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Abstract

Polymer-anticancer drug conjugates display passive tumour targeting by the
enhanced permeability and retention effect. Several conjugates containing traditional
chemotherapy (doxorubicin (Dox), paclitaxel and platinates) have entered clinical
trials. N-(2-hydroxypropyl)methacrylamide (HPMA) copolymer-Dox (PK1) has
shown activity in anthracycline-resistant breast cancer patients and was ~ 5 times
less toxic than Dox. The use of polymer conjugates to deliver endocrine agents is
largely unexplored, therefore, the aim of this study was to design a novel HPMA
copolymer conjugate carrying a combination of endocrine therapy (the aromatase
inhibitor aminoglutethimide (AGM)) and chemotherapy (Dox) on the same polymer
backbone. As patients with advanced metastatic breast cancer have a relatively poor
prognosis (< 20 % survival at S years), it was hoped that this conjugate would elicit
increased antitumour activity.

A library of conjugates was synthesised to contain Dox, AGM, or both drugs
attached to the same polymer chain. First, the conjugates were prepared by
aminolysis of polymeric intermediates (Mw ~ 20,000-25,000 g/mol; Mw/Mn = 1.3-
1.5) where the C-terminus of the peptide side-chains were esterified with p-
nitrophenol. The lower reactivity of the aromatic amine of AGM, however, favoured
use of 1,3-dicyclohexylcarbodiimide (DCC)-mediated coupling, leading to improved
yield of conjugation. NMR confirmed product identity and nuclear Overhauser effect
(NOE) measurements verified the covalent binding of AGM. Total and free Dox
were measured by HPLC and AGM content using an indirect method. Overall, the
drug content of the conjugates was in the range 2.8 — 8.6 % w/w (free drug content <
1.4 % w/w total).

Cytotoxicity of the conjugates was determined using the human oestrogen-
dependent breast cancer cell line (MCF-7) and the aromatase-transfected derivative
MCF-7ca combined with the MTT assay (72 h). Although HPMA copolymer-Dox
was much less active than free Dox, and neither the HPMA copolymer-AGM nor
mixtures of drug conjugates bearing AGM or Dox caused an elevation in cytotoxicity
in either cell line, when AGM and DOX were covalently linked to the same
polymeric backbone, cytotoxicity was significantly enhanced (more evident for
MCF-7ca cells).

To better understand the precise mechanism of action, the ability to inhibit
aromatase was evaluated in 3 different in vitro systems. Free AGM and HPMA
copolymer-AGM inhibited aromatase, but drug release was probably essential for the
activity of the HPMA copolymer-AGM. To establish whether the rate or mechanism
of uptake of HPMA copolymer-Dox (+tAGM) were responsible for the different
cytotoxicity, the uptake of the conjugates was evaluated by FACS. Internalisation
and marked membrane binding were seen for both conjugates suggesting that the
different cytotoxicity could not be attributed to differences in the uptake. Finally,
immunocytochemistry studies showed that the HPMA copolymer-AGM-Dox
reduced the level of the anti-apoptotic protein Bcl-2 in MCF-7, while the HPMA
copolymer-Dox had no effect on this cellular marker.

To conclude, the HPMA copolymer-AGM-Dox conjugate is the first polymer
therapeutic to combine chemotherapy and endocrine therapy. The fact that AGM and
Dox can act synergistically to produce markedly enhanced cytotoxicity in vitro
compared to the HPMA copolymer-Dox conjugate, that has already shown activity in
breast cancer patients clinically, underlines the potential importance of this polymer-
drug combination.
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General Introduction

1.1 INTRODUCTION

The terms “nanomedicines” and “nanotechnologies” are becoming very popular
both in scientific and non-scientific press (reviewed in Duncan 2004; Moghimi et al.,
2005). If from one side they might be perceived as a threat by the general public,
they have, undoubtedly, an enormous therapeutic potential. Despite the current
increase in attention the design and use of nanosized medicines is not exactly “new”.
Indeed, the concept of polymer-drug conjugates dates from the 1970s, (Ringsdorf,
1975). During the 1970’s and 1980’s, Duncan and collaborators began to
systematically design the first polymer anticancer conjugate that would eventually
enter clinical trials. This was an HPMA copolymer-doxorubicin (Dox) conjugate
called PK1 or FCE 28068 (Vasey et al., 1999; reviewed in Duncan 2003a). Many
polymer-drug conjugates carrying established anticancer agents such as paclitaxel,
camptothecin and platinates have now followed into clinical trials and several are
showing considerable promise (Meerum Terwogt et al., 2001; Schoemaker et al.,
2002; reviewed in Duncan 2003b). This has paved the way for design of second
generation conjugates containing experimental drugs directed towards new
molecular targets. For example, the first HPMA copolymer carrying the
antiangiogenic drug TNP470 (Satchi-Fainaro et al., 2004), and the first HPMA
copolymer carrying the phophatidyl inositol-3 (PI3) kinase wortmannin (Varticovski
L. et al., 2001). Also, the use of HPMA copolymers to deliver a combination of
photo and chemotherapy has been suggested (Shiah et al., 2001). Although the term
nanomedicines includes a variety of delivery systems, namely, polymer therapeutics,
nanoparticles, nanosized liposomes and micelles, this study focuses on the
development of a novel polymer-drug combination specifically for use as a potential

therapy for breast cancer.

Nowadays cancer, together with cardiovascular diseases, is the major cause of
death. Despite improved diagnosis and therapy achieved in the area, breast cancer is
still a frightening issue. According to statistics (Fig. 1.1) (Cancer Research UK,
2003), breast cancer accounts for 28 % of tumours diagnosed in women. Various
approaches have been used to treat breast cancer, nevertheless, the survival rates
remain low particularly if metastases are present at the time of diagnosis (Fig. 1.2).

In several cases, hormone therapy fails as tumours become eventually resistant
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O breast cancer
m others

Fig. 1.1. Incidence of breast cancer in women in the UK (taken from Cancer
Research UK, 2003)
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Fig. 1.2. Rate of survival from breast cancer in relation with tumour stage after 5
years from diagnosis. (Data taken from American Cancer Society)
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(Dorssers et al., 2001; Osborne and Fuqua, 1994). On the other hand, chemotherapy
has limitations because it is not selectively toxic (resulting in unpleasant or
lifethreatening side effects), and because many agents can induce P-gp mediated
resistance (Rang et al., 1995). Consequently, an improvement in hormone and
chemotherapy in the context of breast cancer is urgently needed and the use of
polymer conjugates combining hormone and chemotherapy might be useful for this
purpose. Polymer anticancer drug conjugates are designed for the treatment of solid
tumours (including breast cancer) and the HPMA copolymer-Dox conjugate PK1
showed activity in anthracycline-resistant breast cancer in phase I clinical trials
(Vasey et al., 1999). Phase Il clinical trials have also confirmed activity in breast
cancer (Cassidy, 2000; reviewed in Duncan 2005). This study is building on these
observations to design for the first time a conjugate specifically for the treatment of

breast cancer.

The aim of this project was to synthesise a polymer carrying endocrine and
chemotherapy on the same backbone with the hope of eliciting a potentiated
antitumour activity in breast cancer. In order to fully understand the rationale for this
project, a background in the areas of breast cancer, current therapies available for
this disease, polymer conjugates and the enhanced permeability and retention effect
(EPR effect) as mechanisms to obtain passive tumour targeting is required.

Consequently, these subjects are reviewed in this introduction.

1.2. BREAST CANCER AS HORMONE-DEPENDENT CANCER

The strict connection between hormones and breast cancer and the possibility to
act on the endocrine system to achieve a therapeutic benefit was elegantly proved at
the end of the 19" century when Sir George Thomas Beatson performed an
oophorectomy on a woman affected by breast cancer (Beatson, 1896). The tumour
responded to the treatment even though it eventually progressed (Hayes and
Robertson, 2002). This showed for the first time that breast cancer is deeply affected
by hormonal variation and also that depletion of oestrogens could be a promising

strategy to use for the treatment of this disease.
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1.2.1. The oestrogen receptor (ER)
To achieve a better understanding of the connection between hormones and
breast cancer, it is important to review the action of oestrogens and the molecular

biology of the ER.

Oestrogens are vital for several physiological activities involved in the normal
development of the female reproductive system. Furthermore, they are also key
elements in the maintenance of the appropriate bone density and in the protection of
the heart and of the blood vessels (Petterson et al., 2000). Together with the receptors
for gluco-corticoids, vitamin D3, fatty acids, thyroid hormone, mineral-corticoids,
androgens, progestins and other receptors for which the ligands have still to be
identified (“orphan receptors”), the ER is a member of the nuclear receptor family.
For several years only one type of ER was known, until in 1996, a second type of ER
was discovered (Kuiper et al., 1996). Therefore, after this event, the nomenclature
had to be modified and currently, we refer to the first identified ER as ERa and to
the second identified as ERB. A huge amount of literature is available on ERa (the
first discovered), but a large amount of information is now accumulating also on the
ERp. A detailed description of the structure of the oestrogen receptor is beyond the

scope of this thesis, therefore only a brief description will be provided.

ERa consists of 6 different domains, named from A to F (Vergote et al., 2000)
(Fig. 1.3).

- The A/B domain is the N-terminus region. The activating function 1 (AF-1)
involved in the transcriptional activity is located in this region.

- The C domain is the region where the DNA binding domain (DBD) is
located. This domain contains two zinc fingers that are key for the
recognition of the specific DNA-sequences.

- The D region is the part that separates the DBD from the ligand binding
domain (LBD)

- The E region is the domain containing the hydrophobic part designed to bind
the ligand (LBD). It also includes the AF-2 and the principal dimerization
domain (the region responsible for the binding with another ER).

- The F region is the C-terminal domain; it seems to play a role in the
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MW: = 67 kDa (varies depending on the degree of phosphorilation)
595 aminoacids

Fig. 1.3. Schematic representation of the structure and the functional domains of the
ERa (adapted from Nicholson et al., 2002)

(a)

ER-regulated gene

AP-1 ER-regulated gene

Fig. 1.4. Models of ER mechanism of action at classical ERE (a) and ER-dependent
AP-1 response element (b). Blue circle represents the ligand, F = Fos, J = Jun
(adapted from Paech et al.,1997)
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transcriptional activation and repression of oestrogen-regulated genes by anti-

oestrogens.

