic GFLG linker.

A well-described and commonly used category of HPMA copolymers are HPMA
copolymer-bound conjugates of doxorubicin (DOX; Adriamycin, Adriblastina). Belonging to
the anthracyclin antibiotic family and acting via DNA intercalation and topoisomerase Il
inhibition, DOX is a widely used conventional LMW chemotherapeutic and a part of many
chemotherapeutic treatment schemes [126]. It has recently been shown to induce the ICD in
treated cells [37], [41]. An important limiting factor is its serious systemic toxicity, with
myelosuppression and severe cardiotoxicity being the most serious adverse effects [95]. It is
also subject to MDR.

The first described conjugate of DOX with HPMA was introduced in 1985 as
DOX*M-PHPMA (FCE 28068, also known as PK1), with DOX bound to the HPMA
backbone via an enzymatically cleaved amidic linker composed of GFLG oligopeptide. PK1

showed improved half-life and decreased toxicity of DOX, and proved effective in preclinical
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conditions [127] as well as in clinical trials [128]. More recent research established a line of
DOX-HPMA conjugates with a pH sensitive hydrazone bond [129], which possess
comparable or improved preclinical properties [130], as well as additional advantages such as
retaining the ICD-inducing nature of DOX [41], which is lost in the copolymers with the
amidic linker [42]. A highly significant characteristic of HPMA-bound conjugates DOX is the

efficient induction of effective antitumor response [131].

1.2.4.3.Molecular target-specific therapy

The advances in understanding the molecular constituents and pathways of both
physiological and cancer cells allowed the introduction of a novel class of LMW
chemotherapeutic agents with improved specificity, the so called molecular target-specific
therapy. This category of therapeutics is specifically engineered to selectively block the
function of a very small number of molecules which represent the crucial components of the
pathways which provide the tumor with one or more of its hallmark characteristics. The
selective blockade of these tumor-specific aberrant pathways exerts a far more narrow effect,
in the optimal case effectively treating the tumor while exerting very side toxicity.

The molecular targets of the novel LMW inhibitors include components of subcellular
pathways which mediate parameters such as the cell cycle and proliferation control, signal
reception and transduction, regulation of apoptosis, regulation of telomerase activity, protein
metabolism and regulation of responses to cellular stress. Common examples of the targets
are various kinases, anti-apoptotic proteins of the Bcl-2 family, telomerase or chaperones such
as Hsp90 and related heat-shock proteins or the proteasome complex.

The first example and prototypic drug of this group is imatinib (imatinib mesylate;
Glivec or Gleevec, Novartis Pharma), an inhibitor of activity of several targets, predominantly
tyrosine kinases. The most important of these targets is a fusion protein BCR-ABL which
plays the critical role in the pathogenesis of chronic myeloid leukemia (CML) and is also
found in asubset of cases of acute lymphoblastic leukemia (ALL). BCR-ABL is a
constitutively active tyrosine kinase which arises from the fusion of the BCR and ABL genes
during the reciprocal chromosome translocation t(9; 22). This so called Philadelphia
chromosome is created during CML pathogenesis in hematopoietic cells and the resulting
constitutive activity of BCR-ABL represents the crucial step in CML pathogenesis. Therefore,
the selective competitive inhibition of BCR-ABL kinase activity by imatinib revolutionized

the treatment of CML [132]. Since the introduction of imatinib, second generation of BCR-
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ABL inhibitors has been introduced with improved effectivity (e.g. dasatinib [133]) as well as
numerous other molecularly specific kinase inhibitors.

Other promising classes of molecular target-specific drugs include for instance
proteasome inhibitors such as bortezomib [40] and its next generation successor carfilzomib
[134], [135] which found use in the treatment of multiple myeloma and other types of cancer;
inhibitors of heat shock proteins such as geldanamycin and its derivative alvespimycin (17-
dimethylaminoethylamino-17-demethoxygeldanamycin; 17-DMAG) [136]; and inhibitors of
antiapoptotic proteins from the Bcl-2 family, such as the first BH3-specific mimetic ABT-737
[137].

Despite the marked safety and effectiveness of this approach, it nevertheless has its
disadvantages. Cancer diseases are intrinsically characterized by high redundancy of the
employed pathways as well as high variability between the cell populations within a single
tumor and even much higher between different patients or tumor types [9]. In fact, very few
cancer types are as highly reliant on a single molecular mechanism as in the case of CML and
BCR-ABL. Therefore, in clinical practice, many of the drugs in this category find optimal use
in combinatorial rather than single therapy protocols [89], [133], [138]. This cumulative effect
could conceivably be further improved by the cotemporal delivery of multiple drugs that
make up the combination via the controlled release from a HMW drug delivery system such
as an HPMA copolymer, as has already been described [103].

1.2.4.4. Novel drugs and drug repurposing

In light of all that has been said above, despite the progress, there is still a pressing
need to discover and implement novel chemotherapeutic compounds to further improve the
options available in tumor treatment and offer new possibilities to effectively treat those
malignancies which are largely unaffected by the current options. Unfortunately, bringing
a completely new drug into clinical practice takes exceedingly high amounts of time and
money and often encounters many pitfalls [139]. Therefore, a promising approach lies in
repurposing compounds already registered for use in human medicine for cancer treatment.
Such research can draw on readily available data and advance through clinical trials for a new
indication much easier, faster and cheaper than researching completely new drugs [140],
[141].

This approach is usually based either on in silico analyses and screening of already
established drugs in terms of transcriptomic, genomic or side effects-related data for
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characteristics potentially implying promise for cancer treatment [140], [142], or laboratory
screening large libraries of rationally chosen compounds (e.g. anti-microbial drugs or kinase
inhibitors) for in vitro effect in cancer cell lines [141]. Among the examples of drugs already
repurposed or currently in the process of being investigated for anti-cancer potential in this
way are such diverse compounds as quinacrine [143], metformin [144] or benzimidazole

anthelminthic drugs including mebendazole [141].

1.2.4.5.Mebendazole

One example of a repurposed drug is mebendazole (MBZ; Fig 1.6), an anthelminthic
from the family of the heterocyclic benzimidazoles along with related drugs albendazole and
fenbendazole. MBZ has been widely and consistently used in human and veterinary medicine
since early 1970s [145] and is still marketed worldwide as Vermox or Mebendazole.

Main indications of MBZ include peroral (p.0.) treatment of both gastrointestinal and
systemic forms of helminthiases, i.e. worm infections caused by the worms of Nematoda or
Platyhelminthes phyla. Due to its low toxicity and high cure rates [146], MBZ is the drug of
choice in the hydatid disease or echinococcosis, a systemic form of Echinococcus
multilocularis infection [147], [148], [149]; trichuriasis (also known as whipworm infection),
a gut helminthiasis caused by Trichuris trichiura [150]; ascariasis, a predominantly
gastrointestinal helminthiasis caused by Ascaris lumbricoides [146]; and the so called
hookworm infections caused by flatworms of the Ancylostoma and Necator genus, which
represent a major cause of anemia and maternal and child morbidity in the developing
countries [151], [152].

Fig 1.6 The structure of mebendazole (MBZ).
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A striking attribute of MBZ is its negligible toxicity in humans as well as most studied
animals [153], which is low enough for its application to be considered even in antenatal
period with the exception of first trimester [152]. This is mainly due to its low bioavailability
which is caused by extremely poor solubility [154] as well as its high vulnerability to the first

pass effect [155], further decreasing its systemic availability. Nevertheless, the small quantity
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of MBZ which does reach the systemic circulation is high enough to effectively both treat
systemic helminthiases [155] and exert an anti-cancer effect in humans [156], [157]. The
metabolism of MBZ occurs mainly in the liver and it is excreted mostly via urine and bile,
with a substantial contribution of enterohepatic recycling [149]. The blood levels and
biological half-life were found to vary significantly between patients and the bioavailability
seemed higher in patients suffering from more severe helminthiases [153]. It was also noted
that MBZ and its metabolites bind highly to serum proteins in circulation [149].

In the cases where toxicity was described, the most common forms were
gastrointestinal such as abdominal pain or dyspepsia. There were only sporadic reports of
serious toxicity; this included a case report of hepatitis suggestive of direct hepatotoxic effect
of MBZ [158] and importantly also alopecia and granulocytopenia in a human patient [159] as
well as severe and rapid bone-marrow aplasia followed by lethal septicemia observed in an
experiment on red-legged pademelons (Thylogale stigmatica), an Australian marsupial of the
family Macropodidae [160].

The antiparasitic effect of MBZ is mediated by blocking microtubule polymerization
via the colchicine binding site on microtubules in the intestine of helminths [161], although
the drug binds to mammalian tubulin with similar efficiency [162]. The different availability
likely is the key factor in the selective anthelmithic effect.

The anticancer effect of MBZ was first described in 2002 in the model of human
non-small-cell lung cancer [163], [164] and currently, there are reports of antitumor activity
against numerous human cancer cell types, notably malignant melanoma [165], [166],
mammary adenocarcinoma [167], CNS malignancies including medulloblastoma [168] and
glioblastoma multiforme [169] and recently also colorectal carcinoma [170]. Similarly,
anticancer activity has been observed in flubendazole, a sister drug from the benzimidazole
family, in preclinical models of leukemia and myeloma [171]. Strikingly, MBZ has also been
reported to elicit long-term disease control in two case reports [156], [157].

The reported anticancer effects of MBZ are just as varied. The disruption of
microtubule system in favor of depolymerization similar to the effect in nematodes has been
described [164], [169], [165]. The microtubule destabilization is also described as the basis of
an inhibitory effect on the Hedgehog signaling cascade [172]. Another significant area of
effect of MBZ lies in the facilitation of apoptosis via the inactivation of proteins from Bcl-2
family [163], [164], [165], as well as the downregulation of the X-linked inhibitor of
apoptosis [166]. Furthermore, MBZ was also proven to be an effective inhibitor of a number
of kinases with key roles in cancer biology, such as BRAF and BCR-ABL [170] and
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VEGFR2 [168], accounting for the observed antiangiogenic effect of MBZ treatment in mice
[163].
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I1. Aims

The subject of our work was mebendazole (MBZ), an anthelminthic from the family of

benzimidazoles. It is an example of a drug repurposed for chemotherapy of malignant

diseases. In this work, we focused to characterize its newly described anticancer effect in vitro

in various murine tumor cell lines. We also designed and tested a novel HPMA copolymer-

bound conjugate in order to allow the otherwise extremely poorly soluble MBZ to be

administered parenterally. This allowed us to observe its toxicity in vivo and its potential

therapeutic effect in syngeneic murine tumors.

The aims of our study were:

1. To determine the in vitro anticancer effect of MBZ in a panel of murine tumor cell lines of

different tissue origins.

a.

To compare the cytostatic activity of MBZ in murine tumor cell lines with other
drugs including doxorubicin.

To compare the cytotoxic activity of MBZ in murine tumor cell lines with
doxorubicin.

To determine whether MBZ is subject to Pgp mediated MDR by comparing its
activity in sensitive P388 and resistant P388/MDR cell lines.

2. To design and synthesize HPMA copolymer-bound MBZ conjugate which would improve

the solubility of MBZ in aqueous environments and allow for its release under physiologic

conditions.

a.

To synthesize derivatives of MBZ in order to enable the binding of the drug to
HPMA copolymer and compare their in vitro cytostatic activity.

To synthesize HPMA copolymer-bound MBZ conjugate based on the better
performing of the two derivatives.

3. To determine in vitro anticancer effect of such conjugate and MBZ derivatives.

a.

To evaluate the solubility of HPMA copolymer-bound MBZ derivative and
compare its in vitro anticancer activity with that of free MBZ.
To compare the individual batches of HPMA copolymer-bound MBZ conjugate in

terms of in vitro activity, stability under laboratory conditions and solubility.
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4. To characterize the in vivo toxicity of the conjugate and its potential therapeutic effect in
various syngeneic murine tumors.

a. To confirm the possibility of parenteral administration of HPMA copolymer-
bound MBZ and to determine its maximum tolerated dose (MTD) in mice.

b. To evaluate therapeutic efficacy of parenterally administered HPMA copolymer-
bound MBZ in syngeneic murine tumors.

c. To determine the most prominent toxicities of parenterally administered HPMA
copolymer-bound MBZ in mice by preparing histological samples of selected
organs from mice treated with HPMA copolymer-bound MBZ and searching for
signs of acute toxic injury in various tissues as well as using less invasive
methods.
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II1. Materials

I11.1. Solutions

Phosphate buffered saline (PBS)
Deionized H,O

0.9% NaCl

0.14% NayHPO,4.12H,0

0.12% Na,HPO4.2H,0

pH adjusted for 7.2-7.4 (4M NaOH)
Kept at 4°C in dark.

Dulbecco’s modified Eagle’s minimal essential medium (D-MEM)

Obtained from Institute of Molecular Genetics, CAS, v.v.i., Prague, Czech Republic.
Kept at 4°C in dark.

Roswell Park Memorial Institute medium 1640 (RPMI)

Purchased from Gibco/Life Technologies, Czech Republic.
Kept at 4°C in dark.

Dimethyl sulfoxide (DMSO)
Purchased from Sigma-Aldrich, Czech Republic.

Kept at room temperature in dark.

Retic-Count (Thiazole orange) Reagent

Purchased from BD Biosciences, USA.
Kept at 4°C in dark.
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I11.2. Cell lines

All cell lines were purchased from ATCC except for P388 and P388/MDR cells which were
kindly provided by Prof. I. Lefkovits (Basel Institute for Immunology, Basel, Switzerland).

LL2 murine Lewis lung carcinoma line (ATCC CRL-1642) was established as a clone of
Lewis lung carcinoma cells adapted to cell culture [173]. The line is a non-small-cell lung
carcinoma derived from C57BL/6 mice. In vitro LL2 cells are grown in D-MEM medium
supplemented with 10% heat inactivated fetal calf serum (FCS, Invitrogen), L-glutamine
(2 mM, Sigma-Aldrich), antibiotics (100 U penicillin + 0.1 mg streptomycin/ml, Sigma-
Aldrich), HEPES (0.01M), glucose (4.5 g/l) and NaHCO3 (0.15%). Cells grow in culture in a
mixed pattern, partly loosely adherent, partly as a suspension. They induce tumors when

subcutaneously injected into C57BL/6 mice.

EL4 murine T-cell lymphoma line (ATCC TIB-39) was derived from a T-cell lymphoma
induced with 9,10-dimethyl-1,2-benzanthracen in C57BL/6 mice [174]. In vitro EL4 cells are
grown in RPMI medium supplemented with 10% heat inactivated FCS, L-glutamine (4mM),
antibiotics, glucose and sodium pyruvate (1 mM). Cells grow in culture as a suspension and
induce tumors when subcutaneously injected into C57BL/6 mice.

EL4.1L2 subline (ATCC TIB-181) was defined as a subtype which produces IL-2 when
stimulated with phorbol 12-myristate 13-acetate (PMA) [175]. This subline was used for in
vitro assays since the original cell line does not incorporate [*H]-thymidine at a sufficient

quantity.

B16F10 murine melanoma line (ATCC CRL-6475) was derived from C57BL/6 mice [176]. In
vitro B16F10 cells are grown in D-MEM medium supplemented with 10% heat inactivated
FCS, L-glutamine, antibiotics, HEPES, glucose and NaHCOs;. They grow in culture in
an adherent fashion and induce tumors when subcutaneously injected into C57BL/6 mice.

CT26 murine colorectal carcinoma line (ATCC CRL-2638) was induced with

N-nitroso-N-methylurethane in BALB/c mice [177]. In vitro CT26 cells are grown in RPMI
medium supplemented with 10% heat inactivated FCS, L-glutamine, antibiotics, HEPES,
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glucose and sodium pyruvate They grow in culture in an adherent fashion and induce tumors

when subcutaneously injected into BALB/c mice.

BCL1 murine B-cell leukemia line (ATCC TIB-197) was derived from BALB/c mice [178].
In vitro BCL1 cells are grown in RPMI medium supplemented with 10% heat inactivated
FCS, L-glutamine, antibiotics, HEPES, Na-pyruvate, and 2-mercaptoethanol (0.5 mM). They
grow in culture as asuspension and grow in peritoneal cavity as tumor ascites as well as
colonizing spleen and peripheral lymph nodes when intraperitoneally (i.p.) injected into
BALB/c mice.

P388 murine monocytic leukemia line (ATCC CCL-46) was derived from DBA/2 mice where
it was originally induced by painting the skin with methylcholanthrene [103]. In vitro P388
cells are grown in RPMI medium supplemented with 10% heat inactivated FCS, L-glutamine,
antibiotics, sodium pyruvate and non-essential amino acids (5 ml; Sigma-Aldrich). They grow
in culture in an adherent fashion.

P388/MDR cells represent a doxorubicin-resistant subline of P388 [103]. They are grown
under the same conditions in culture, however unlike P388 cells they grow as a suspension.
Both P388 and P388/MDR lines were obtained from Prof. I. Lefkovits (Basel Institute for
Immunology, Basel, Switzerland).

111.3. Mice

C57BL/6 mice and BALB/c mice were obtained from the breeding colony at the Institute of
Physiology of CAS, v.v.i. All mice were kept in the animal facility of Institute of
Microbiology of CAS, v.v.i in accordance with approved guidelines and provided food and
water ad libitum. Mice were used for experimentation between the age of 9 and 15 weeks.
The Animal Welfare Committee of the Institute of Microbiology, CAS, v.v.i approved all

experiments.
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I11.4. Chemotherapeutics

Mebendazole (MBZ) was purchased in dry form from Sigma-Aldrich and kept at room
temperature in the dark. The same stock which was used for preparing derivatives B-956 and
B-957 was also used for in vitro experiments. For use in these experiments, MBZ was
dissolved in DMSO at defined concentration and the solution was stored in aliquots at -20°C.
When applied to cells, MBZ solution was diluted in culture medium to ensure that the end
concentration of DMSO in all wells was lower than 1/100. All cell lines we used were tested
to ensure that such low concentrations of DMSO have no effect on cell proliferation and

metabolism.

Doxorubicin (DOX) was purchased in the form of Adriblastina solution (2 mg/ml) from
Pfizer and kept at 4°C in the dark. For use in in vitro experiments, DOX was diluted with
dH,O and the solution stored in aliquots at -20°C. When applied to cells, DOX was diluted in

culture medium.

Carfilzomib (Carf) was purchased in dry form from ChemieTek (USA), diluted in DMSO
and the solution stored in aliquots at -80°C. When applied to cells, Carf solution was diluted
in culture medium to ensure that the end concentration of DMSO in all wells was lower than
1/100.

Alvespimycin (17-DMAG) was purchased in dry form from Selleckchem (USA), diluted in
DMSO and the solution stored in aliquots at -80°C. When applied to cells, 17-DMAG
solution was diluted in culture medium to ensure that the end concentration of DMSO in all
wells was lower than 1/100.

ABT-737 was purchased in dry form from Selleckchem (USA), diluted in DMSO and the
solution stored in aliquots at -80°C. When applied to cells, ABT-737 solution was diluted in
culture medium to ensure that the end concentration of DMSO in all wells was lower than
1/100.
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I11.5. Synthetic derivatives and HPMA copolymer conjugates
111.5.1. Synthetic derivatives of MBZ

Following low-molecular weight derivatives of MBZ were synthetized and characterized at

Institute of Macromolecular Chemistry of CAS, v.v.i. (IMC).

B-956 (N-ethoxycarbonyl mebendazole)

This model compound (Fig I11.1) was synthesized by reaction of sodium salt of MBZ
(previously prepared by action of equimolar amount of sodium hydride to MBZ) with excess
of ethyl chloroformate (Sigma-Aldrich) in dimethylformamide (DMF). The product was
purified by repeated crystallization and characterized by HPLC (high-performance liquid
chromatography) and NMR.

B-957 (N-(4-nitrobenzyloxy)carbonyl mebendazole)

This model compound (Fig I11.1) was synthesized by reaction of sodium salt of MBZ
(previously prepared by action of equimolar amount of sodium hydride to MBZ) with excess
of 4-nitrobenzyl chloroformate in DMF. The product was purified by column chromatography

on silica gel and characterized by HPLC and NMR.

111.5.2. HPMA copolymer-bound drugs

Following HPMA (N-(2-hydroxypropyl)methacrylamide) copolymer-bound conjugates of
MBZ and DOX were synthetized and characterized at Institute of Macromolecular Chemistry
of CAS, v.v.i.

B-967 (linear PHPMA conjugate of MBZ)
The linear HPMA-based copolymer bearing 3-azidopropyloxycarbonil derivative of MBZ

linked by click reaction (Fig I111.1) was synthesized by two-step synthetic procedure. First step
consisted in preparation of N-(3-azidopropyloxy)carbonyl MBZ by reaction of sodium salt of
MBZ (previously prepared by action of equimolar amount of sodium hydride to MBZ) with
excess of 3-azidopropyl chloroformate in DMF. The intermediate product was purified by
column chromatography on silica gel, characterized by HPLC and NMR. The second step
involved a copper-free click reaction between this reactive derivative of MBZ and previously
prepared HPMA-based copolymer bearing dibenzocyclooctyne groups (PHPMA/DBCO). The
conjugate was then purified by repeated precipitation into diethyl ether and characterized by
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GPC. The content of conjugated MBZ was determined by HPLC after hydrolysis in buffer pH
12.

The following four individual batches were used:

B-967/1
Mw = 51000; PDI = 1.35
7.2 wt% of MBZ

B-967/2
Mw = 150000; PDI = 1.8
10 wt% of MBZ

B-967/3
Mw = 46000; PDI = 1.85
5 wt% of MBZ

B-967/4
Mw = 88000; PDI = 3.6
6 wt% of MBZ

B-732 (linear PHPMA conjugate of DOX)

(P-Ahx-NH-N=DOX)

HPMA copolymer conjugate bearing doxorubicin via degradable hydrazone bond.
Mw =27 000; PDI = 1.80

9.8 wt% of DOX
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Fig 111.1 Synthesis of MBZ derivatives and PHPMA conjugate of MBZ. Simplified schematic of synthesis
of derivatives B-956 (top), and B-957 (middle) and PHPMA conjugate of MBZ B-967 (bottom).
Scheme was obtained from IMC.
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IV. Methods

IV.1. Cell line propagation

The murine cancer cell lines were obtained from ATCC with the exception of P388
and P388/MDR cells which were obtained from Prof. I. Lefkovits (Basel Institute for
Immunology, Basel, Switzerland). All lines were propagated in culture cell media as
described in chapter I11.2. at 37 °C in a 5% CO, atmosphere in cell culture flasks (Nunclon,
Denmark). The cell lines were regularly tested for mycoplasma infection (MycoAlert
Mycoplasma Detection Kit, Lonza, Switzerland).

The P388/MDR cells were continuously grown in the presence of 750 ng/ml
doxorubicin to maintain the MDR-phenotype. One day before each experiment, the cells were
grown in doxorubicin-free culture medium.

Cells were passaged and/or used for in vitro or in vivo experiments at the height of the
log phase of growth. All adherent cell types were removed from the surface of the flask after
incubating with a solution of trypsin for several minutes. Viability of cells used for in vitro
experiments was always higher than 85%. Cell numbers and viability were determined based
on trypan blue staining using a Countess automatic cell counter (Life technologies, Czech
Republic).