1.2.2. How does the ER work?

The ER can be defined as a ligand-regulated transcription factor that modulates
the expressions of several genes (the oestrogen-regulated genes) (Gross and Yee,
2002). Two different pathways are used by the ER to regulate gene transcription:

- the classical signalling pathway where the ER binds directly to specific DNA
sequences
- the non-classical pathway which seems to involve the binding to other proteins

rather than directly to DNA (Fig. 1.4).

In the classical signalling pathways, oestrogens enter the cell by passive diffusion
and bind to the ER. The binding of the ligand to the ER in the LBD triggers the
displacement of heat-shock proteins and the phosphorylation of the ER at several
sites. The ligand-bound ER is now in the optimal conformation to dimerise and bind
to specific DNA sequences, the oestrogen responsive elements (ERE) that act as
promoter of the oestrogen-responsive genes (Nicholson et al., 2002). For an optimal
transcription activity both AF-1 (located in the A/B region) and AF-2 (in the E
region) play a role. It is important to note that while the binding of the ligand is
necessary for the activity of AF-2, AF-1 can be active even in absence of the
oestrogens (or antioestrogens). The phosphorylation of serine-118 seems vital for the
activation of AF-1, as it is a potential target site for the Rass/MAPK cascade and it is
evident that the expression of oestrogen-regulated genes can be promoted even in the
absence of oestrogens by the activation of this pathway. The overall process leads to
the activation of oestrogen-responsive genes and ultimately culminates in the

activation of cell proliferation.

As already mentioned, the activation of the non-classical pathway differs from
the classical pathway as a direct binding between the ER and the DNA is not
necessary, as demonstrated by Jakacka et al. (2001). In fact, the ER interacts with
specific transcription factors, Fos (F) and Jun (J) which then bind with specific DNA

sequences (Peach et al., 1997). In this second mechanism, AP-1 is the DNA fragment
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involved, rather than the ERE. The ultimate effect is therefore the expression of

genes having an AP-1 site within their promoters.

1.2.3. The ERB

Predictably, ERP shows a certain degree of homology with the ERa. The DBD
of the two receptors has a 97 % similarity in their aminoacid sequence, while the
LBD has 55 % homology. The different aminoacid sequence in the LBD offers a
possible explanation for how the same ligand may induce different responses in the
two receptor types. For example, tamoxifen exerts mixed agonist-antagonist (tissue-
dependent) behaviour for the ERa while it shows a pure antagonist profile for the
ERp (Pettersson and Gustafsson, 2001). Interestingly, Paech et al. (1997) showed
that ERa andERf give opposite responses at an AP1 site after activation by
oestradiol. This indicates that the two ER subtypes may mediate different gene

expression.

1.3. THERAPY OF BREAST CANCER

Therapy of breast cancer involves a variety of possibilities ranging from surgery
to endocrine therapy (ET) and chemotherapy. In order to choose the most appropriate
therapy, a number of considerations are made. Tumour stage is one of the most
important factors to guide the therapeutic approach. Breast cancer ranges from stage
1 (small, extremely localised tumour mass with no involvement of lymph nodes) to
stage 4 (metastatic breast cancer). Predictably, local therapies (eg. surgery) are
usually first choice in primary (low stage) cancer often accompanied by adjuvant or
neo-adjuvant (preoperative) systemic therapy (ET or chemotherapy). While surgery
removes the primary tumour mass, adjuvant chemotherapy aims to treat non-
detectable micrometastases that could potentially spread later on (Hortobagyi, 2002).
For metastatic cancer the situation is more complex. Fig. 1.5 schematically shows the

possible strategies to follow for the treatment of metastatic breast cancer.

The assessment of the ER and the progesterone receptor (PgR) status is important
to guide the treatment as it is able to give indication on the possible response to ET.
As the PgR is an oestrogen-induced protein, the simultaneous presence of the ER and

PgR in a tumour tissue suggests that not only is the ER present but also functional.
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Table 1.1 Response to endocrine therapy by hormone receptor status

Oestrogen Progesterone Response to endocrine
receptor receptor therapy
Negative Negative <10 %

Positive Negative 20-30%
Negative Positive 30-50 %
Positive Positive 50-75%

Taken from Ellis et al. (2000)
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Therefore, tumours ER+ and PgR+ have a chance of responding to ET ranging

from 50 % to 75 % (Ellis et al., 2000b) (Tab. 1.1). It is important to underline that an

attempt with hormone therapy is usually made. In fact, hormone therapy has the
advantage of providing a good quality of life compared to chemotherapy. On the
contrary, if the tumour doesn’t respond to hormone therapy and/or it is growing

rapidly, chemotherapy would become the first choice (Ellis et al., 2000b).

1.3.1. Endocrine therapy

The experiment performed by Sir Beatson (1896) showed for the first time that
depletion of oestrogens could be a promising strategy to use for the treatment of
breast cancer. Nowadays, several elegant ways are used to reduce the circulating
levels of oestrogens and/or their mitogenic activity on tumour cells. They are: anti-
oestrogens, aromatase inhibitors, oestrogens, androgens, progestins, and LHRH
agonists and antagonists. Finally, attention needs also to be given to new drugs

acting on signalling transduction pathways.

Anti-oestrogenic drugs are extremely important drugs for the treatment of breast
cancer. They are competitive antagonists of oestradiol. They bind to the oestrogen
receptor, block it and thus reduce the oestrogen-induced cell growth (Fig. 1.6; Fig.
1.7; chemical structures Fig. 1.8) (Calabresi and Chabner, 1996). Tamoxifen, one of
the most important examples of this class, is the treatment of choice today for the
hormone treatment of all ER+ breast tumours (reviewed in Jordan, 2003). It is
administered per os at a standard dose of 20 mg per day (Chang and Elledge, 2002).
Its activity is due to its antagonist action on the breast cancer tissue. Nevertheless, it
also has a partial agonist activity which may be responsible to some extent for drug
resistance and tumour progression (Osborne and Fuqua, 1994; Sakamoto et al.,
2002). Together with the emergence of resistance, other problems are associated with
the use of tamoxifen, mainly, increased risk of developing endometrial cancer. For
these reasons, alternative approaches have been considered like the development of
aromatase inhibitors (discussed in the following section) or pure antagonists like
Faslodex. Pure antagonists act on the ER at different levels from tamoxifen. In fact,
not only do they more fully block the biological activity of the ER, but they cause

receptor downregulation (Howell, 2000). Furthermore, it has been demonstrated that

11
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Hypothalamus

Adrenal

Chemotherapeutic agents

are cytotoxic Aromatase inhibitors

block estrogen production

Anti-oestrogens
block oestrogen receptor

Fig. 1.6. Endocrine system interactions and main drugs sites of action (adapted from
Kardinal, 1992)
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Fig. 1.8. Chemical structures of selective oestrogen receptor modulators (Howell and
Johnston, 2002)
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Faslodex has an inhibitory activity on aromatase enzyme in vitro (Long et al., 1998).
As Faslodex is still active on tamoxifen resistant cells, the option of a sequential
therapy seems very promising.

Aromatase inhibitors are an important class of compounds that is now getting
substantial attention as recent clinical trials have shown the superiority of third-
generation compounds versus tamoxifen. They act by interfering with the process of
steroidogenesis. Oestrogens are synthesised by several tissues (Fig. 1.6), but in pre-
menopausal women the ovaries are the main source of oestrogens. On the other hand,
in post-menopausal women, other peripheral tissues, like the adipose tissue and the
muscles, become the main site of oestrogen production (Fig. 1.6) (Goss and Strasser,
2002). Of particular relevance for this project is the observation that the tumour
tissue itself can be a site of aromatisation and therefore, local oestrogens production
can be essential for tumour development. Indeed, two thirds of breast carcinomas
show aromatase activity and ability to produce oestrogens (Y ue et al., 2002). Studies
aiming to quantify the amount of “in situ” oestrogen production versus oestrogen
uptake in nude mice bearing transfected MCF-7 showed the pivotal role of local
biosynthesis (Yue et al., 1998). Aromatase inhibitors block P-450 aromatase
complex, the enzyme that catalyses the last step of steroidogenesis (Fig. 1.9; Fig.
1.7). Selective inhibition of aromatase leads to reduced oestrogens production
without interfering with the production of the other steroids hormones (Njar and

Brodie, 1999).

The family of aromatase inhibitors can be classified according to their chemical
structure as steroidal, (eg. formestane and exemestane) or non-steroidal (eg. letrozole
and anastrozole) drugs (Fig. 1.10) (Njar and Brodie, 1999). The first compound that
showed aromatase activity was aminoglutethimide (AGM). AGM belongs to the so-
called first generation of aromatase inhibitors and has the disadvantage of being non-
selective. In fact, not only does it act on aromatase, but it also blocks other P-450
enzymes like 11p3-hydroxylase involved in the biosynthesis of corticosteroids (Fig.
1.9). Therefore, patients treated with AGM need to be supported by simultaneous
administration of cortisol. It has nowadays mainly an historical value. Newer drugs
in this class were synthesised to achieve higher selectivity and potency, for example

the third generation compounds such as letrozole, anastrozole and exemestane (Goss
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Fig. 1.10. Chemical structures of aromatase inhibitors (taken from Njar, 1999)
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and Strasser, 2002; Long et al., 2002).

Aromatase inhibitors are poorly effective in pre-menopausal women because of
their high levels of androstenedione, as the latter and the aromatase inhibitor
compete for the active site of aromatase enzyme. However, these agents can be very
useful in post-menopausal women or for women in whom the activity of the ovaries
has been either pharmacologically or surgically reduced. As in the population of
women affected by breast cancer, post-menopausal women account for 77%
(American Cancer Society), the impact of aromatase inhibitors is potentially very
high. Due to the problems associated with tamoxifen, several clinical trials have been
carried out in recent years to assess the value of aromatase inhibitors as: early
adjuvant therapy (where the aromatase inhibitor replaces the standard 5 years of
tamoxifen); early sequential adjuvant therapy (aromatase inhibitor administered
sequentially with tamoxifen during the 5-years post-surgery) and extended adjuvant
therapy (the treatment with the aromatase inhibitor follows the standard 5 years
tamoxifen therapy) (Mouridsen and Robert, 2005). The design of these clinical trials
is summarised in Fig. 1.11, and several studies are still ongoing so only partial
results are available. Nevertheless, it seems that aromatase inhibitors are at least as
potent as tamoxifen. Interestingly, recent clinical trials showed that anastrozole
(Arimidex®)(ATAC Trialists Group, 2005) and letrozole (The Breast International
Group (BIG) 1-98 Collaborative Group, 2005) are superior to tamoxifen.