1V.2. [*H]-thymidine incorporation assay

To test the cytostatic effect of anticancer drugs, cell growth inhibition was determined
using the [*H]-thymidine incorporation assay. The cells of a tested line (0.5%10* in the case of
LL2, EL4, BCL1 and CT26 lines; 1.0x10* in the case of B16F10, P388 and P388/MDR lines)
were seeded onto a 96-well flat-bottomed tissue culture plate (Nunc, Denmark). A range of
concentrations of the tested compound was created by diluting storage solution in the
respective culture medium and added to the wells to reach final volume of 250 ul/well.
Control cells were cultured with the same volume of medium alone. The samples of those
drugs which were dissolved in DMSO (MBZ, Carf, 17-DMAG and ABT-737) were diluted so
that the final concentration of DMSO in the wells was always lower than 1/100. All used cell
lines were tested to confirm that at such low concentrations, DMSO had no effect on cell
proliferation or mitochondrial metabolism. Quartet of wells was used for each test condition.

Plates were incubated at 37 °C in a 5% CO, atmosphere for 72 hours. For the last 6 hours of
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incubation, each well was pulsed with 1 pCi (37 kBq) of [°H]-thymidine (PerkinElmer, USA)
added in 50 pl. The cells from each well were then collected using a cell harvester (Tomtec,
USA) and the radioactivity of each well was measured with a scintillation counter (1450
MicroBeta TriLux, Wallac, Finland). The inhibition of tumor cell growth was expressed as
the half-inhibitory concentration (IC50), i.e. the concentration of the tested compound
inhibiting the cell proliferation compared to control cells by 50%. Data obtained in this way
were analyzed using Prism software (GraphPad Software). All IC50 values shown in this

work represent a mean of at least three independent experiments.

IV.3. MTT assay

As an alternative measure of in vitro anticancer drug efficiency, mitochondrial activity
inhibition was determined using the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl
tetrazolium bromide) assay. The cells of a tested line (0.5x10* in the case of LL2, EL4 and
CT26 lines; 1.0x10* in the case of B16F10 lines) were seeded onto a 96-well flat-bottomed
tissue culture plate (Nunc, Denmark) along with arange of concentrations of tested
substances and incubated as described in 1V.2. After the 72h incubation, the plates were
centrifuged at 1200 rpm for 5 minutes at 4°C using a Rotanta 460R (Hettich, Germany)
centrifuge and supernatant was removed. 100 pl of culture medium were added to each well
along with 20 pl of MTT (Sigma-Aldrich) and cells were allowed to metabolize at 37 °C in
a 5% CO, atmosphere for ~1 hour. Formazan crystals were then dissolved in DMSO and
absorbance was measured using Tecan Infinite 200 (Tecan, Germany) at 540 nm using
reference value of 690 nm. Half maximal effective concentration (EC50) was calculated as
the concentration of the tested compound inhibiting the mitochondrial metabolism compared
to control cells by 50%. Data obtained in this way were analyzed using Prism software. All
EC50 values shown in this work represent a mean of at least two independent experiments

unless otherwise noted.

IV.4. MTD determination

HPMA copolymer-bound MBZ polymers B-967/1-B-967/3 were tested in vivo in
C57BL/6 mice to determine the maximum tolerated dose (MTD). MTD was defined as the
highest dose which causes none of the following: 1) relative loss of 15% or more of starting

weight; 2) observable signs of severe toxicity, such as abnormal behavior and motion patterns
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suggestive of neurologic toxicity or other marks of distress including visible cachexia, stiff
posture or ruffled fur; or 3) death of any animals in the tested group.

B-967 conjugate was dissolved in sterile PBS to appropriate concentration and injected
intravenously (i.v.) into tail veins in the case of B-967/1 and 2 or intraperitoneally (i.p.) in the
case of B-967/3. Injected volumes varied from 250 to 500 pl for i.v. application and up to
1 ml for i.p. application, depending on the batch and the dose applied. Control mice were
injected in the same way and with equal volume of sterile PBS.

Mice weight was recorded before application and mice were periodically observed for

toxicity and weight changes and death of animals were recorded.

IVV.5. Determination of anti-tumor activity

Anti-tumor activity of B-967/2 conjugate was measured in the models of LL2, EL4
(C57BL/6 mice) and BCL1 (BALB/c) tumors. Growth of LL2 and EL4 tumors was induced
by subcutaneously (s.c.) injecting 10° (LL2) or 10° (EL4) cells into a shaved area on the lower
back of the mice. The resulting tumors were therefore accessible for periodic measurement
with calipers and visual control to assess tumor progression. Growth of BCL cells was
induced by i.p. injecting 5x10° BCL1 cells, the tumor growth therefore occurred within
peritoneal cavity and tumor progression was assessed mainly via determination of mouse
body weight. All tumor cells were applied in 100 pl of serum-free medium, cell numbers and
viability were determined using Countess automated cell counter. Viability of applied cells
was always >90%.

Tumors were observed after transplantation and upon reaching certain size (~5-8 mm in
diameter) the mice were randomly divided into groups for treatment. As mice bearing BCL1
leukemia do not develop visible signs of tumor growth until later phases of disease
progression, the mice in this experiment were treated on a fixed day according to standard
practice in our laboratory. B-967/2 conjugate was dissolved in sterile PBS to appropriate
dosing and injected i.v. into the tail vein. Injected volume varied from 250 to 500 ul
depending on the dose applied. Control mice were i.v. injected with equal volume of sterile
PBS.

Tumor size at the time of treatment was recorded before application and mice were
periodically observed afterwards. Tumor progression measured by tumor growth (LL2, EL4)
and mouse weight (BCL1) as well as the death of animals were recorded.
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IVV.6. Determination of reticulocyte % using flow cytometry

The percentage of reticulocytes in the erythrocyte population was determined by
FACS analysis of peripheral blood samples in order to test the bone marrow toxicity [179] of
the HPMA copolymer-bound MBZ polymer B-967/3. On day 0, C57BL/6 mice were i.p.
treated with B-967/3 at a range of doses chosen in order to span the range from the expected
MTD to a much lower dose with lower expected toxicity. B-967/3 was dissolved in sterile
PBS and applied intraperitoneally in the volume of 1 ml; control mice were treated with the
same volume of sterile PBS.

We also considered the possibility that mouse erythropoiesis might be stimulated by
feedback loops started by the blood loss caused by collection of even a small amount of
peripheral blood if it was repeated within days. To ensure that the possible effect of different
scheme of blood collection between the treated groups of mice was properly accounted for,
we established two control groups to test the effect of repeated blood collection from the tail
vein in different regimens. Control 1 group consisted of three mice, with two of them
subjected to bleeding for samples and the third resting at the given time point. Control 2 group
contained four mice, with two being bled and two resting at each time point. The mice in each
group were individually marked by puncturing their earlobes, which allowed for tracking the
individual reticulocyte percent values over the consecutive time points.

Peripheral blood samples were collected on days 1, 2, 3, 4, 6, 8, 10 and 13 after
application by gently incising the tail with a hypodermic needle tip to cause bleeding, then
collecting the needed amount (~15ul) with a Gilson micropipette with tip lightly coated with
heparin. Until day 8, only a subset of mice was subjected to sample collection on every time
point (see also Figs V.17 — 19). These were chosen in accordance with the scheme described
for control mice in the previous paragraph. From day 10 onward, all mice were bled for
samples at each time point.

2.5 pl of blood from each sample were then stained with 250 ul of thiazol orange
Retic-Count reagent [180]. Unstained samples were prepared by incubating 2.5 ul of blood
with 250 pl of PBS. All samples were left to incubate at room temperature in dark for 30
minutes before measurement. Samples were analyzed on LSR Il flow cytometer (BD
Biosciences) within 3 hours after blood collection. Erythrocytes were identified and gated
based on forward scatter and side scatter and the percentage of thiazol orange positive
reticulocytes in the erythrocyte population was measured. A total of 50000 erythrocytes were

analyzed in each sample. Data were evaluated in FlowJo software (Tree Star).
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IV.7. Preparation and analysis of histology samples

A representative C57BL/6 mouse from a group treated with B-967/3 as described in
chapter IV.6. was euthanized on day 3 by cervical dislocation. The mouse was then autopsied
and liver, kidney, lung, heart, brain and femur were gently removed and allowed to fixate in
4% formaldehyde (Sigma-Aldrich) for at least 24 hours at room temperature. Tissue sections
were prepared and stained with haematoxylin and eosin (P-lab, Czech Republic) according to
the standard protocol. Specimens were afterwards analyzed for signs of acute tissue toxicity.
Section preparation, decalcifying of the femur samples, staining and all analyses were
performed at the Institute of Microbiology, CAS, v.v.i., Prague by MUDr. Pavel Rossmann,
DrSc.
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V. Results

V.1. Effect of mebendazole in vitro

V.1.1. Screening for cytostatic efficacy of several drugs in murine cancer cell lines
We performed a screening of cytostatic activity of a small panel of novel and/or repositioned
therapeutics. This screening was done by testing each drug in two murine cancer cell lines,
LL2 Lewis lung carcinoma and EL4.IL2 T-cell lymphoma, using [*H]-thymidine
incorporation assay (Fig V.1). The obtained values of IC50 for several of the tested
substances (Table V.1) showed inhibition of proliferation comparable with that of
doxorubicin (DOX), a commonly used anticancer agent we used as the benchmark.
Carfilzomib (Carf) and alvespimycin (17-DMAG), as well as mebendazole (MBZ), showed
IC50 values comparable to DOX in LL2 cells. In the case of EL4.IL2 cell line, IC50 of 17-
DMAG and MBZ were approximately half an order of magnitude higher than IC50 of DOX
while Carf was slightly more effective in suppressing proliferation than DOX. ABT-737 was
only poorly effective in both cell lines, with IC50 two orders of magnitude higher than DOX.
Thus, simple anthelminthic drug mebendazole, freely available in other indications, possesses
cytostatic activity in vitro comparable to DOX, a potent and widely used anticancer drug. This
suprising and highly interesting finding led us to focus on MBZ and investigate its potential

anticancer activity.

Table V.1 Mean IC50 values for Carfilzomib, Alvespimycin, Mebendazole, ABT-737 and Doxorubicin in
LL2 and ELA4.1L2 cell lines.*

Drug LL2 EL4.1L2
Carfilzomib 25+11 5+0.7
Alvespimycin 57412 75425
Mebendazole 67+11 60+7

ABT-737 4499+1884 12444328
Doxorubicin 60+18 1143

*LL2 and EL4.1L2 cells were seeded onto 96-well plates and incubated with a range of concentrations of each
drug for 72h. [*H]-thymidine was added for the last 6 hours of incubation. Cells were harvested and
radioactivity measured. The activity of control cells was always higher than 25 000 cpm/well. IC50 values
(ng/ml) were calculated as the concentration of drug which inhibited the incorporation of tracer to 50% of
control cells; mean 1C50 values + standard deviations presented in this table were obtained from at least three
independent experiments.
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Figure V.1 Representative curves of [*H]-thymidine incorporation assay for Carfilzomib,
Alvespimycin, Mebendazole, ABT-737 and Doxorubicin in LL2 and EL4.IL2 cell lines. LL2
(black lines) and EL4.IL2 cells (blue lines) were seeded onto 96-well plates and incubated with a range
of concentration of each drug for 72h under standard culture conditions. [*H]-thymidine was added for
the last 6 hours of incubation. Cells were harvested and radioactivity measured. The results are shown
as the inhibition of the proliferation of the exposed cells relative to the controls (cells incubated with
medium alone). The activity of control cells was always higher than 25 000 cpm/well. Results shown in
this figure were obtained from at least three independent experiments.

Note that the significantly lower cytostatic activity of ABT-737 necessitated using much higher
concentrations of the drug.
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V.1.2. Cytostatic activity of mebendazole in a panel of murine cancer cell lines
MBZ has extremely low solubility in aqueous environments, thus the synthesis of HPMA
copolymer-bound MBZ derivative could be a promising approach to exploit anti-cancer
activity of MBZ. As an added benefit, MBZ is a repurposed drug, its safety for human use
already well established in its original indication as an anthelmintic agent.

We proceeded to test the anti-proliferative effect of MBZ in several cell lines in vitro. In
addition to LL2 and ELA4.IL2 cells, both syngeneic with C57BL/6 mice, the tested panel
included B16F10, CT26 and BCL1.

The results (Fig V.2) show that MBZ is highly effective against a diverse range of tumor cell
lines, including lines of haematopoietic, epithelial and other origins, and cells derived from
both C57BL/6 and BALB/c background. Comparison of 1C50 values (Table V.2) shows that
relative to DOX, MBZ is almost as effective in LL2 cells, by approximately half an order of
magnitude less effective in EL4.1L2, B16F10 and CT26 lines and by one order of magnitude
less effective in the case of BCL1 cells.

Table V.2 Mean IC50 values for Mebendazole and Doxorubicin in LL2, EL4.1L2, B16F10, BCL1 and
CT26 cell lines.*

Cell line MBZ DOX
LL2 67411 60418
EL4.1L2 6047 1143
B16F10 8145 1946
BCL1 3949 342
CT26 6842 2443

*LL2, EL4.1L2, B16F10, BCL1 and CT26 cells were seeded onto 96-well plates and incubated with a range
of concentrations of MBZ or DOX for 72h. [*H]-thymidine was added for the last 6 hours of incubation. Cells
were harvested and radioactivity measured. 1C50 values (ng/ml) were calculated as the concentration of drug
which inhibited the incorporation of tracer to 50% of control cells. The activity of control cells was always
higher than 25 000 cpm/well. Mean IC50 values + standard deviations presented in this table were obtained
from at least three independent experiments.
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Figure V.2 Representative curves of [*H]-thymidine incorporation assay for Mebendazole and
Doxorubicin in LL2, EL4.1L2, B16F10, BCL1 and CT26 cell lines. LL2, EL4.IL2, B16F10, BCL1 and
CT26 cells were seeded onto 96-well plates and incubated with a range of concentrations of MBZ (blue lines)
or DOX (black lines) for 72h under standard culture conditions. [*H]-thymidine was added for the last 6 hours
of incubation. Cells were harvested and radioactivity measured. The results are shown as the inhibition of the
proliferation of the exposed cells relative to the controls (cells incubated with medium alone). The activity of
control cells was always higher than 25 000 cpm/well. Results shown in this figure were obtained from at least
three independent experiments.
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V.1.3. Cytotoxic activity of mebendazole in murine cancer cell lines

To further confirm the antitumor effect of mebendazole, we measured mitochondrial
metabolism and evaluated cytotoxic efficacy of mebendazole in vitro using the MTT assay.
A panel of cancer cell lines was used, including LL2, EL4.1L2, CT26 and B16F10 cells, and
DOX was used for comparison. Fig V.3 and Table V.3 show that MBZ exhibits virtually
identical effect as DOX in LL2 and CT26 cells, while for EL4.IL2 cells the result is
analogous to the difference between the cytostatic activity as described in V.1.2 and V.1.1. In
B16F10 cells, EC50 of MBZ was markedly higher than that of DOX, possibly suggesting that
MBZ is slightly more effective in suppressing the proliferative capacity of this cell line than
directly killing the cells.

In most cell lines, cytostatic activity of MBZ measured via [*H]-thymidine incorporation
assay corresponded well to the cytotoxic activity measured via MTT assay. Therefore,
considering the higher sensitivity of [*H]-thymidine incorporation assay, we continued to rely
on measuring cytostatic activity to assess and compare the effectiveness of newly synthesized

derivatives and HPMA conjugates.

Table V.3 Mean EC50 values for Mebendazole and Doxorubicin in LL2, EL4.1L2, B16F10 and CT26
cell lines.*

Cell line MBZ DOX
LL2 57+14 58427
EL4.IL2 5344 1244
B16F10 199 46+25
CT26 7743 67

*LL2, EL4.1L2, B16F10 and CT26 cells were seeded onto 96-well plates and incubated with a range of
concentrations of MBZ or DOX for 72h. After incubation, plates were centrifuged and supernatant removed.
20ul of MTT were added and the cells were allowed to metabolize for approx. 1 hour before formazan
crystals were dissolved in DMSO and absorbance was measured. EC50 values (ng/ml) were obtained; mean
EC50 values + standard deviation presented in this table were obtained from at least three independent
experiments except for EC50 of MBZ in B16F10 and DOX in CT26 cell lines which are representative
values.
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Figure V.3 Representative curves of MTT assay for Mebendazole and Doxorubicin in LL2,
EL4.1L2, B16F10 and CT26 cell lines. LL2, EL4.IL2, B16F10 and CT26 cells were seeded onto 96-
well plates and incubated with a range of concentrations of MBZ (blue lines) or DOX (black lines) for
72h. After incubation, plates were centrifuged and supernatant removed. 20ul of MTT were added and
cells were allowed to metabolize for approx. 1 hour before formazan crystals were dissolved in DMSO
and absorbance was measured. The results are shown as the inhibition of the metabolic activity of the
exposed cells relative to the controls (cells incubated with medium alone). Data shown represent mean
values + standard deviations derived from three separate experiments.

5.1.4. Sensitivity of mebendazole to Pgp-mediated multidrug resistance

Considering the fact that the phenomenon of multiple drug resistance (MDR) is a crucial
factor contributing to unfavourable prognosis and treatment failure in many cancer types, we
tested cytostatic efficacy of MBZ in sensitive P388 and resistant P388/MDR cell lines to
establish if it is subject to transport via Pgp (Fig V.4, Table V.4). The obtained results clearly
show that while DOX was highly effective in P388 cells but several orders of magnitude less
effective in the resistant P388/MDR line, MBZ showed the same level of effectiveness in both
the sensitive and the resistant cell lines. This suggests that MBZ is not subject to MDR

mediated by expression of Pgp in the P388/MDR cell line, further increasing its potential.
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Table V.4 Mean IC50 values for Mebendazole and Doxorubicin in P388 and P388/MDR cell lines.*

Cell line MBZ DOX
P388 36+24 15+4
P388/MDR 66+20 6495+1954

*P388 and P388/MDR cells were seeded onto 96-well plates and incubated with a range of concentrations of
MBZ or DOX for 72h. [*H]-thymidine was added for the last 6 hours of incubation. Cells were harvested and
radioactivity measured. 1C50 values (ng/ml) were calculated as the concentration of drug which inhibited the
incorporation of tracer to 50% of control cells. The activity of control cells was always higher than 25 000
cpm/well except in case of P388 cells, in which they were always higher than 10 000. Mean 1C50 values +
standard deviations presented in this table were obtained from at least three independent experiments.
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Figure V.4 Representative curves of [*H]-thymidine incorporation assay for Mebendazole and
Doxorubicin in P388 and P388/MDR cell lines. P388 and P388/MDR cells were seeded onto 96-well
plates and incubated with a range of concentrations of MBZ (blue lines) or DOX (black lines) for 72h
under standard culture conditions. [*H]-thymidine was added for the last 6 hours of incubation. Cells
were harvested and radioactivity measured. The results are shown as the inhibition of the proliferation
of the exposed cells relative to the controls (cells incubated with medium alone). The activity of control
cells was always higher than 25 000 cpm/well except in case of P388 cells, in which it was always
higher than 10 000. Results shown in this figure were obtained from at least three independent
experiments.

V.1.5. Testing the cytostatic activity of synthesised mebendazole derivatives B-956
and B-957

Two derivatives, labelled B-956 and B-957 (see Materials), were synthesized by
a collaborating laboratory at the Institute of Macromolecular Chemistry (IMC) with the aim to
enable binding MBZ to HPMA copolymer backbone. These compounds were then tested in
LL2 and EL4.1L2 cell lines (Fig V.5, Table V.5) in order to evaluate the effect the bond used
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in each derivative had on their anti-proliferative effect. This was done to choose the more
promising chemical approach for conjugation with HPMA.. Results showed that the derivative
B-956 was more effective in both LL2 and EL4.IL2 cell lines, retaining the level of
effectiveness of MBZ (compare Figs V.1 and V.2). Coupled with the fact that B-956 showed
slightly better solubility, the bond chosen for use in conjugating MBZ to HPMA copolymer

was based on B-956.

Table V.5 Mean IC50 values for B-956 and B-957 in LL2 and EL4.1L2 cell lines.*

Cell line B-956 B-957
LL2 68+14 104424
EL4.1L2 61+15 115+18

*LL2 and EL4.IL2 cells were seeded onto 96-well plates and incubated with a range of concentrations of B-956 or
B-957 for 72h. [*H]-thymidine was added for the last 6 hours of incubation. Cells were harvested and radioactivity
measured. 1C50 values (ng/ml) were calculated as the concentration of drug which inhibited the incorporation of
tracer to 50% of control cells. The activity of control cells was always higher than 25 000 cpm/well. Mean 1C50
values =+ standard deviations presented in this table were obtained from at least three independent experiments.
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Figure V.5 Representative curves of [°H]-thymidine assay for B-956 and B-957 in LL2 and EL4.IL2 cell lines.
LL2 and EL4.1L2 cells were seeded onto 96-well plates and incubated with a range of concentrations of B-956 (black
lines) or B-957 (blue lines) for 72h under standard culture conditions. [*H]-thymidine was added for the last 6 hours
of incubation. Cells were harvested and radioactivity measured. The results are shown as the inhibition of the
proliferation of the exposed cells relative to the controls (cells incubated with medium alone). The activity of control
cells was always higher than 25000 cpm/well. Results shown in this figure were obtained from at least three
independent experiments.
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V.1.6. Testing the cytostatic activity of HPMA copolymer-bound derivative of
mebendazole, B-967/1

The first batch of compound labelled B-967 (B-967/1; see Materials) with MBZ bound to
HPMA copolymer backbone with a carbamate bond based on the B-956 derivative, was
prepared by the collaborators at IMC. This conjugate was then tested for its in vitro anticancer
effect in LL2, EL4.1L2 and BCL1 cell lines using [*H]-thymidine incorporation assay. These
cell lines were planned to be used in following therapeutic experiments in vivo. Fig V.6 and
Table V.6 show that upon binding to HPMA, in vitro cytostatic effectiveness compared with
that of free MBZ and B-956 slightly decreased; this is a commonly seen phenomenon.

B-967/1 nonetheless possessed acceptable effectiveness in all three tested lines.

Table V.6 Mean IC50 values for B-967/1 and MBZ in LL2, EL4.1L2 and BCL1 cell lines.*

Cell line B-967/1 MBZ
LL2 134438 67+11
EL4.1L2 138+18 6047
BCL1 70424 3949

*LL2, EL4.1L2 and BCL1 cells were seeded onto 96-well plates and incubated with a range of concentrations of
B-967/1 or MBZ for 72h. [°H]-thymidine was added for the last 6 hours of incubation. Cells were harvested and
radioactivity measured. 1C50 values (ng/ml MBZ eq.) were calculated as the concentration of drug which
inhibited the incorporation of tracer to 50% of control cells. The activity of control cells was always higher than
25 000 cpm/well. Mean IC50 values + standard deviations presented in this table were obtained from at least
three independent experiments.