Oestrogens were the first choice therapy in advanced breast cancer before the
introduction of anti-oestrogenic drugs (Perry, 1992). The mechanism of action of
oestrogens on cancer is not completely clear. Nevertheless, high dosage oestrogens

show antioestrogenic properties (Perry, 1992).

An important example of this class is DES (diethylstilbestrol) which used to be
first line endocrine therapy before the introduction of tamoxifen. It is administered
three times per day at a standard dose of 5 mg (Howell and Johnston, 2002). It is
interesting to note that a polymer therapeutic containing DES has recently been
described (Vicent et al., 2004). Another drug that has been used in breast cancer is

ethynil estradiol.
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Androgens can be used in the treatment of breast cancer mainly because they show
anti-oestrogenic properties due to interactions with ER, PgR and androgen receptor.
Nevertheless androgens are associated with side-effects of which virilisation is the
most psychologically significant. An important drug of this class is fluoxymesterone
but they are not used very often as they were proven to be less effective than other

endocrine agents (Ellis et al., 2000b).

Progestins act as antioestrogenic compounds and the tumour response can be
predicted by checking for the presence of hormone receptors (Calabresi and
Chabner, 1996). Medroxyprogesterone acetate is a good example of this class and its
standard dosage is 500 mg three times per week. Progestins have similar activity to
tamoxifen on postmenopausal women but they are usually active for a shorter time

(Kardinal, 1992).

Drugs that act on signalling transduction pathways. Recently, a new class of
compounds has shown promising results. They are compounds acting at different
levels on the signalling transduction pathways. Increasing evidence has been built in
the last few years of interactions between the oestrogens and growth factor pathways.
In fact, the cross-talk between these pathways is so fundamental that these
compounds may have anti-hormonal activity (Nicholson et al. 2005). Several clinical
trials are ongoing at the moment aiming to test their efficacy on various types of
cancers (reviewed in Dancey and Sausville, 2003) (Table 1.2). Furthermore, as
described later, the use of these drugs for the treatment of breast cancer seems
particularly encouraging. In order to understand the mechanism of action of these

drugs, a brief description of the growth factor physiological pathway is necessary.

The downstream signalling pathway begins with the interaction between growth
factors and their receptors situated on the plasma membrane. The bond between the
ligand and its receptor triggers the activation of a cascade of kinases, including the
receptor’s intrinsic tyrosine kinase activity, together with for example the mitogen-
activated protein (MAP) cascade (reviewed in Dancey and Sausville, 2003). The
activation of such pathways often promotes the transcription of specific genes
responsible for cell proliferation (Darnell, 2002; reviewed in Downward, 2003).

Overall, therefore, growth factor action is frequently mitogenic. While in normal
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Table 1.2. Drugs acting on growth factor signalling pathway in clinical trials (taken from Dancey and Sausville, 2003)

0c

Target Name Structure Trial phase
Growth factor EGFR IMC-C225 cetuximab (Erbitux; Imclone) Monoclonal antibody 111
receptor inhibitors
ABX-EGF (Abgenix) Monoclonal antibody 11
EMD 72000 (Merck KgaA Darmstadt) Monoclonal antibody I
RH3 (York Medical Bioscience Inc.) Monoclonal antibody Il
MDX-447 (Medarex/Merck KgaA) Monoclonal antibody bivalent I
ZD1839 gefitinib (Iressa; AstraZeneca) Small-molecule kinase inhibitor 111
OSI1-774 erlotinib (Tarceva; OSI- Small-molecule kinase inhibitor I
Pharmaceuticals)
CI-1033/PD183805 (Pfizer) Small-molecule kinase inhibitor 11
EKB-569 (Wyeth Ayerst) Small-molecule kinase inhibitor I
GW2016/572016 (GlaxoSmithKline) Small-molecule kinase inhibitor I
HER-2/neu Trastuzumab (Herceptin; Genentech) Monoclonal antibody Registered
MDX-210 (Medarex/Novartis) Monoclonal antibody I
2C4 (Genentech) Monoclonal antibody I
17-AAG (Kosan) Geldanamycin derivative inhibits HSP90 I
PDGFR/c- Imatinib (STI571/Gleevec; Novartis) Small-molecule kinase inhibitor Registered

Kit/BCR-ABL
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Table 1.2. (continued)

Target Name Structure Trial phase
Ras inhibitors Ras ISIS 2503 (Isis Pharmaceuticals) Antisense oligonucleotide 11
R115777 (Johnson and Johnson) Farnesy! transferase inhibitor /111

SCH66336 (Schering-Plough) Farnesyl transferase inhibitor I

BMS214662 (Bristol Myers Squibb) Farnesyl transferase inhibitor I

Raf inhibitors Raf ISIS 5132/CGP69846A (ISIS Pharmaceuticals) Antisense oligonucleotide 11
L-779,450 (Merck) Small-molecule kinase inhibitor

BAY 43-9006 (Onyx/Bayer) Small-molecule kinase inhibitor 11

MEK inhibitors MEK PD 184352/CI-1040 (Pfizer) Small-molecule kinase inhibitor i1

U-0126 (Promega) Small-molecule kinase inhibitor I

mTOR inhibitors mTOR CCI-779 (Wyeth) Inhibits mTOR kinase by binding to 11

RADO0O!I (Novartis)

Rapamycin/sirolimus (Wyeth)

FKBP12
Inhibits mTOR kinase by binding to
FKBP12

Inhibits mTOR kinase by binding to
FKBP12

Phase I as a cancer
therapeutic
Phase I1 /Il as an
immunosuppressant
Registered
Asan

immunosuppressant
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Table 1.2. (continued)

Target Name Structure Trial phase
Cycline-dependent- CDK Flavopirodol/HMR-1275 (Aventis) Small-molecule kinase inhibitor 11
kinase inhibitors
E7070 (EISAI) Small-molecule kinase inhibitor I
CYC202 (Cyclacel) Small-molecule kinase inhibitor I
BMS-387032 (Bristol-Myers Squibb) Small-molecule kinase inhibitor I
Other targets and PKC ISIS 3521/LY 900003 Affinitak (ISIS Antisense oligonucleotide [I
agents Pharmaceuticals)
CGP41251/PKC412 (Novartis) Staurosporine analogue 11
Bryostatin-1 (GPC Bioteck) Small-molecule kinase inhibitor II
UCN-01 (Kyowa Hakko Kogyo) Staurosporine analogue I
PKC-8 LY 333531 (Ely Lilly) Small-molecule kinase inhibitor Phase I oncology
Phase II/III diabetic
neuropathy
PDK1 UCN-01 (Kyowa Hakko Kogyo) Staurosporine analogue Phase I/11

UONONPOIIU] [DLIUIT)



General Introduction

cells a balance between activation of this pathway and its inhibition is highly
regulated, during the pathogenesis of diseases like cancer, such signalling may be
altered in several ways. For example, growth factors receptors such as epidermal
growth factor (EGF) receptor (EGFR) and/or insulin-like growth factor receptor
(IGFR) can be overexpressed. Consequently, the blockage of the growth factors
downstream signalling pathway at any level should theoretically be beneficial in

several cancer types.

In recent studies it has been interestingly pointed out that EGF and oestrogen
signalling are strictly connected (Nicholson et al., 2001). In fact, not only are EGFRs
over-expressed in cells previously treated with anti-hormonal drugs, but there is an
active cross-talk between oestrogens and growth factors signalling pathways. The
main connections between the pathways of oestrogens and growth factors have been
summarised as follows (Nicholson and Gee, 2000):

- Growth factors like EGF, TGF-a and IGF are able to phosphorylate the
serine 118 residue of ER. This process leads to the activation of the
receptor even in absence of its ligand (oestrogen).

- QOestrogens are able to trigger positive elements involved in growth
factors signalling cascade while they have an inhibitory effect on negative
elements of this pathway.

- The ER enhances the activity of nuclear transcription factors induced by
growth factors.

Finally, growth factors and steroids have as an eventual target the same pool of genes

that promote cell mitogenic activity (Nicholson et al., 2002).

Importantly, oestrogen deprivation has been correlated with up-regulation of
growth factor receptors such as EGFR. This seems to be an important mechanism of
anti-hormonal resistance (Nicholson et al., 2001; Nicholson et al., 2005). Therefore,
the treatment with drugs involving inhibitors of growth factors transduction
pathways seems to be a promising solution even in the treatment of tumours resistant
to hormone-therapy. It is also important to note that trastuzumab (Herceptin®), a
monoclonal antibody targeting HER2 has been licensed and is used in metastatic

disease after assessment of HER2 status (Ellis et al, 2000a).
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Combination and sequential hormonal therapy. It is very important to underline
that the above mentioned drugs can be used as sequential or combination therapy.
According to Lonning (2000), the lack of cross-resistance between different
hormonal treatments could be exploited using a sequential therapy. For instance,
tamoxifen followed by aromatase inhibitors could be a good option to extend the
efficacy of hormone treatment and life expectancy. Of particular promise seems to be
the combination of anti-hormones with signal transduction inhibitors (discussed in

Gee et al., 2005).

1.3.2. Chemotherapy

Chemotherapy agents are a very important category of compounds used in the
treatment of breast cancer. Even though they show higher toxicity than endocrine
therapy, they are widely used as pre/post surgery adjuvant therapy, in combination
with hormone therapy and in endocrine resistant tumours. Several compounds are
used as cytotoxic chemotherapy and in this section the principal classes are

described.