Due to the unique properties of the bond used in B-967 to bind B-956 to the HPMA
copolymer backbone (see chapters 111.5.2 and V1), exposition of B-967 conjugate to in vitro or
in vivo experimental conditions would result in release (with t,, of several hours) of free MBZ
and not the MBZ derivative used for binding to the backbone. Therefore, in any subsequent in
vitro testing, B-967 sample concentrations would be compared directly with the equivalent
concentrations of MBZ to evaluate the variations of in vitro activity, e.g. between the batches
of B-967 (see chapter V.2.5 and V.2.7).
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Figure V.6 Representative curves of [*H]-thymidine incorporation assay for B-967/1 and
Mebendazole in LL2, EL4.1L2 and BCL1 cell lines. LL2, EL4.IL2 and BCL1 cells were seeded onto
96-well plates and incubated with a range of concentrations of B-967/1 (black lines) or MBZ (blue
lines) for 72h under standard culture conditions. [*H]-thymidine was added for the last 6 hours of
incubation. Cells were harvested and radioactivity measured. The results are shown as the inhibition of
the proliferation of the exposed cells relative to the controls (cells incubated with medium alone). The
activity of control cells was always higher than 25 000 cpm/well. Results shown in this figure were
obtained from at least three independent experiments.

Minor problem arising from the aforementioned unique character of the bond in B-967
samples is that the release of MBZ from the conjugate occurs in aqueous environment
somewhat faster than the usual kinetics of DOX release from DOX containing conjugates (see
chapter V1).

Antitumor effectiveness of B-967/1 observed in vitro coupled with its greatly improved
solubility in aqueous environments allowed us to proceed to in vivo application and testing of

toxicity and therapeutic activity.

V.2. Toxicity and antitumor activity of mebendazole in vivo

As a first step after moving to in vivo conditions, we determined the maximum tolerated dose
(MTD; see Methods) of B-967/1 in order to plan the treatment regimen and dosage for
subsequent therapeutic experiments. These would be performed on mice bearing syngeneic
murine tumors induced by subcutaneous injection of defined number of cells from tumor cell
lines used to test MBZ, B-956 and B-967 in vitro.
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Since the doses used in in vivo experiments required administration of large quantities of B-
967 sample and the synthesis was both laborious and time consuming, it was impossible to
use the available amount of B-967/1 to both determine MTD and perform the therapeutic
experiments. The plan was that first, MTD would be determined with B-967/1, and later
batches, beginning with B-967/2, would then be used to treat tumor-bearing mice. The
reasoning behind this line of thought was that with the synthesis process being identical
between batches, the resulting product would likewise retain very similar level of toxicity,
with only minor alterations due to the unavoidable slight differences in molecular weight,

polydispersity and weight percentage of MBZ bound to HPMA backbone in the given batch.

V.2.1.Toxicity of B-967/1

C57BL/6 mice were intravenously (i.v.) injected with B-967/1 dissolved in sterile PBS and
administered in doses equivalent to 80 mg/kg and 120 mg/kg MBZ, respectively. Mice were
observed for general signs of toxicity and their weight was recorded. Resulting data (Fig V.7)
shows that the MTD for B-967/1 was determined to be higher than 120 mg/kg, as mice in
neither group underwent a drop in body weight of 15% or more and no signs of overt toxicity

were observed.
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Figure V.7 Determination of MTD of conjugate B-967/1. Mice (n=2) were i.v. administered B-967/1
dissolved in sterile PBS in doses of 80 (red) resp. 120 (green) mg/kg of MBZ eq. Control mice (blue)
were i.v. treated with sterile PBS. Mice were then observed for signs of toxicity and their body weight
changes (shown in %) were recorded.
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V.2.2. Toxicity of B-967/2

Next, we were supplied with the second batch of B-967 (B-967/2) from the laboratory at IMC.
We i.v. administered B-967/2 at 140 mg/kg and 160 mg/kg MBZ equivalent in order to
evaluate the actual MTD value. It needs to be mentioned that at such high dosage, the
concentration of the conjugate seemed to markedly affect its solubility. Despite the visibly
increased viscosity of the applied solution, the mice were however successfully administered
the stated doses and subsequently were observed for signs of toxicity and their weight was
recorded.

The weight of the mice in the groups treated with B-967/2 started dropping rapidly after
administration of either dose of B-967/2 (Fig V.8). The treated mice exhibited signs of severe
toxicity and distress, such as a drop in body temperature, trembling, uncharacteristically stiff
posture and/or unusual patterns of motion and ruffled fur. Following these symptoms, mice
started dying within a day after administration of B-967/2, and all mice from both treated
groups were dead by 6™ day after administration of the drug.

Therefore, combined with the previous results, we concluded that the MTD of the conjugate
was between 120 and 130 mg/kg MBZ eq.
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Figure V.8 Determination of MTD of conjugate B-967/2. C57BL/6 mice (n=3) were i.v. administered B-967/2 dissolved in
sterile PBS in doses of 140 (green) resp. 160 (red) mg/kg of MBZ eq. Control mice (blue) were i.v. treated with sterile PBS.
Mice were then observed for signs of toxicity and their weight changes (left; shown in %) and survival (right; shown as % of
surviving mice) were recorded.
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V.2.3. Antitumor efficacy of HPMA copolymer-bound mebendazole conjugate in
Vivo

We decided to test the antitumor efficacy of the conjugate, first in LL2 lung carcinoma
bearing mice. C57BL/6 mice were s.c. injected with LL2 cells on day 0 and on day 6 treated
i.v. with a single bolus dose of 110 mg/kg MBZ eq. of B-967/2. Linear HPMA
copolymer-bound DOX conjugate B-732 (see chapter 111.5.2) dosed at 82 mg/kg DOX eq.
(i.e. MTD) was used for comparison of antitumor effect.

Results (Fig V.9) show that mice treated with B-967/2 at 110 mg/kg, a dose previously
believed to be well below MTD, exhibited signs of severe toxicity as described in V.2.2 and
all died within 5 days after application. Mice treated with B-732, on the other hand, showed

slightly slower tumor growth and prolonging of survival.
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Figure V.9 Therapeutic activity of B-967/2 and B-732 conjugates in the model of LL2 murine
non-small-cell lung carcinoma. C57BL/6 mice (n=7) were s.c. injected with 10° LL2 cells to elicit
tumor growth on day 0. On day 6, mice were i.v. treated with B-967/2 (red) at a dose of 110 mg/kg
MBZ eq., resp. with B-732 (green) at a dose of 82 mg/kg DOX eq. Control mice (blue) were i.v. treated
with sterile PBS. Tumor size was measured (top; shown in mm?) and survival (bottom; shown as % of
surviving mice) recorded until day 43.

62



Thus, we decreased the dose of B-967/2 in the next therapeutic experiment. C57BL/6 mice
were s.c. injected with EL4 cells on day 0 and treated with a bolus of 80 mg/kg MBZ eq. of
B-967/2 on day 9. Results (Fig V.10) show that this dose still caused the mice to exhibit signs
of toxicity; approximately half of the mice died within 5 days after application while the other
half fully recovered. The mice that survived the application showed slower tumor growth and

slight prolonging of survival in comparison with the control group.
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Figure V.10 Therapeutic activity of B-967/2 conjugate in the model of EL4 murine T-cell
lymphoma. C57BL/6 mice (n=7) were s.c. injected with 10° EL4 cells to elicit tumor growth on day 0.
On day 9, mice were i.v. treated with B-967/2 (red) at a dose of 80 mg/kg MBZ eq. Control mice (blue)
were i.v. treated with sterile PBS. Tumor size (top, shown in mm?) was measured and survival (bottom,
shown as % of surviving mice) recorded until day 36.

Since the mice still exhibited signs of severe toxicity when treated with 80 mg/kg MBZ eq. of
B-967/2, we decided to further decrease the dosing for the next experiment and introduce
another group, in which mice would be treated with three injections of higher cumulative dose

administered over three consecutive days.
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Therefore, BALB/c mice were i.p. injected with BCL1 cells on day 0, then i.v. treated with
a single bolus dose of 60 mg/kg MBZ eq. of B-967/2 on day 12 or sequentially with three
doses of 30 mg/kg MBZ eq. of B-967/2 on days 12, 13 and 14. Results (Fig V.11) showed
that the mice were not exhibiting any major signs of toxicity. The group treated with the bolus
of 60 mg/kg MBZ eq. of B-967/2 showed just a very minor and short weight drop of no long
term significance. Unfortunately, as evidenced with data showing weight and survival of
BCL1 leukemia bearing mice, neither treatment scheme proved effective in this tumor model.
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Figure V.11 Therapeutic activity of B-967/2 conjugate in the model of BCL1 murine B-cell leukemia. BALB/c
mice (n=7) were i.p. injected with 5x10° BCL1 cells to elicit tumor growth on day 0. On day 12, mice from the bolus
treated group (red) were i.v. treated with B-967/2 at a dose of 60 mg/kg MBZ eq. Mice from the sequentially treated
group (green) were administered B-967/2 at a dose of 30 mg/kg MBZ eq. on days 12, 13 and 14. Control mice (blue)
were i.v. treated with sterile PBS in the same scheme. Mouse weight was measured (top left, detail of weight
changes at time of application, shown in %; top right, weight over longer period, shown in g) and survival (bottom,
shown as % of surviving mice) recorded until day 53.

V.2.4. Elucidating the toxicity of B-967/2

After the failure of batch 967/2 in in vivo experiments, we strived to determine the reason of
its unexpectedly high toxicity. Data collected in vitro showed no difference of the cytostatic
effect between B-967/1 and B-967/2 (Table V.7). This led us to hypothesise that either the

effect was caused by an increased sensitivity of tumor bearing mice towards MBZ-induced
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toxicity compared to tumor-free mice, or else B-967/2 was a somewhat faulty batch. The
latter hypothesis was corroborated by the observation that B-967/2 showed slightly worse

solubility in PBS than B-967/1, with the resulting solution being more viscous.

Table V.7 Mean 1C50 values for B-967/1, B-967/2 and MBZ in LL2 and ELA4.I1L2 cell lines.*

Cell line B-967/1 B-967/2 MBZ
LL2 134438 149+38 67+11
EL4.IL2 138+18 12443 60+7

*LL2 and EL4.IL2 cells were seeded onto 96-well plates and incubated with a range of concentrations of B-967/1, B-967/2
or MBZ for 72h. [®H]-thymidine was added for the last 6 hours of incubation. Cells were harvested and radioactivity
measured. 1C50 values (ng/ml MBZ eq.) were calculated as the concentration of drug which inhibited the incorporation of
tracer to 50% of control cells. The activity of control cells was always higher than 25 000 cpm/well. Mean 1C50 values +

standard deviations presented in this table were obtained from at least three independent experiments.

First, we ruled out the former hypothesis by i.v. administering the same dose of 110 mg/kg
MBZ eq. to both LL2 tumor-bearing and tumor-free mice. Mice in both groups exhibited the
signs of toxicity as described earlier (Table V.8) and all died within 3 days after application,

regardless of the tumor burden (Fig V.12).

Table V.8 Signs of toxicity in LL2 tumor-bearing and tumor-free C57BL/6 mice.*

Weight (g) Rectal temperature (°C)
Day Tumor-free LL2 Tumor-free LL2
D1 (T+0) 25,6 26,9 25,1 237 physiological
D1 (T+6h) 24,3 26,1 24,6 22,4 31,7 30,6 33,5 31,6
D2 22,8 24,9 23,6 21,2 29,3 EX 28,4 28,1
D3 EX

*C57BL/6 mice were randomly divided into two groups (n=2) and one group was s.c. injected with 10° LL2 cells
on day 0. On day 7, both LL2 tumor-bearing and control tumor-free mice were i.v. treated with B-967/2 at a dose of
110 mg/kg MBZ eq. Mice were then observed for signs of toxicity, their weight and rectal temperature were
measured and survival was recorded. Table shows collected data on weight and rectal temperature of the individual
mice. Death of mice is marked with “EX”".
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Figure V.12 Comparison of toxicity between LL2 tumor-bearing and tumor-free mice. C57BL/6
mice were randomly divided into two groups (n=2) and one group was s.c. injected with 10° LL2 cells
on day 0. On day 7, both LL2 tumor-bearing (red) and control tumor-free (blue) mice were i.v. treated
with B-967/2 at a dose of 110 mg/kg MBZ eq. Mice were then observed for signs of toxicity, their
weight and rectal temperature were measured and survival was recorded. (Data shows % of surviving
mice.)

Afterwards, additional testing of B-967/2 at the IMC laboratory proved that molecular weight
of B-967/2 was significantly higher than was originally reported based on approximation from
the value for B-967/1 (Table V.9), likely due to unwanted cross-linking of the polymer, which
accounted for the worse solubility of the batch. The resulting increase in viscosity proved to
be fatal for mice in higher doses, most likely by mechanism of embolism by the viscous and
poorly soluble substance at the time of application, which possibly contributed to and
potentiated the toxicity of MBZ itself.

Table V.9 B-967/2 molecular weight*

B-967/2 B-967/2
Batch B-967/1
(reported) (actual)
Molecular
: ~50000 150000 51000
weight

*The molecular weight of B-967/2 as originally reported in comparison with the value actually measured and the
previously known value for B-967/1.
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V.2.5. In vitro and in vivo testing of B-967/3

We administered B-967/3 in doses of 140 mg/kg and 160 mg/kg MBZ eq. delivered via
asingle bolus as well as in four sequential doses of 25 mg/kg and 40 mg/kg MBZ eq.
delivered over four consecutive days. Another change was that from this time onward, we
performed the administration not intravenously but intraperitoneally (i.p.), reasoning that
while being comparable from the pharmacokinetic standpoint [181], this mode of application
should limit the potential adverse effects derived from high viscosity of the conjugates and
should eliminate the risk of massive embolism we observed with B-967/2.

Results (Fig V.13) once again showed marked toxicity and we saw quick death of animals in
all i.p. treated groups except the group which received 4x25 mg/kg MBZ eq. The application
itself was once again complicated by poor solubility of B-967/3 in high concentrations
required for administering high single bolus dose. This poor solubility might account for the
single survivor in the 160 mg/kg treated group, which showed relatively little marks of
toxicity. In the peritoneal cavity of this mouse, B-967/3 likely created a deposit which
released the drug only slowly into circulation. Results led us to conclude that the MTD for
this batch was lower than 140 mg/kg MBZ eq. for single bolus and ~4x25 mg/kg MBZ eq. for

sequential administration over four consecutive days.
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Fig V.13 Determination of MTD of conjugate B-967/3. C57BL/6 mice (n=2) were i.p. administered B-967/3 dissolved
in sterile PBS in bolus doses of 140 (purple) resp. 160 (light blue) mg/kg of MBZ eq. or in doses of 25 (red) resp. 40
(green) mg/kg MBZ eq. injected i.p. four times on four consecutive days. Control mice (dark blue) were i.p. treated with
an equivalent amount of sterile PBS. Mice were then observed for signs of toxicity and their weight (top right, detail top

left; shown in %) and survival (bottom, shown as % of surviving mice) were recorded.
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Testing B-967/3 in vitro revealed that batch B-967/3 possessed remarkably higher cytostatic
activity than B-967/1 (Fig V.14 and Table V.10) in both LL2 and EL4.IL2 cells. In fact, the
cytostatic effect of B-967/3 was comparable with that of free MBZ and B-967/3 thus did not
show the reduction of in vitro activity seen in B-967/1 and B-967/2 (see also Figs V.6 and
V.23). This could be explained by presence of a higher content of unbound MBZ in B-967/3
or by a markedly faster process of MBZ release from the conjugate. Nevertheless B-967/3 still
possessed dramatically improved solubility in PBS in comparison with the free drug, which

allowed the i.p. application and further testing of toxicity.

Table V.10 Mean IC50 values for B-967/1, B-967/2, B-967/3 and MBZ in LL2 and EL4.I1L2 cell lines.*

Cell line B-967/1 B-967/2 B-967/3 MBZ
LL2 13438 149+38 77+7 6711
ELA.IL2 138+18 12443 57+5 607

*LL2 and EL4.1L2 cells were seeded onto 96-well plates and incubated with a range of concentrations of B-967/1, B-967/2,
B-967/3 or MBZ for 72h. [*H]-thymidine was added for the last 6 hours of incubation. Cells were harvested and
radioactivity measured. 1C50 values (ng/ml MBZ eq.) were calculated as the concentration of drug which inhibited the
incorporation of tracer to 50% of control cells. The activity of control cells was always higher than 25 000 cpm/well. Mean
IC50 values =+ standard deviations presented in this table were obtained from at least three independent experiments.

LL2 EL4.IL2
€ B-967/1 - B-967/1

150 7 1507
& B-967/3

- B-967/3

% of control cell proliferation
% of control cell proliferation

Figure V.14 Representative curves of [°H]-thymidine assay for B-967/1 and B-967/3 in LL2 and EL4.1L2 cell lines.
LL2 and EL4.IL2 cells were seeded onto 96-well plates and incubated with a range of concentrations of B-967/1 (black
lines) or B-967/3 (blue lines) for 72h under standard culture conditions. [*H]-thymidine was added for the last 6 hours of
incubation. Cells were harvested and radioactivity measured. The results are shown as the inhibition of the proliferation of
the exposed cells relative to the controls (cells incubated with medium alone). The activity of control cells was always
higher than 25 000 cpm/well. Results shown in this figure were obtained from at least three independent experiments.
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V.2.6. Assessing the mechanism of B-967/3 toxicity in C57BL/6 mice

We decided to test the effect of i.p. administered B-967/3 on bone marrow function. Thus, we
analysed peripheral blood of mice with thiazol orange fluorescent reagent (BD ReticCount;
see chapter 1V.6) which stains nucleic acids in a population of immature erythrocytes known
as reticulocytes [179]. The percentage of reticulocytes in peripheral blood is a convenient
marker of erythropoiesis. Erythropoiesis itself, in turn, serves as a readily obtainable marker
to evaluate bone marrow integrity. Another way to analyse toxicity of the conjugate was the
histology of selected organs (liver, kidney, lung, heart, brain and a sample of femur with bone
marrow were collected).

Unexpectedly, all mice from groups treated with B-967/3 in the doses of 125 and 100 mg/kg
MBZ eq. rapidly lost weight and died within three days after application before they could be
harvested for histological samples, in some cases even before blood collection could be
performed (Fig V.15). The mice treated with B-967/3 75 mg/kg MBZ eq. were likewise
exhibiting marks of toxicity; the one with the most pronounced signs was sacrificed on D3
after treatment and histological samples of its organs were analyzed.

FACS analysis of the blood samples of mice treated with 75 mg/kg MBZ eq. of B-967/3 and
the control groups was performed. Fig V.16, a representative chart from FACS analysis
software, shows the percentage of reticulocytes from erythrocytes in physiological conditions
in a control sample and conditions of severe bone marrow toxicity in a sample from a 75
mg/kg MBZ eq. B-967/3 treated mouse.

Reticulocyte percentages shown in Figs V.17-19 clearly illustrate that while control mice
retained approximately stable levels of reticulocytes before the compensatory increase caused
by repeated blood loss took effect, the mice exposed to B-967/3 experienced a marked drop
with reticulocytes nearly absent around day 4 before erythropoiesis recovered and
reticulocytes again increased to compensate. Fig V.17 shows reticulocyte percentages of
B-967/3 treated mice, illustrating clearly the complete inhibition of erythropoiesis. Fig V.18
shows the two respective control groups. Variation between the individual mice within
a single control group was comparable with variation between the two groups and thus
different blood collection regimens. This could be explained by the fact that though care was
taken to minimize blood loss incurred when obtaining the blood samples, the individual mice
differed in their tendency to bleed after comparably small incisions. Therefore, the outlying
values of extremely high reticulocyte counts seen in some of the mice in Figs V.17-18 could
be explained by a proportionally higher increase in erythropoiesis after blood collection

resulted in a greater and more prolonged blood loss. These random incidents of profuse
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bleeding after incision seem to have even greater importance than the effect of daily

collection of small blood samples.
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Figure V.15 Reticulocyte percentage determination — weight and survival. C57BL/6 mice (n=3-4)
were i.p. administered B-967/3 dissolved in sterile PBS in bolus doses of 75 (light red), 100 (medium
red) or 125 (dark red) mg/kg of MBZ eq. on day 0. Control mice (blue) were i.p. treated with an
equivalent amount of sterile PBS. Mice were marked with puncture wounds to their earlobes to allow
for following individuals over time. They were observed for signs of toxicity and their weight (top,
shown in %) and survival (bottom, shown as % of surviving mice) were recorded.

Ondays 1, 2, 3,4, 6, 8, 10 and 13, a small amount of blood was collected from an incision on the tail as
described in chapter V.6, stained with thiazol orange and analyzed by flow cytometry for reticulocyte
count.
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Fig V.16 Reticulocyte count. A representative FACS image of analysis of erythrocytes from blood samples obtained
on day 4 from a control mouse (left) and a mouse treated with 75 mg/kg MBZ eq. of B-967/3 (right). Gate shows
reticulocytes, with the numbers representing the percent of reticulocytes in erythrocytes. Experimental setup as
described in chapter V.6 and Fig V.15.

Finally, Figs V.19 and V.20 represent histological images taken from mice treated with 75
mg/kg MBZ eq. of B-967/3. No signs of toxicity were found in histological samples of
kidney, lung, heart and brain. However, Fig V.19 shows that the femur bone marrow sinuses
were markedly hyperemic and almost completely devoid of hematopoietic elements and
clusters of blood precursor cells. Combined with the low reticulocyte counts seen in Fig V.17
this suggests a marked toxic effect of parenterally applied B-967/3 on bone marrow and on
haematopoiesis.

The histological image of liver from the same mouse (Fig V.20) shows a disperse presence of
necrotic/apoptotic elements in the liver tissue, with no signs of immune activation or

macrophage response. This finding is most likely a sign of acute liver toxicity of B-967/3.
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Figure V.17 Reticulocyte percentages in C57BL/6 mice treated with 75 mg/kg MBZ eq. of B-967/3. The percent values
of reticulocytes in the erythrocyte population in mice treated as described in chapter 1V.6 and Fig V.15. Counts shown were
obtained by analysis of FACS data as illustrated in Fig V.16. Representation shows the progression of values in individual
mice, tracked via the piercing earlobes and distinguished in the figure as individual data sets.

Note the marked drop in reticulocyte % between days 3-6.
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Figure V.18 Reticulocyte percentages in control C57BL/6 mice. The percent values of reticulocytes in the erythrocyte
population of mice from the Control 1(left) and Control 2 (right) groups as described in chapter 1V.6 and Fig V.15. Counts
shown were obtained by analysis of FACS data as illustrated in Fig V.15. Representation shows the progression of values in
individual mice, tracked via the piercing earlobes and distinguished in the figure as individual data sets.
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Figure V.20 Histological image of femur bone marrow of a mouse treated with75 mg/kg MBZ eq. of B-967/3. A
C57BL/6 mouse treated with 75 mg/kg MBZ eq. of B-967/3 as described earlier was sacrificed and harvested for organs on
day 3. Femur bone was gently removed, fixated with 4% formaldehyde, decalcified, prepared for staining and stained with
haematoxylin and eosin.

Left: bone marrow sinuses viewed at 10x magnification. Arrows show the hyperemic sinuses devoid of normal
hematopoietic elements.

Right: bone marrow sinuses viewed at 20x magnification. Note the absence of hematopoietic clusters.