Anthracyclines, such as Dox and epirubicin (Fig. 1.12), have had, and still have,
a very important role in the treatment of breast cancer. They were considered the
most effective drugs available until taxanes were introduced in clinical practice.
Nowadays anthracyclines and taxanes are both first choice when a chemotherapy
approach is chosen (Ellis et al., 2000b). Their exact mechanism of action is still
controversial and several mechanisms have been proposed, including their capacity
to damage the genetic material of the cancer cell; interfere with pS3 expression
(Liem et al., 2003); promote toxic actions at cell surface (Tritton, 1982; reviewed in
Tritton1991) and induce apoptosis by activation of caspases (reviewed in Gewirtz,
1999). The most widely accepted view, however, is that anthracyclines act at nuclear
level and inhibit cell proliferation by interacting with topoisomerase II (Fig. 1.7)
(Monneret, 2001; Calabresi and Chabner, 1996). For this reason it has been
suggested that a quantification of the levels of this enzyme could be used as a

predictor for anthracycline-sensitivity (reviewed in Barrett-Lee, 2005).

Although, anthracyclines are extremely potent drugs, their clinical use is limited

by severe toxicity. Acute and chronic toxicity is seen. The former results from non-
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specific activity in other normal rapidly proliferating tissues of the body such as
hemolymphopoietic system, the testes and gastrointestinal tract. Chronic toxicity is
observed in the heart, liver, kidneys and peripheral nervous system (Mazue’ et al.,
1995). Dox cardiotoxicity is due to the aglycone metabolites produced in the liver by
NADPH-dependent cytochrome P450 reductase (Danesi et al., 2002). It is interesting
to note that even the administration route can influence the toxicity profile. Danesi et
al. (2002) showed that anthracycline cardiotoxicity varies if the drug is administered
as a bolus or as a continuous infusion, the latter being less toxic. Anthracyclines are
often administered to patients in combination with other drugs, as described below.
From a drug delivery point of view, it is interesting to note that a PEGylated
liposomal formulation of Dox (Doxil®), is commonly used for the treatment of breast

cancer.

Taxanes. Paclitaxel (Taxol®) and other taxanes are often employed in the
treatment of breast cancer. They act at cellular level by inhibiting the function of
microtubules, therefore preventing cell growth and multiplication (Fig. 1.7)
(Calabresi and Chabner, 1996). Both paclitaxel and docetaxel (Taxotere®) are
routinely used as chemotherapy agents for breast cancer. Docetaxel is rarely used as
second choice after paclitaxel, even though there is an incomplete cross-resistance
between the two. More often docetaxel is used as an alternative drug to paclitaxel

(Hortobagyi, 2002) for example as second-line chemotherapy after anthracyclines
(Crown et al., 2002) (Fig. 1.5).

Combination chemotherapy. Cytotoxic drugs are often administered in
combination. Examples of this approach are CMF (Cyclophosphamide,
Methotrexate, 5-FU) and CMFVP (Cyclophosphamide, Methotrexate, 5-FU,
Vincristine, Prednisone) (Kardinal, 1992). Anthracycline based combinations are
also widely used. Dox (trade name Adryamicin®), or its derivatives are usually
combined with drugs such as cyclophosphamide (AC) and cyclophosphamide, 5-
fluorouracyl (CAF) (Bonadonna et al., 1984; Hortobagyi, 2002). In recent trials
combinations of taxanes and anthracyclines have been tested. Their combination is
of particular interest for two main reasons. First, they are both effective as a first-line

chemotherapy for breast cancer, but moreover, they have different mechanisms of
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actions and thus do not show any cross-resistance (Friedrichs et al., 2002; Nabholtz,
2003). It is also interesting to report that the monoclonal antibody HER-2,
trastuzumab has shown increased activity when combined with chemotherapy such

as paclitaxel (Marty et al., 2005).

1.4. POLYMER CONJUGATES

Despite the large number of drugs used for breast cancer, the survival rate of
patients with high stage cancer is still very low (Fig. 1.2). In addition to the search
for new molecular targets for a rational drug design, improved tumour drug targeting
may also prove beneficial and the design of polymer conjugates may potentially

enhance the performances of chemotherapy and hormonal therapy.

Polymer conjugates were proposed as a new concept approximately 30 years ago,
(Ringsdorf, 1975) since then, research of Duncan and Kopecek (Duncan et al. 1992;
Duncan and Kopecek 1984; reviewed in Duncan 2003b) transferred the first polymer
anticancer conjugate into clinical trials in 1994 (Table 1.3) (reviewed in Duncan,
2003a) and now 11 polymer-anticancer drug conjugate are in Phase I, II or III

clinical trials.

The structure of polymer anticancer drug conjugates is made by three different
components: a polymeric backbone, a linker, a drug and, optionally, a targeting

group (Fig. 1.13).

* Polymeric backbone. The polymer is used as a platform to carry drug molecules.
As the conjugates are designed for intravenous administration, it is important that the
polymer is water soluble, non-toxic and non-immunogenic. Several polymeric
carriers have been suggested, including, HPMA copolymers (Duncan et al., 1987),
polyethylene glycol (PEG) (Veronese et al., 2005), polyglutamic acid (PGA),
dextran (Guu et al., 2002), hyaluronic acid (Cera et al., 1992) alginates (Al-
Shamkhani and Duncan, 1995) and poly-amino acid (Zunino et al., 1984). However,
so far, only HPMA copolymers, PEG, PGA and oxidised dextran have made it to
clinical trials (Table 1.3). When HPMA copolymer-Dox entered clinical trials in
1994, HPMA was tested on humans for the first time. The study didn’t show any

evidence of polymer-related toxicity (Vasey et al., 1999; reviewed in Duncan
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Table 1.3. Polymer conjugates in clinical trials (adapted from Duncan 2003)

Polymer-drug Status
HPMA copolymer-doxorubicin (PK1, FCE 28068) Phase 11
HPMA copolymer-doxorubicin-galactosamine (FCE 28069) Phase 1/11
HPMA copolymer-paclitaxel (PNU166945) Phase |
HPMA copolymer-camptothecin (MAG-CPT, PNU 166148) Phase |
HPMA copolymer-platinate (AP 5280) Phase |

PG-paclitaxel (CT-2103)
PG-camptothecin (CT-2106)

PEG-camptothecin (PROTHECAN®)

Phase 1I/111

Phase |

Phase |

Polymeric backbone

Targeting Group

Drug —» T

Biodegradable spacer

Fig. 1.13. Ringsdorf model of polymer conjugate (adapted from Ringsdorf 1975)
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2003b). Subsequent studies on other conjugates based on HPMA confirmed the
safety of this polymer (Schoemaker et al 2002; Meerum Terwogt et al. 2001;
Nowotnik 2004).

* Linker/spacer. The drug is attached to the polymeric backbone through a
linker/spacer designed to be degraded at cellular level to obtain the eventual release
of the drug. It is a key feature as its careful and rational design may allow a finely

modulated release in specific intracellular compartments at specific rates (Duncan,

2002).

Therefore, the choice of the linker depends on where the drug is designed to be
released. Most conjugates prepared so far are designed for lysosomotropic delivery,
i.e. they are designed to be internalised by the cell and to eventually release the drug
in the lysosomal compartment (Fig. 1.14) (De Duve et al., 1974). There are two
different approaches that can lead to lysosomal release: enzymatic release (exploiting
the large number of lysosomal enzymes) and pH-dependent release (exploiting the

low lysosomal pH).

Enzymatic release consists of designing a linker that can be selectively cleaved
by lysosomal enzymes (enzymatic release). For this purpose several peptidic linkers
have been tested both in vitro using tritosomes (lysosomal hepatic enzymes) and in
vivo (Brocchini and Duncan, 1999; Duncan et al., 1980; Kopecek et al 1981).
Kopecek et al. (1981) linked p-nitroaniline to an HPMA polymeric backbone
through different peptidic linkers and measured the release of p-nitroaniline in rats.
The experiment showed that both the rate and the amount of the release depend on
the linker used. In a broad sense, tetrapeptides give a faster release than tripeptide

which release faster than dipeptide linkers.

pH-dependent release consists of exploiting the decrease in pH in different
cellular compartments in order to obtain the release of the drug. pH-sensitive linkers
can be designed to be degraded at lysosomal pH. For example, Dox has been
conjugated with HPMA through Gly-Gly or Gly-Phe-Leu-Gly spacer and a
hydrazone linker to obtain a hydrolytically labile bond at acidic pH (Etrych et al.,
2001; Ulbrich et al., 2004). In vitro tests in different buffers showed different release
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Fig. 1.14. Tumour passive targeting through the EPR effect and lysosomotropic
delivery. (adapted from Duncan, 1999)
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rate depending on the pH. Maximum release was achieved at pH 5 suggesting that a
selective intracellular release could be achieved using the appropriate linker (Etrych

et al., 2001).

Targeting group. As described in the next section, polymer-drug conjugates are able
to passively accumulate in the tumour tissue by the EPR effect. It has been suggested
that the use of a targeting moiety that would actively address the conjugate towards
the tumour tissue is a promising approach. Nevertheless, of the 11 anticancer drug
conjugates that are in clinical trials only one bears a targeting group (Table 1.3). This
is the HPMA copolymer-Dox-galactosamine (called PK2, FCE
28069) and was designed to achieve liver targeting by selective binding to the

asialogycoprotein receptor (Seymour et al., 2002).

Drug. Theoretically, the drug carried by the polymer conjugate could be any
anticancer drug that is resistant to lysosomal pH and to lysosomal enzymes. In
addition, it should have a functional group that can be used to bind the drug to the
linker. Dox, camptothecin, paclitaxel and cisplatin are examples of drugs that are
now in clinical trials as polymer conjugates (reviewed in Duncan 2003a; Thanou and

Duncan, 2003).

Polymer conjugates are therefore an important new category of drug delivery
systems which can potentially improve the performances of many drugs. In the
following section, the main differences between free and polymer-bound drug are
analysed in order to show how they can be exploited to achieve an improvement of

the therapy.

1.5. EPR EFFECT: A USEFUL TOOL FOR PASSIVE TARGETING

Why should polymer conjugates improve the performance of the free drug?
Polymer conjugates have the main advantage of changing the pharmacokinetic
properties of the drug attached to the polymeric backbone. In fact, exploiting the
EPR effect described in this paragraph, they are able to change the drug body-
distribution and accumulate in the tumour thus achieving a passive targeting.
Tumours originate from one single cell bearing genetic modifications. Initially, it

grows and multiplies taking nutritive substances from the surrounding vasculature,
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but as soon as the cancerous mass becomes bigger, its need for nutrients increases.
Thus, tumours start producing their own vessels to support their growth. This process

is known as angiogenesis (reviewed in Folkman, 1992).

Cancerous vessels have proven to be anatomically different from normal vessels.
In fact, cell junctions are looser than in normal vessels and the basement membrane
is either lacking or incomplete. Furthermore, tumour vasculature often lacks of
muscle layer and is not homogeneous. All these feature make the cancerous
capillaries more permeable (enhanced permeability) allowing increased polymer
access (Duncan, 1999; Maeda, 1994; Maeda et al., 2001). Not only the permeability
of the vessel is increased but also the lymphatic system is less effective in tumour
vasculature. Consequently, the clearance of the drug from the cancerous tissue is
decreased (enhanced retention). The EPR effect has proven to be ideal to achieve
passive targeting. In fact, while low molecular weight drugs can easily pass both
through normal and cancerous vessels, macromolecular carriers can accumulate
selectively in tumour tissues (Fig. 1.13). It is important to notice that the conjugation
of a drug to a polymeric backbone increases its distribution half-life. For example,
Dox distribution half-life changes from 4.8 min (if administered as free drug)
(Danesi et al., 2002) to 1.8 h (in HPMA-copolymer-Dox) (Vasey et al., 1999). The
prolonged circulation time therefore achieved potentially magnifies the EPR effect.
In vivo studies performed on solid B16F10 tumour model showed that HPMA
copolymer-Dox is able to accumulate in the tumour at higher extent than the free
drug (10-15 fold more) (Seymour et al., 1994). Similar results were found testing
HPMA copolymer-Gly-Phe-Leu-Gly-en-Pt in vivo (Gianasi et al., 1999).

1.6. AIM OF THE PROJECT

The use of polymer conjugates to deliver selectively standard chemotherapeutic
agents to the tumour tissue is well established (reviewed in Duncan, 2003a). The use
of combinations of drugs to maximise the therapeutic effect is also well established
(discussed in section 1.3.2). Therefore, the design of a conjugate that carries and
delivers simultaneously both chemotherapy and endocrine therapy to the tumour

tissue has a high therapeutic potential.
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At the outset, the aim of this project was to develop a new family of polymer-
conjugates for the treatment of breast cancer carrying only chemotherapy, only
endocrine therapy or their combination and to assess the advantages of polymer-

based combination therapy in vitro.

Firstly, it was necessary to synthesise and characterise this novel family of
conjugates (Chapter 3). Then, the conjugates were tested to assess cytotoxicity and
ability to inhibit aromatase in vitro (Chapter 4). As the internalisation of a polymer
conjugate is a key step for its biological activity, the uptake rate and mechanism of
HPMA copolymer-Dox and HPMA copolymer-AGM-Dox were compared in vitro
(Chapter 5). Finally, in an attempt to gain an insight into the cellular mechanism of
action, immunocytochemistry was used to investigate the impact of the two

conjugates on cell growth and survival (Chapter 6).
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Chapter 2:

Materials and General Methods
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2.1. EQUIPMENT
2.1.1. Analytical

HPLC analysis was performed using one or two JASCO HPLC pumps with a
gradient mixer with a uBondapak C18 (150 x 3.9 mm) column. The 717 plus
autosampler was from Waters Ltd, UK. The machine was equipped with 2 detectors:
a spectroflow 783 UV detector, Kratos Analytical, UK and a fluoromonitor™ 11
fluorescence detector, LDC/Milton Roy, UK. HPLC chromatograms were collected

and analysed with PowerChrom hardware and software (version 2.0.7).

Fluorescence was measured with a Fluostar Optima fluorescence plate reader
from BMG Labtechnologies, Germany and with an Amnico-Bowman Series 2

luminescence spectrophotometer from Spectronic Instruments, USA.

Ultraviolet (UV) absorbance was read with a Sunrise UV absorbance plate
reader from Tecan, Austria and with a Cary 1G UV-visible spectrophotometer from

Varian, Australia.

Gel permeation chromatography (GPC) analysis was performed using aqueous
GPC equipped with a JASCO HPLC pump, with two TSK-gel columns in series
(G3000 PW followed by G2000 PW) and a guard column (Progel PWXL). The
eluent was monitored using a differential refractometer (Gilson 153) and an UV-
visible spectrophotometer at 254 nm (UV Savern Analytical SA6504) in series. PL

Caliber Instrument software was used for data analysis.

Thin-layer chromatography (TLC) was performed on Merck silica gel plates
(DC-60 F254 and Kieselgel ALU 60 F254). Size exclusion chromatography was
performed with Sephadex LH20 (Amersham Biosciences, Sweden) in column 5 x 50
cm. Spectra/Pore 7 dialysis membrane (2,000 g/mol cut-off) was from Spectrum

Laboratories Inc, USA.
Freeze drier. Freeze dried products were obtained with a Flexi Dry FD-1.540

freeze dryer from FTS systems, USA equipped with a vacuum pump from Javac,

Australia.
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Flow cytometry. Uptake studies were performed with a FACSCalibur flow
cytometer (Becton Dickinson, UK) equipped with a single argon laser (excitation
wavelength 486 nm). Data were acquired in 1024 channels with band pass filters
(FL-1 530 + 30 nm; FL-2 585 + 42 nm; FL-3 670 long pass filter). Data were

acquired and analysed with Cell Quest software (version 3.3).

Fluorescence microscopy. Visualisation of the cellular uptake was performed
with an inverted Leica DM IRB fluorescence microscope, Germany with an incident
450 - 490 nm and long pass filter 515 nm (for Dox fluorescence). Images were taken
with a 12 — bit cooled monochrome Retiga 1300 camera from Qimaging, Canada and
handled with Openlab software (version 3.0.9) from Improvision, UK. The same

microscope was also used to collect bright-field images.

Microscopy for immunocytochemistry. Cells stained by immunocytochemistry
were visualised using an Olympus BH-2 microscope, Japan and images were

acquired with an Olympus DP12 camera, Japan.

2.1.2. Cell culture

With the exception of the centrifugation steps, work with cells was performed in
Bioair and Microflow class Il laminar flow hoods (Bioair, Italy and Servicecare, UK,
respectively). For general tissue culture work an inverted bright-field microscope
was used (Leica, Germany). For routine cell counting, a silver stained Neubauer
haemocytometer (Marienfield, Germany) was used. Tissue culture flasks (25, 75 and
150 cm?) and tissue culture sterile plates (96-well; 24-well; 12-well; 6-well) were
from Corning Inc, USA. Sterile pipettes were from Elkay, UK as well as 7 mL
bijous, universal containers and 60 mL pots. Cells were scraped with a tailor made

rubber policeman, from the European Molecular Biology Laboratory, Germany.

2.2. MATERIALS
2.2.1. Chemical reagents

Anhydrous dimethylsulfoxide (DMSO), anhydrous dimethylformamide (DMF),
1,3-dicyclohexylcarbodiimide (DCC), l-amino-2-propanol, sodium hydroxide
pellets, chlorpromazine, cytochalasin B, methyl-B-cyclodextrin, lovostatin and 1-
hydroxy benzotriazol (HOBt) were supplied by Sigma-Aldrich, UK. Methanol,
ethanol, propan-2-ol (HPLC grade), diethylether, triethylamine, dichloromethane,
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acetone, acetic acid, hydrochloric acid, were provided by Fisher Scientific, UK.
AGM was provided by Sigma-Aldrich, UK while orthophosphoric acid was from
Fluka Biochemica, UK. Dox.HCI was kindly donated by Pharmacia, Italy.

2.2.2. HPMA copolymers

HPMA copolymer-GFLG-ONp (5 mol %), HPMA copolymer-GFLG-ONp (10
mol %) and HPMA copolymer-GG-ONp (5 mol %) were supplied by Polymer
Laboratories, UK. HPMA copolymer-GFLG-Dox was kindly donated by Pharmacia,
[taly.

2.2.3. Cell culture

MCF-7 is a human oestrogen-dependent breast cancer cell line and MCF-7ca is the
same cell line transfected in order to over-express the aromatase enzyme (Brodie
2002; Brodie and Njar, 2000). Both cell lines were provided by Tenovus Centre for
Cancer Research (Cardiff, UK). B16F10 are murine melanoma cells and they were
from ATCC, USA. RPMI 1640 with L-glutamine (with and without the pH indicator
phenol red), 0.05 %w/v trypsin - 0.53 mM EDTA and foetal bovine serum (FBS)
were provided by Invitrogen Life Technologies, UK. 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-2H-tetrazoliumbromide (MTT), trypan blue, androstenedione,
oestradiol, testosterone, and sterile DMSO were from Sigma-Aldrich, UK. Geneticin
(G418) solution (50 mg/mL) was from Invitrogen, UK. [1,2,6,7-*H]androst-4-ene-
3,17dione ([’H]androstenedione) was supplied by Amersham Biosciences (UK).
Formic acid was from Aldrich (UK) while the liquid scintillation cocktail, OptiPhase
‘HiSafe’ 3 was from Perkin Elmer (UK) and mercuric chloride was purchased from

BDH Chemicals (UK).

2.2.4. Western blots

Trizma base, Triton X-100, ethylene glycol-bis(beta-aminoethyl ether)-
N,N,N’,N’-tetraacetic acid (EGTA), all the protease inhibitors (sodium vanadate
(NaVO,), phenylmethanesulfonyl fluoride (PMSF), sodium molybdate, phenylarsine,
sodium fluoride (NaF), aprotinin, leupeptin), sodium dodecyl sulfate (SDS), glycerol,
lower buffer, upper buffer, dithiothreitol (DTT), 30 % acrylamide solution,
ammonium persulfate (APS), tetramethylethylenediamine (TEMED) were from
Sigma-Aldrich, UK. Bromo-phenol blue was from BDH Chemicals, UK. Mouse
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anti-human cytochrome P450 aromatase was from Serotec, UK (Turner et al., 2002).
The kit used for developing the blot, SuperSignal® WestDura Extended Duration
Substrate was from Pierce, USA. The composition of the solutions, and the various
buffers used for lysing cells, SDS-PAGE and Western blotting is summarised in
Tables 2.1-2.2.