Figure V.21 Histological image of liver of a mouse treated with75 mg/kg MBZ eq. of B-967/3. A C57BL/6 mouse
treated with 75 mg/kg MBZ eq. of B-967/3 as described earlier was sacrificed and harvested for organs on day 3. Liver was
gently removed, fixated with 4% formaldehyde, prepared for staining and stained with haematoxylin and eosin.

Left: liver parenchyma viewed at 20x magnification. Arrows show dispersedly located necrotic/apoptotic cells.

Right: liver parenchyma viewed at 40x magnification. Arrows show necrotic/apoptotic cells.
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V.2.7. Testing B-967/4

At this point, it had been made abundantly clear that the individual batches of B-967 can
significantly differ in numerous parameters and that each new batch requires both in vitro
testing and a separate round of MTD evaluation if it is considered for therapeutic experiments.
We therefore tested the new batch B-967/4, starting with in vitro characterization in the LL2
and EL4.1L2 cell lines (Fig V.22, Table V.11). The results again showed cytostatic activity in
vitro comparable to that of MBZ and greater than that of B-967/1 and B-967/2. Fig V.23 and
Table V.12 show the representative curves and mean IC50 values for batches B-967/1 — 4 as
well as for unconjugated mebendazole. Taken together it seems that while batches 3 and 4
retained the correct molecular weight, their poor solubility and similarity in effectiveness to
free MBZ indicate a higher proportion of free drug released from the polymer. This was
further supported by the fact that B-967/4 was later proven practically insoluble in
concentrations needed for effective in vivo experimentation. Testing for the content of free
MBZ in B-967/4 in the collaborating laboratory at IMC proved conclusively that these issues
were indeed caused by high levels of free MBZ in the sample (19 weight % instead of the

usual <0.1 weight %).

Table V.11 Mean IC50 values for B-967/1, B-967/2, B-967/4 and MBZ in LL2 and EL4.1L2 cell lines.*

Cell line B-967/1 B-967/2 B-967/4 MBZ
LL2 134438 149438 5849 6711
EL4.1L2 138+18 12443 75+10 60+7

*LL2 and ELA4.IL2 cells were seeded onto 96-well plates and incubated with a range of concentrations of B-967/1, B-967/2,
B-967/4 or MBZ for 72h. [®H]-thymidine was added for the last 6 hours of incubation. Cells were harvested and
radioactivity measured. 1C50 values (ng/ml MBZ eq.) were calculated as the concentration of drug which inhibited the
incorporation of tracer to 50% of control cells. The activity of control cells was always higher than 25 000 cpm/well. Mean
IC50 values + standard deviations presented in this table were obtained from at least three independent experiments.

Table V.12 Mean I1C50 values for B-967/1 — 4 and MBZ in LL2 and EL4.1L2 cell lines.*

Cell line B-967/1 B-967/2 B-967/3 B-967/4 MBZ
LL2 134438 149438 77+7 58+9 67+11
EL4.1L2 138+18 124+3 5745 75410 60+7

*LL2 and ELA4.IL2 cells were seeded onto 96-well plates and incubated with a range of concentrations of B-967/1, B-967/2,
B-967/3, B-967/4 or MBZ for 72h. [°H]-thymidine was added for the last 6 hours of incubation. Cells were harvested and
radioactivity measured. 1C50 values (ng/ml MBZ eq.) were calculated as the concentration of drug which inhibited the
incorporation of tracer to 50% of control cells. The activity of control cells was always higher than 25 000 cpm/well. Mean
IC50 values + standard deviations presented in this table were obtained from at least three independent experiments.
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Figure V.22 Representative curves of [*H]-thymidine assay for B-967/1 and B-967/4 in LL2 and EL4.IL2 cell lines.
LL2 and EL4.IL2 cells were seeded onto 96-well plates and incubated with a range of concentrations of B-967/1 (black
lines) or B-967/4 (blue lines) for 72h under standard culture conditions. [*H]-thymidine was added for the last 6 hours of
incubation. Cells were harvested and radioactivity measured. The results are shown as the inhibition of the proliferation of
the exposed cells relative to the controls (cells incubated with medium alone). The activity of control cells was always
higher than 25 000 cpm/well. Results shown in this figure were obtained from at least three independent experiments.
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Figure V.23 Representative curves of [*H]-thymidine assay for B-967/1, B-967/3, B-967/4 and MBZ in LL2 and
ELA4.1L2 cell lines. LL2 and ELA4.IL2 cells were seeded onto 96-well plates and incubated with a range of concentrations of
B-967/1 (black lines), B-967/3, B-967/4 or MBZ (lines in shades of blue) for 72h under standard culture conditions.
[*H]-thymidine was added for the last 6 hours of incubation. Cells were harvested and radioactivity measured. The results
are shown as the inhibition of the proliferation of the exposed cells relative to the controls (cells incubated with medium
alone). The activity of control cells was always higher than 25 000 cpm/well. Results shown in this figure were obtained
from at least three independent experiments.
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V1. Discussion

Cancer therapy is a field that has been under continual development over the course of
the last century. Ever since the establishment of conventional chemotherapy as the third major
pillar in the treatment of malignant cancer, a constant drive for better understanding the
underlying principles of cancer biology led the researchers to improve the current protocols,
investigate new approaches to rationalize treatment and research new therapeutics. As the
therapeutic possibilities started to encounter their limits, strategies to overcome these barriers
were investigated and implemented. Because the toxicity and non-specificity of the effect of
conventional chemotherapeutics was always the most obvious of the limiting factors, research
into ways of more selective and less damaging treatment has been at the forefront of this
process since the beginning. This research gave rise to several distinct branches of science,
such as clinical oncology — a discipline of modern medicine devoted to devising and
administering complex regimens of treatment most often based on combinations of
chemotherapeutics — and of course the research into drug delivery systems [105].

Thanks to the establishment of new methods and technologies brought along with the
advent of molecular sciences and immunology, a new round of revolutionary changes
occurred. The accumulation of great amounts of deeply detailed data [9] made it possible to
prepare a new generation of anticancer drugs and drug targeting systems with specificity
defined at the molecular level, i.e. molecular target-specific chemotherapeutics and
ligand-directed targeted therapy as well as complementary approaches aimed at subverting the
various mechanisms and ways in which tumors escape treatment, including MDR inhibitors
[104] and antiangiogenic therapeutics [53].

Yet despite this continuous progress, cancer still remains a leading cause of morbidity
and mortality in the world, as evidenced by the epidemiological data provided by WHO [182].
Therefore, the drive into cancer research continues with unabated ferocity. The current state
of our knowledge suggests that it is research into tumor immunity and immune therapy that
holds the greatest promise. Numerous signs show that prognosis of tumor disease often
corresponds better to the state of the patient’s immune system than to the conventional staging
and grading system, which led to a world-wide drive to establish immune score among the
prognostic and therapeutic criteria [61]. The previously enigmatic differences among the
success rate of therapeutic approaches can be explained through their effect on the tumor

immune system, favoring the modalities without immunosuppressive side effects and those
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capable of inducing the ICD [41], [42], [80]. Intense research into the complex aspects of
immunosuppressive tumor environment and ways to modulate it is being performed.

For all these reasons it is clear that if the immune-based approaches are to reach their
full potential, they have a vital need of chemotherapeutic drugs with to support and
supplement them, providing the direct anti-tumor effect while remaining immunoprotective
and immunostimulatory. New cytostatic drugs are just as needed in this century as in the last.
However, the process of researching a novel therapeutic substance from scratch is both time
consuming and extremely expensive, with the result often being uncertain. A promising
approach of so-called drug repurposing, i.e. searching for promising anti-cancer drugs among
therapeutics already established into clinical practice for different indications, has therefore
been adopted in the recent past. The first possibility is to make use of the advanced
high-throughput and automated methods to screen panels of commercially available drugs for
favorable effects such as cytostatic or kinase-inhibiting activity [141]. Second approach lies in
exploiting the accessibility of vast amounts of information collected into databases in this
so-called -omics” era for in silico identifying candidate drugs according to parameters which
might hint at anticancer effect, e.g. reports of toxicity from the original indication or structural
or functional similarities to established cytostatic drugs [140]. This type of research can draw
on previously collected data and advance through clinical trials for a new indication easier,
faster and cheaper than researching completely new drugs.

Mebendazole, the anthelminthic that was our main focus, was included in the first
wave of drugs thus tested. It possessed several characteristics that prompted us to attempt
synthesis of an HPMA-copolymer conjugate of MBZ and study its effect in this work.

Firstly, the anticancer effects of MBZ have been described in vivo on multiple cell
lines representing tumor types of high clinical importance including non-small-cell lung
carcinoma, melanoma and colorectal carcinoma [163], [165], [169], [170] as well in two case
reports of therapeutic success in humans [156], [157]. The described mechanisms were
diverse among the used cell lines and exerted their effect via targeting several hallmark
capabilities including anti-angiogenic and pro-apoptotic effects [168], [165]. It would
therefore likely be useful for application in combination regimens, as is the common state-of-
the-art usage of many anti-angiogenic and anti-apoptotic drugs [53], [137]. HPMA has been
described as a useful platform for delivering combinations of drugs ([103], [119], [183]),
making it a fine choice of a carrier for MBZ.

Secondly, MBZ is an example of a highly insoluble drug which is exclusively

administered perorally in current practice [153]. Although it has been described to enter blood
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circulation in sufficient amounts to elicit systemic effect after p.o. administration, it does so to
a highly variable extent between individual patients. In addition to the poor ability to
penetrate the gut barrier, it also suffers from high first pass effect, i.e. a large percentage of
the portion of the drug absorbed from gut is metabolized in liver before it can enter the
systemic circulation. It is swiftly bound to plasma proteins in blood, further limiting the
therapeutic effect and decreasing its reliability. Conjugates of drugs to HPMA-copolymers
have on the other hand been described to be somewhat protected from the binding of plasma
proteins and effects of metabolism; furthermore, HPMA is routinely described to improve
poor solubility of hydrophobic and insoluble compounds [105]. The possibility of a parenteral
application of the resulting conjugate would also eliminate the first pass effect and generally
significantly limit the variability in bioavailability. Based on the current state of knowledge,
upon conjugating to HPMA, MBZ should also possess lower off-target toxicity and benefit
from the EPR effect, improving the anticancer potential.

Lastly, most experiments were done on xenograft models and no data regarding the
effect of MBZ on tumor immunity in a syngeneic model have so far been reported. In light of
the published results demonstrating the improved capacity of HPMA-bound drugs to induce
long-lasting tumor immunity [131], the conjugate could offer some insight into the effect
MBZ has on the immune system as well. This was an especially promising option, as
unpublished data we have at our disposal suggests that MBZ may at least partially upregulate
the markers of ICD on the treated cells.

Based on the abovementioned reasoning, we conducted a round of screening of MBZ
along with several novel chemotherapeutic agents (Carfilzomib, Alvespimycin, ABT-737)
and DOX as a conventional cytostatic drug with well-described properties as a control. As
MBZ performed with efficiency comparable to that of the other screened drugs, we proceeded
to further test it in comparison with DOX, for which a large amount of data has been collected
both in our laboratory and elsewhere, making it a convenient control. The results we obtained
showed that MBZ possessed cytostatic and cytotoxic activity comparable with that of DOX in
the model of syngeneic murine cell lines of various tissue and genetic background origins.
A highly promising result also was that whereas DOX, a known substrate of Pgp, showed
significantly reduced effectiveness in the resistant, Pgp expressing P388/MDR cell line [103],
the cytostatic activity of MBZ in P388/MDR did not differ from the sensitive P388 line. This
signifies that MBZ may not be a substrate of Pgp, which would provide a significant benefit.