2.2.5. Immunocytochemistry

The solvents used for fixation (methanol, acetone) were from Fisher Scientific,
UK as was the formaldehyde solution (40 %). ER primary antibody (clone 6F11) was
from Vector, California. The monoclonal mouse primary antibodies against the PgR
(clone 636), against the Ki67 antigen (clone MIB-1) and against the Bcl-2
oncoprotein (clone 124) were all supplied by DakoCytomation, California. The
rabbit polyclonal primary antibody against pS2 was from Novacastra, UK. The
polyclonal goat anti-mouse (GAM) immunoglobulins, the peroxidase anti peroxidase
(PAP), the diaminobenzidine (DAB) were from DakoCytomation, California.
EnVision mouse (labelled polymer-HRP anti-mouse) and EnVision rabbit (labelled
polymer-HRP anti-rabbit) were also from DakoCytomation, California.
Supersensitive concentrated detection kit (i.e. link (biotinylated anti-mouse
immunoglobulins) and concentrated label (streptavidin peroxidase)) were from
Biogenex, California. The DPX mountant for histology was from Sigma-Aldrich,
UK, as were the tween and the methyl green while glycerol and sucrose were from

Fisher scientific, UK.

2.3. GENERAL METHODS
This section gives a detailed description of the methods used in this thesis. When
the development of a method was considered to be an important part of the results,

its description was provided in the related experimental chapter.

The first aim of this project was to prepare a library of HPMA copolymer-AGM
+ Dox conjugates. The synthesis and characterisation of HPMA copolymer-Dox is
widely described in the literature (Rejmanova et al. 1977; Duncan et al. 1988). On
the contrary, the synthesis of conjugates containing AGM and their characterisation
was more challenging. Only the methods used to prepare and characterise HPMA

copolymer-Dox will be described in this chapter while the synthesis and
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Table 2.1. Summary of the composition of the lysis buffer and protease inhibitors.

Lysis buffer Protease inhibitors solutions to be added to 10 mL of lysis buffer
0.6 g TRIZMA base Protease inhibitor concentration of stock solution final concentration
0.875 g NaCl 200 L NavVO, 100 mM 2mM
0.19 g EGTA 100 uL PMSF 100 mM in propanol 1 mM
1 % TRITON X-100 100 yL sodium molibdate 1 M 100 mM
pH=7.6 10 uL phenylarsine 20 mM in chloroform 20 uL
100 uL. NaF 25M 250 mM
50 uL aprotinin 2 mg/mL 10 ug/mL
20 uL leupeptin 5 mg/mL 4 pg/mL

Table 2.2. Summary of the composition of buffers and solutions used for SDS page and Western blot

2 X loading buffer lower gel: upper (stacking) gel: running buffer: transfer buffer: TBS tween:

4 mL 10 % SDS 4.8 mL H,O 6.1 mL H,O 3.3 g TRIZMA base 10.8 g glycine 1.21 g TRIZMA base
2 mL glycerol 2.5 mL lower buffer 2.5 mL upper buffer 14.4 g glycine 228 g Trisbase 5.8 g NaCl

2.4 mL upper buffer 2.5 mL 30 % acrylamide (0.5MTRIS,pH6.8) 1g SDS 600 mL H,0 0.5 mL Tween 20

1.6 mL H,O 100 uL 10 % SDS 1.3 mL 30 % acrylamide = pH 8.3 150 mL methanol 1.5 mL 5M HCI

0.01 % Bromophenol blue 100 L. 10 % APS

0.1 M DTT

6 uL TEMED

100 4L 10 % SDS
50 uL 10 % APS
10 uL TEMED

SPOYIIN [DA2UID) PUD SIDIIIDIN
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characterisation of HPMA copolymers containing AGM is considered to be part of

the results and is therefore described in Chapter 3.

2.3.1. Synthesis of HPMA copolymer-Dox conjugate by aminolysis

The aminolysis reaction was performed according to the procedure described in
the literature (Rejmanova et al 1977; Duncan et al. 1988) (Fig. 2.1). One equivalent
of the precursor (HPMA copolymer-ONp) and Dox.HCl were dissolved in the
minimum amount of anhydrous DMSO in a N, atmosphere. Triethylamine (1 equiv.)
was added dropwise to the copolymer solution to neutralise the hydrochloric acid and
obtain Dox as free amine. The reaction was allowed to proceed at room temperature
for approximately 5 h and quenched by addition of 1-amino-2-aminopropanol. The
reaction was monitored by UV (release of ONp at 400 nm (Fig. 2.2)) and by TLC
(mobile phase: acetic acid 0.5 butanol 6.5 H,O 3; Rf,,, = 0.55, Rf .., ~ 0). The non-
specific hydrolysis of the ester is a competitive reaction and this was prevented by

carrying the reaction out in dry solvents and under a N, atmosphere.

2.3.2. Purification of HPMA copolymer-Dox

DMSO was evaporated under reduced pressure. The polymer conjugate was
dissolved in a minimal amount of methanol, precipitated into a vigorously stirred
mixture of acetone : diethylether (4 : 1) and then filtered. The polymer conjugate was
purified by gel filtration chromatography using Sephadex LH20 (column 5 x 50 cm,
eluent MeOH) and the purified compound was then dissolved in a minimal amount
of water and freeze-dried. The overall yields based on polymer weight were 70 - 80
%.

2.3.3. Synthesis of HPMA copolymers-aminopropanol

As a control polymer for chemical characterisation and also biological studies,
HPMA copolymers-aminopropanol derivatives were prepared as follows. HPMA
copolymers-ONp were dissolved in dry DMF in a N, atmosphere and an excess of
aminopropanol (10 equiv.) was added to the solution. The reaction was allowed to
proceed for approximately 4 h and it was monitored spectrophotometrically (release
of ONp at 400 nm). DMF was evaporated at reduced pressure. The reaction mixture
was then dissolved in ddH,O and dialysed (2 days, 2,000 Mw membrane cut-off) to

remove unreacted aminopropanol and released ONp.
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Fig. 2.2. Monitoring the aminolysis reaction by UV (release of ONp)
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2.3.4. Determination of total and free Dox by HPL.C

Total Dox. This procedure is schematically summarised in Fig. 2.3. Aqueous
solutions of HPMA copolymer conjugates (I mg/mL) were prepared. An aliquot
(100 uL) was transferred into a polypropylene tube, 100 uL of an aqueous solution
of daunomycin (1 pg/mL; used as internal standard) were added and the volume was
then made up to 1 mL with water. Then 1 mL of 2 M HCI was added and the tubes
were heated at 80 °C for 30 min in order to obtain Dox aglycone. After cooling down
to room temperature, 1 mL of 2 M NaOH was added and the pH of the samples was
adjusted to 8.5 with ammonium formate buffer (150 puL, 1 M, pH 8.5). Then, a
mixture of HPLC grade chloroform : propan-2-ol at a ratio of 4 : 1 (5 mL) was
added. Samples were then thoroughly extracted by vortexing (3 x 30 s). The upper
aqueous layer was carefully removed and the solvent was evaporated under N,. The
dry residue was re-dissolved in 100 pL of HPLC grade methanol. In parallel the
same procedure was carried out for the standard (i.e. the free drug (Dox)) using 100
pL of a 1 mg/mL stock aqueous solution. Addition of 1 mL of methanol to re-
dissolve the product gave a 100 ug/mL stock from which a range of concentrations
were prepared (2 to 60 pg/mL) in order to obtain a calibration curve (Fig. 2.4). The
mobile phase was 29 % propan-2-ol in ddH,O, to which ortophoshoric acid was
added to reach a pH of 3.2 (flow rate 1 mL/min) total run 12 min. The columns used
were Guard-PAK™ uBondpak™C18 Modul; analytical uBondpak™C18 (150 x 3.9
mm) Stainless Steel. To monitor Dox and daunomycin aglycones, a Fluoromonitor
III fitted with interference filters at 485 nm for excitation and 560 nm for emission
was used. The retention times were 4.3 min for Dox aglycone and 6.7 min for

daunomycin aglycone.

Free Dox. This procedure is schematically summarised in Fig. 2.3. Aqueous
solutions of HPMA copolymer-AGM=Dox conjugates (1 mg/mL) were prepared,
and an aliquot (200 uL) was added to a polypropylene tube. 100 L of a solution of a
1 ug/mL aqueous solution of daunomycin (used as internal standard) were added and
the volume was then made up to 1 mL with water. The extraction procedure was as
described above. A stock solution of 10 ug/mL Dox was used as standard (Fig. 2.4).
HPLC conditions as described above. The retention times were 2.8 min for free Dox

and 3.9 min for free daunomycin.
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EXTRACTION OF FREE AND TOTAL DOX

Sample 1mL (1 mg/mL)

v in propylene tube +
Total Dox Free Dox
Extraction Extraction
(aglycone analysis)

[Sample 100 uL] lSample 200 pL]

Internal standard
| Add 100 pL daunomycin |« daunomycin | Add 100 pL daunomycin |
(1 pg/mL aqueous solution)

Make up to 1 mL with ddHZOJ |Make up to 1 mL with ddH2OJ

Vortex

|Add 1 mL 2M HCl| Add 150 pL 1 M
Ammonium formate
-85

[Waterbath at 80 °C, 30 min ] Vortex

|
Add 150 L 1 M
Ammonium formate, pH = 8.5

|Add 1 mL 2M NaOH]

(4 : 1) Chioroform : i-PrOH (5 mL) l———
I

Extraction:
Vortex: 3x30s
|
|Centrifuge for 30 min at 1000 g ]

lDiscard aqueous layer-aspiration with Pasteur pipettes|

[Evaporate under N, ﬂowl

ﬁ)issolve residue in methanol (100 pL) ]

Fig. 2.3. Scheme of the extraction procedure used to determine free and total Dox
with HPLC
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Fig. 2.4. Quantification of free and total Dox by HPLC. Calibration curve of Dox
aglycone (panel a) and of free Dox (panel b). Data represent mean + S.EM., n =3
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2.3.5. Characterisation of HPMA copolymers by GPC

HPMA copolymers were analysed using aqueous phase GPC. Polysaccharide
standards (pullulan) (My, from 11800 to 210000 g/mol) were used to produce a
calibration curve (Fig. 2.5). All samples were prepared in PBS (3 mg/mL), filtered
(0.2 um) and approximately 80 L were injected (injection loop 20 uL). PBS was

used as mobile phase (flow rate 1.0 mL/min). RI detection was used.

2.3.6. General cell culture

Cell culture was performed according to the guidelines given by The United
Kingdom Co-ordinating Committee on Cancer Research (UKCCCR) (UKCCR,
2000). To preserve the sterile environment of the incubator and of the safety cabinets

all the equipment was sprayed with 70 % ethanol (v/v in water).

2.3.6.1. Defrosting cells

Cells were grown from frozen stock vials (containing 1 mL of cells suspension)
by warming the vial to 37 °C in a water bath. The thawed suspension was collected
in a universal container and 9 mL of RPMI 1640 with 20 % FBS were added. Cells
were centrifuged at room temperature for 5 min at 243 g, the supernatant was
aspirated and cells were resuspended in 5 mL of RPMI 1640 with 5 % FBS (10 % for
B16F10). The whole suspension was then put in the incubator in a 25 cm?® flask.
After 24 h medium was replaced with fresh medium and cells were then allowed to

grow and passaged when confluency was reached.

2.3.6.2. Cell maintenance and passaging

MCF-7, MCF-7ca and B16F10 were grown in vented 75 cm? tissue culture flasks
in RPMI 1640 (with L-glutamine) supplemented with 5 % FBS (10 % for B16F10) at
37 °C in humified atmosphere with 5 % CO, (MCF-7ca were further supplemented
with geneticin in order to maintain the transfected strain (15 pL of a 50 mg/mL
solution). Cells were passaged as described below when 70 - 90 % confluence was
reached. Old medium was removed by aspiration and cells were washed with 10 mL
of sterile PBS in order to remove dead cells and any residual medium. Trypsin
EDTA solution was added (1 mL) and cells were incubated with it for approximately
3-5 min (until detached). Fresh medium (10 mL) was added and the cell suspension

was collected in a universal container and centrifuged for 5 min at 243 g at room
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Fig. 2.5. Typical GPC calibration curve for polysaccharide standards
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temperature. The supernatant was removed and the cells were resuspended in fresh
medium. New flasks were prepared from this suspension after a 1 : 10 dilution. It is
important to underline that experiments on B16F10 were carried out in medium
having the same composition as the culturing medium (i.e. RPMI 1640 + 10 % FBS).
In the case of MCF-7 and MCF-7ca cells, RPMI 1640 without the pH indicator was
used in all the experiment as phenol red has mitogenic activity (Devleeschouwer et
al., 1992) and might therefore interfere with oestrogen signalling pathways. The
growth of MCF-7 is highly influenced by the presence or absence of oestradiol.
Consequently, the presence of steroids in the serum was controlled by using
charcoal-stripped FBS (SFBS). If the presence of steroids was required WRPMI +
5% SFBS + the desired steroid concentration was used. Cell culturing conditions are

summarised in Table 2.3.

2.3.6.3. Counting and seeding cells

Cells were washed with PBS, trypsinised, and resuspended in medium as
described above. In order to obtain a homogenous suspension of single cells, cells
were passed through a needle (23 G). An aliquot of the suspension (100 uL) was
removed and diluted with an equal volume of trypan blue (0.2 % trypan blue in
PBS). After 1 min, the cells suspension was placed into a haemocytometer. Cells
from ten 0.1 mm’ squares (five from the top and five from the bottom chamber of the
haemocytometer) were counted. Non-viable cells (stained with trypan blue) were

excluded. Cell concentration was then determined using the following formula:

cells/mL = mean x 2 x 10*

Where: mean is the arithmetic mean of the 10 values
2 takes into account of the trypan blue dilution
10*accounts for the conversion from 0.1 mm’ to mL
The cells suspension was then diluted with medium in order to obtain the appropriate

seeding density needed for the experiment.

2.3.6.4. Freezing cells
Cells were periodically frozen to maintain a stock. Cells were trypsinised and an

aliquot of the cell suspension was analysed to quantify the amount of cells as
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Table 2.3. Cell culture conditions for the different cell lines used

Medium

(a) Frequency of splitting

Cell line Origin (a) for maintenance (b) Frequency of medium change Freezing medium
(b) for experiments (c) Split ratio
MCEF-7 human breast (a) RPMI 1640 + 5% FBS (a) once a week 90% FBS
carcinoma (b) RPMI 1640 without phenol (b) 3/4 days 10% DMSO
red + 5% SFCS * (c) 1:10
MCF-7ca human breast (a) RPMI 1640 + 5% FBS * (a) once a week 90% FBS
carcinoma (b) RPMI 1640 without phenol (b) 3/4 days 10% DMSO
red + 5% SFCS * # (c) 1:10
B16F10 murine (a) RPMI 1640 + 10% FBS (a) twice a week
melanoma (b) 3/4 days 90% FBS
(c) 1:10 10% DMSO

++ steroids at the concentrations stated in each experiment
# supplemented with 15 uL of geneticin

SPOYIDPN D42UI0) puD SIVILIIVIA
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described in section 2.3.1.2. The cells were centrifuged, the supernatant was removed
and the pellet resuspended in the appropriate volume of freezing medium (90 %
serum + 10 % sterile DMSO) to obtain the concentration of 10° cells/mL. Aliquots (1
mL) of this suspension were then transferred into sterile cryogenic vials. To obtain a
slow freezing (approximately 1 °C/min) vials were wrapped in tissue paper and
placed at — 20 °C for 1 h and then at — 80 °C overnight. Finally, vials were

transferred to liquid nitrogen and stored there until use.

2.3.6.5. Preparation of SFBS

FBS (500 mL) was adjusted to pH 4.2 with hydrochloric acid 5 M and
equilibrated to 4 °C. A charcoal suspension was prepared adding 18 mL of ddH,0,
0.2 g of Norit A charcoal and 0.01 g of dextran T-70. An aliquot (25 mL) of this
suspension was then added to the cold PBS. The suspension was stirred for 16 h at 4
°C. Then, it was centrifuged (40 min at 12000 g) and the charcoal was removed by
coarse filtration. The pH was re-adjusted to 7.2 with sodium hydroxide 5 M, and the
SFBS obtained was sterile-filtered with millipore filters 0.2 um and stored in

universal containers at —20 °C.

2.3.7. Counting cells with the Coulter counter: growth curve for MCF-7

Coulter counter is an instrument routinely used to count the number and the size
of particles in suspension. A known volume of suspension is sucked by a pump and
forced to pass through a small hole in a tube. Two electrodes are placed inside and
outside the tube in order to measure variations of the electrical impedance caused by
the passage of the particles in suspension through the hole (Fig. 2.6). The number of
cells can thus be determined. After trypsination (section 2.3.1.2.), cell suspension
(100 puL) was transferred to a Coulter counter vial containing 10 mL of isotonic
solution. The number of cells contained in the sample was then determined. Cells
were diluted to obtain 4 x 10* cells/mL, seeded in a 24 well plate and allowed to
adhere for 24 h. The medium was removed and replaced with fresh medium. To test
the influence of oestradiol on cell growth, two different types of medium were
prepared. One, referred to as oestradiol medium, was prepared by adding 5 uL of
oestradiol solution (stock solution in ethanol at 10° M) to 50 mL of medium (final

concentration of oestradiol, 10° M). The other (control medium) was prepared
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Fig. 2.6. The Coulter counter. Picture of the instrument (panel a) and the schematic
representation of the counting system (panel b)
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dissolving 5 uL of ethanol in 50 mL of medium. The medium was replaced every 3 -
4 days and cells were counted with the Coulter counter on day 1, 4, 6, 8, 11, 13. To
count cells, the medium was removed from the well and 1 mL of trypsin was added.
Trypsinised cells were collected in a Coulter counter vial containing 6 mL of isotonic
solution. The well was then washed (3 x 1 mL) with isotonic solution and the
washings were added to the Coulter counter vial to achieve a final volume of 10 mL.
The cell suspension obtained was then counted. Growth curves were produced

plotting cell number against the time (Fig. 2.7).

2.3.8. MTT assay as means to assess cell viability: growth curve

The MTT assay, introduced by Mosmann (1983) is a method used to assess cell
viability. In viable cells, a yellow solution of the substrate (MTT 5 mg/mL in PBS) is
reduced into blue insoluble crystals after a REDOX reaction with mitochondrial
respiration products NADH and NADPH (Fig. 2.8) (Denizot and Lang, 1986;
Sgouras and Duncan, 1990; Twentyman and Luscombe, 1987; Vistica et al., 1991).
MCF-7, MCF-7ca and B16F10 were seeded in 96 well plates (4 x 10%, 4 x 10%, 10*
cells/mL, respectively) and allowed to adhere for 24 h. MTT sterile filtered solution
(20 uL) was added to each well and the reaction was allowed to proceed for 5 h at 37
°C. The solution of MTT and medium was then removed carefully avoiding removal
of the precipitated crystals. The crystals were dissolved in 100 uL of sterile DMSO
(incubation for 30 min at 37 °C). The absorbance of the solution was read in a UV
absorbance plate reader (A = 550 nm). The same measurement was performed daily.
For MCF-7 and MCF-7ca medium was replaced after 24 h (and then after every 3 - 4
days) with fresh medium (+ 10° M oestradiol). Growth curves were produced
plotting the absorbance against the time (Fig. 2.7). In order to find a correlation
between cell number and absorbance MCF-7 were seeded in a 96 well plate as
described above (seeding densities ranging 4 x 10’ cells/well = 4 x 10* cells/well).
Cells were allowed to adhere to the bottom of the well for 24 h and then MTT assay

was performed on the whole plate (Fig. 2.8).
2.3.9. Evaluation of cytotoxicity using the MTT assay

The MTT assay (as described in the previous section) was also used to establish

the cytotoxicity of antitumour drugs and of HPMA copolymer-conjugates. To be able
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Fig. 2.7. Growth curves of B16F10 and MCF-7 cells. Panel (a) shows the growth of
B16F10 at a seeding density of 10° cells / well; data represent mean + S.D., n = 6.
Panel (b) shows the growth of B16F10 seeded at 10?, 10° or 10° cells / well; data
show mean * S.D., n = 6. Panel (c) shows the growth curve of MCF-7 in presence
and absence of oestradiol measured with the Coulter counter or with the MTT assay;
data show mean + S.D., n = 3 for Coulter counter and n = 6 for MTT assay
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to see cytotoxic effects, it is important that cells are incubated with the drug while
they are in exponential growing phase. MCF-7 and MCF-7ca cells were seeded in a
96-well plate (4 x 10* cells/mL; 100 uL cell suspension/well) in WRPMI
supplemented with 5 % SFBS and allowed to adhere for 24 h. The medium was then
replaced with fresh medium (either control medium or oestradiol-supplemented (10”
M) medium). On day 5, the medium was replaced with a solution of the drug in
medium (fresh medium only was used for control wells) and cells were incubated for
67 h. In this way, cells were incubated for 72 h with the compounds whilst in their
exponential growing phase (day 5 to day 8). Then, MTT solution (20 yL; 5 mg/mL
in PBS) was added. After 72 h the solution was removed, the crystals were dissolved
in optical grade DMSO (30 min at 37 °C) and the UV absorbance was measured (A =
550 nm).