Consequently, two derivatives of MBZ labeled B-956 and B-957 were synthesized at

the IMC and tested with the purpose of determining which of the chemical bonds present in
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the derivatives would better preserve the favorable biological effect of MBZ observed in
vitro. The derivative B-956 (N-ethoxycarbonyl mebendazole) was thereafter chosen to serve
as the basis for the synthesis of a linear HPMA-MBZ conjugate B-967.

Altogether, the in vitro results were promising and allowed for the experimentation to
proceed into the phase of synthesis and both in vitro and in vivo testing of the B-967
conjugate. However, it needs to be mentioned that the transition from in vitro to in vivo
testing represents a potential pitfall and that the data obtained from one system do not always
correspond well to the other. Matters were further complicated by the fact that B-967 contains
MBZ bound via a carbamate linker, which is very specific and was new to our laboratory
experience.

The unique and unfavorable properties of this linker, including its low stability under
standard laboratory conditions and the rapid kinetics of its release of free MBZ at neutral pH,
likely were a major reason of the consequent issues hampered further in vivo testing.
Therefore, a short sidestep into the underlying chemistry is needed to explain the chemical
properties and the rationale behind the use of the carbamate linker. MBZ possesses a specific
chemical reactivity strongly differing from simple amines such as DOX. This originates from
increased acidity of the heterocyclic NH group and leads to an elevated susceptibility of the
corresponding N- derivatives to alkaline hydrolysis. Therefore, it is very difficult to design a
linker that would have the desired release kinetics, i.e. exhibit prolonged stability in slightly
alkaline media mimicking blood (pH~7.4) but hydrolyze rapidly at a pH of around 5 (such as
within the endosomal compartment, the ultimate target of the delivery system). Thus, our
effort was preferably focused on development of a linker with satisfactory stability in PBS 7.4
(with half-time > several hours) but maintaining a hydrolytic lability also at the lower pH.
Several low-molecular-weight derivatives of MBZ were synthesized in the preliminary stages
including amides, sulfonamides, sulfenamides and carbamates and their hydrolytic profile was
determined at the IMC. All the above-mentioned model compounds excluding carbamates
were either very unstable in the wide range of pH or did not hydrolyze at all. Moreover, there
exist supporting literature data indicating usefulness of MBZ carbamates for therapeutic
studies [184], [185]. Therefore, the carbamate bond was chosen as a linkage between MBZ
and the polymer carrier. Unfortunately, despite being the only feasible alternative, the
relatively low stability of this bond in pH~7.4 compared to that of the linkers commonly used
in HPMA conjugates of DOX (i.e. GFLG or hydrazone linkers) [129] is far from ideal.

Testing of the B-967/1 batch nonetheless went as expected and MTD was evaluated to
be higher than 120 mg/kg in C57BL/6 mice (see Fig V.7). However, due to the high dosing of
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MBZ used — rationalized by the extremely low toxicity of the drug observed in clinical
practice — the in vivo experiments invariably consumed large amounts of the conjugate and
required further batches to be synthesized. The next tested batch B-967/2 was used to proceed
to therapeutic experiments, however, this was hampered by a very high and unexpected, often
lethal toxicity (Figs V.9 &10). It was later discovered that the batch was for some reason
faulty and possessed a higher molecular weight of the HPMA molecules than was assumed at
the time of testing (150 000 versus the expected ~50 000). Although it’s well known that
molecular weight of HPMA conjugates is not in itself a cause of toxicity as even much larger
conjugates have elicited no adverse effects [186], [187], in this particular case, it may have
been indicative of an unplanned chemical or physico-chemical process such as cross-linking
between the individual linear molecules of the HPMA copolymer. Such cross-linking could be
explained by the hydrophobicity of the MBZ bound to HPMA copolymer side chains. In this
regard, it may also be noteworthy to consider the relatively high content (i.e. 10 weight %, see
also chapter 111.5.2) of MBZ in B-967/2. There are literary reports that higher percent weight
of the drug (e.g. DOX as described in [188]) bound in the conjugate may unfavorably
influence the anticancer activity and it is plausible that such an effect could be even more
pronounced in the case of a highly hydrophobic drug like MBZ, possibly further increasing
the risk of a cross-linking of HPMA copolymer chains. Such an explanation would be
consistent with the observable increased viscosity of the B-967/2 solution.

The increased viscosity very likely caused the clinical symptoms we observed since
they were indicative of embolism by hydrophobic particles, in particular of embolism into the
CNS (i.e. trembling, hypothermia and spastic posture and abnormalities of motion suggestive
of ataxia similar to that observed in [189]). When the conjugate was applied in dosing low
enough as to avoid the toxicity in the BCL1 leukemia model, it unfortunately showed no
therapeutic effect at all.

Batch 967/3 again possessed significant toxicity compared to B-967/1, despite having
the expected molecular weight of 46 000 (see chapter I11.5.2). This at least allowed us to
evaluate the mechanisms of said toxicity (see chapter V.2.6) via measuring the percentage of
reticulocytes by flow cytometry as a marker of erythropoiesis [179]. We used the reticulocyte
count as a measure of myelotoxicity of the conjugate B-967/3 in addition to also searching for
signs of acute toxicity via conventional histology. While most organs did not show any
pathological findings, there were signs of severe bone marrow aplasia and acute liver toxicity,
which is consistent with the reported toxicity of MBZ from literature ([159], [160] and [158],

respectively). This finding was noteworthy because in the usual case, conjugation to HPMA
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results in a marked decrease in toxicity of the conjugated LMW drug [105], [117], an exact
opposite of what was observed in the case of B-967/3. In fact, it seems that improving
bioavailability of the drug served to dramatically increase its adverse effects, supporting the
notion that the low bioavailability is the chief reason of the low toxicity of MBZ in the first
place [154], [155].

It is likely that the high systemic toxicity we observed in the in vivo experiments with
B-967/2 and B-967/3 was caused or at least compounded by the unfavorable stability of the
carbamate linker, which allows free MBZ to be released in blood circulation due to its low
stability at pH 7.4. The resulting high toxicity is consistent with at least two accounts of
toxicity occurring in Phase | clinical trials of HMW-polymer delivered drugs. A
methacryloylglycynamide-bound conjugate of camptotecin [122] and HPMA-bound
conjugate of paclitaxel (similarly to our situation a highly insoluble drug bound to HPMA
carrier) [123] were reported to cause unexpectedly severe toxicity due to the
chemotherapeutic agent being released in blood circulation in significant amounts, very much
like in our own case.

The final batch B-967/4 was unfortunately once again faulty, this time because of high
weight % content of unconjugated MBZ (19% as opposed to the usual values of < 0.1%),
rendering the batch practically insoluble and unusable in any in vivo experiments.

Considered all together, the specific and problematic physicochemical properties of
MBZ and the carbamate bond which had to be used for conjugation to HPMA resulted in a
high variability between the four individual batches of B-967 (see Figs V.7 — 8 and Table
V.12) and a highly unfavorable pattern of drug release from the HPMA carrier. In order to be
able to effectively continue the in vivo testing of HPMA-MBZ conjugates, the exact
underlying physical and chemical reasons and processes causing this variability need to be
uncovered and circumvented, or else a completely different way of binding MBZ to HPMA
needs to be considered, if possible.

In vitro cytostatic activity of MBZ were shown to be comparable to both the
established conventional cytostatic chemotherapeutic DOX and several novel molecular target
specific drugs (see Fig V.1) and the anticancer activity of MBZ and its derivative compounds
were shown for the first time in a panel of several syngeneic murine models (see Fig V.2 —6).
These favorable effects include the potential resistance to the Pgp-mediated efflux (see Fig
V.4) and possibly also induction of ICD by MBZ (unpublished data). These properties still

make the drug a promising candidate for further testing.
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VII. Conclusions

The conclusions of our study are:

5. We tested in vitro anticancer effectiveness of mebendazole (MBZ) in panel of murine

tumor cell lines.

a.

We compared the cytostatic activity of MBZ with cytostatic activities of
carfilzomib, alvespimycin, ABT-737 as well as the established anthracyclin
chemotherapeutic doxorubicin (DOX). MBZ showed in vitro cytostatic effect
comparable to DOX in several different cell lines. Particularly favorable finding
was the in vitro cytostatic activity in the LL2 cells, generally avery poorly
responsive cancer line which showed the same level of sensitivity to MBZ as to
DOX.

We compared the cytotoxic activity of MBZ with DOX. MBZ possessed in vitro
cytotoxic effect comparable to DOX in several different tumor cell lines.

We compared the cytostatic activity of MBZ with DOX in the sensitive P388 and
resistant P388/MDR cells lines. Results proved that while DOX was several orders
of magnitude less effective in P388/MDR cells than in P388 cells, MBZ showed
comparable activity in both cell lines. Thus, unlike DOX, MBZ is not affected by

MDR based on the overexpression of Pgp

6. Our collaborating laboratory at the Institute of Macromolecular Chemistry successfully
prepared two MBZ derivatives labeled B-956 and B-957 and a conjugate of HPMA

copolymer with a derivative of MBZ bound via a carbamate bond. This conjugate was
labeled B-967.

a.

b.

We confirmed that both MBZ derivatives retained in vitro cytostatic activity
comparable to MBZ. B-956 proved to be slightly more effective and offered a bit
better solubility than B-957.

We determined that B-956 possesses more favorable properties and thus its
chemical structure was used as the basis for modification of MBZ used for the
synthesis of HPMA copolymer conjugate B-967. This conjugate possessed
remarkably improved solubility in aqueous solutions in comparison to MBZ and
enabled parenteral administration of MBZ into mice followed by the release of
free MBZ.
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7. We tested in vitro anticancer effect of two MBZ derivatives B-956 and B-957 as well as

conjugate B-967, which was synthesized by binding MBZ to HPMA copolymer backbone

using a carbamate bond. Free MBZ is released when B-967 is exposed to in vitro or in

vivo conditions.

a.

B-967 possessed dramatically improved solubility in aqueous environment and
slightly reduced in vitro cytostatic activity in comparison with free MBZ.

We compared four individual batches of B-967. Unfortunately, there is significant
batch to batch variation in terms of in vitro cytostatic activity, solubility, viscosity

and toxicity in vivo.

8. We tested the in vivo toxicity of B-967 in C57BL/6 mice and its therapeutic effect in LL2,
EL4 and BCL1 murine tumors.

a.

b.

C.

We confirmed the possibility of parenteral application of B-967 and attempted to
determine the maximum tolerated dose (MTD) of B-967. Marked variability
between the batches of B-967 made the MTD testing inconclusive. MTD of
B-967/1 was higher than 120 mg/kg eq. MBZ; MTD for B-967/3 was lower than
100 mg/kg eq. MBZ for bolus application and ~4x25 mg/kg in four consecutive
applications over four days. Testing of batches 2 and 4 in vivo did not allow
reliable determination of MTD.

We tested the therapeutic efficacy of i.v. administered B-967/2 in LL2, EL4 and
BCL1 cancer in vivo. The high viscosity of the solution of B-967/2 administered to
mice led to embolic complications which were lethal when combined with high
doses of MBZ. In the model of EL4 tumor, the mice which survived the initial
toxicity showed a slight reduction of tumor growth and a prolonging of survival. In
BCL1 tumor, no therapeutic effect was achieved, likely due to the low dosing
required to avoid the toxicity.

We tested the bone marrow toxicity of B-967/3 by quantifying the percentage of
reticulocytes. The results showed a drop in reticulocyte count from day 3 to 6,
nearly reaching zero on day 4 followed by a compensatory increase. We also
prepared and analyzed histological samples of the following organs from mice
parenterally treated with B-967/3. In the kidney, brain, heart and lungs no marks of
toxic injury were found. In liver parenchyma, dispersedly located
apoptotic/necrotic cells were observed, indicating acute toxic injury to liver. Bone
marrow findings were indicative of acute bone marrow toxicity, supporting the

data gathered from reticulocyte count assay.
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