Results were expressed as percentage viability of the control cells, according to the

following formula:

Cell viability (%) = Absss, X 100/ Abssg,

Where: Absssy, = absorbance measured for the compound at a certain
concentration.
Abssg. = absorbance measured for the control cells.

2.3.10. Determination of the effect of androstenedione/testosterone on the
growth of MCF-7 and MCF-7ca

In this experiment the effect of the substrates of aromatase (androstenedione and
testosterone) on the growth of MCF-7 and MCF-7ca was investigated. Both cell lines
were seeded as described previously (section 2.3.6.3) at a seeding density of 4 x 10*
cells/mL in medium deprived of steroids (WRPMI + 5 % SFBS) and allowed to
adhere for 24 h. The medium was then replaced with fresh medium containing
different concentrations of androstenedione (10 + 10" M) and of testosterone (10
+ 10" M). The medium was changed every 3 - 4 days and cell growth was measured
on day 8 and on day 11 with MTT assay. Medium containing androstenedione and
testosterone was prepared diluting stock medium of androstenedione and testosterone

(102 M in ethanol) to achieve the final concentration desired. Therefore, control
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medium contained an equivalent amount of ethanol. Data were presented according

to the following formula:

Cell growth (% of control) = Asgndorest X 100/ Asgpoon

Where: Assmmdoress =  average absorbance obtained in presence of a given
concentration of androstenedione or testosterone.

Assp = average absorbance obtained for the control.

2.3.11. Effect of AGM (free and polymer-bound) on the mitogenic properties of
androstenedione
MCEF-7ca cells were seeded in 96 well plates as described in section 2.3.6.3. at a

seeding density of 4 x 10* cells/mL in medium deprived of steroids (WRPMI + 5 %
SFBS) and allowed to adhere for 24 h. Medium was then replaced with fresh
medium containing:

a) WRPMI + 5 % SFBS + ethanol

b) WRPMI + 5 % SFBS + 5 x 10® M androstenedione

¢) WRPMI + 5 % SFBS + 5 x 10®* M androstenedione + free or polymer

bound AGM (0.1 — 0.8 mg/mL AGM eq.).

The cells were then allowed to grow under standard tissue culture conditions for 11
days when MTT assay was performed to assess cell growth. Old medium was

replaced with fresh medium every 3 - 4 days.

2.3.12. Radiometric evaluation of isolated aromatase activity using placental
microsomes

The isolated placental enzymes used in this assay were kindly provided by Dr.
Claire Simons at the Welsh School of Pharmacy, Cardiff, UK.

Preparation of [’HJandrostenedione solution. 50 uL of 0.5 mM androstenedione
in EtOH was diluted to 1 mL with iPrOH : EtOH 1 : 1 v/v to give a 0.025 mM stock
solution. To this 35 L of [*’H]androstenedione (37 Mbg/mL) was added.

Procedure. The substrate androstenedione was prepared from a mixture of labelled
[*H]androstenedione and non-labelled substrate as described above. Frozen placental

microsomes were thawed under cold running water prior to the incubation and used
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immediately. AGM solutions were prepared in ethanol and were added to the
incubation mixture in a volume of 10 uL. It was more convenient (save in material
and more practical) to prepare the polymer conjugate solutions directly in the 420 uL
of PBS. The final mixture contained the inhibitors (10 L of ethanol), substrate (10
uL =0.0125 MBq ), NADPH (50 pL, 0.16 mmol/L), 50 mM PBS, pH = 7.4 (420
uL) and placental microsomes (10 uL, final protein concentration 0.26 mg/mL). In
control tubes, 10 uL ethanol was substituted for the inhibitors. Determinations were
conducted in duplicate. Following the addition of the microsomal suspension the
tubes were shaken with a vortex to ensure the thorough mixing. Incubations (15 min)
were carried out in a shaking water bath at 37 °C. The reaction was then terminated
by mixing the incubation mixture with a solution of mercuric chloride (0.1 mM, 300
uL), that combines with sulphydryl groups on the enzyme leading to deactivation.
Activated charcoal (1 %, 900 uL) was then added to remove residual substrate. The
charcoal was separated by centrifugation (at 1638 g for 15 min) leaving the tritiated
water in the supernatant. An aliquot (1 mL) of the supernatant was removed and
transferred to counting vials containing scintillation fluid (2 mL, OptiPhase “HiSafe
3”), mixed thoroughly with vortex. The PH]H,O formed was counted on a liquid
scintillation counter to determine the extent of aromatisation. The activity recorded

was assumed to be a direct measurement of the production of oestrogens.

2.3.13. Radiometric assay of aromatase activity in cells

Three days before the experiment, cells were deprived of oestrogens by replacing
the old medium with fresh steroid-free medium (WRPMI + 5 % SFBS). MCF-7ca
were seeded into a 6 well plate (3 x 10°cells/mL) and allowed to adhere for 24 h. Old
medium was removed and replaced with fresh medium (0.5 mL) containing 15 uL of
the [’H]androstenedione solution (described in section 2.3.12) and different
concentrations of free and polymer bound AGM (0.1 - 0.8 mg/mL AGM eq; control
wells AGM = 0 mg/mL). Cells were then incubated at 37 °C for 2 h. Then, the
medium was transferred to a glass tube, 0.5 mL of water were added, 1 % aqueous
formic acid (0.3 mL) was also added and the mixture was vortexed briefly to quench
the reaction (protein inactivation). Chloroform (2 mL) was then added to remove un-
reacted steroids. The two phases were allowed to separate and an aliquot (1 mL)
from the top (aqueous) phase was transferred into a clean glass tube. Aqueous

charcoal suspension (1 mL, 1 % charcoal in ddH,O) was then added and the mixture,
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after being vortexed, was centrifuged (15 min, 1638 g). The supernatant liquid (1
mL) was placed in a scintillation vial to which 2 mL of scintillation fluid (OptiPhase
“HiSafe 3”) was added. The [’H]H,O contained in each vial was then determined

using a scintillation counter.

2.3.14. Cell lysis for protein extraction

The MCF-7 and MCF-7ca cells were seeded as described in section 2.3.6.3 in 60
mm Petri dishes in WRPMI + 5 % SFBS (5 X 10’ cells per dish). Cells were grown
under standard culturing condition until approximately 80 % of confluency was
reached. Proteases inhibitors were added to the lysis buffer, to prevent protein
degradation (see Table 2.1). The buffer prepared was then kept on ice until use.
Medium was aspirated from the dishes and cells were washed with warm PBS three
times. Then approximately 175 uL of lysis buffer were added to each dish (checking
that the whole surface was covered) and cells were placed on ice. Cells were scraped
with a cell scraper, coarsely mixed with a pipette and the suspension was collected in
a 1.5 mL eppendorf. No more than 4 dishes were processed per time. Cells were then
spun down in a pre-cooled centrifuge (15 min 15800 g 4 °C). Supernatant was
aliquoted (50 uL aliquots) and stored at — 20 °C until use. Protein content was

determined using the Lowry assay as described in the following section.

2.3.15. Quantification of the protein content: Lowry assay

To quantify the amount of proteins, the DC protein assay (from BIO RAD) was
used. This assay is a colorimetric method based on a modification of the Lowry
assay. It is based on the reaction that occurs between protein, an alkaline copper
tartrate solution and Folin reagent. The latter is reduced by several amino acids
(primarily tyrosine and tryptophan) to metabolites that have a blue colour (maximum
absorbance at 750 nm). Bovine serum albumin (BSA) standards (1.45 mg/mL kept as
stock at =20 °C) were used to build a calibration curve (diluted to a final volume of
50 uL with lysis buffer to obtain concentrations ranging 1.45 + 0.25 ug/mL). A
sample containing 50 uL of lysis buffer was used as a blank. For the samples, an
aliquot (10 uL) of the cell lysate was diluted to 50 uL with lysis buffer and was
processed in parallel with the standards. The kit provided by BIO RAD was used. A
solution was made mixing Reagent A (250 uL per sample to be analysed) with

substrate S (20 uL per sample). An aliquot (250 uL) of the solution obtained was
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added to each sample. Then, 2 mL of reagent B were added to all samples. The
solution was allowed to react for approximately 15 min to obtain the development of
the colour. Standards and samples absorbance was read at a spectrophotometer
(A =750 nm). The protein concentration in the sample was then extrapolated from

the calibration curve.

2.3.16. Detection of aromatase enzyme in MCF-7 and MCF-7ca by Western blot

SDS-PAGE. SDS-PAGE apparatus was assembled. The lower gel was prepared
(Table 2.2) and gently pipetted into the chamber formed by the two glasses. A small
amount (200 uL) of H,O was applied on top of the gel to obtain a smoother border.
The gel was then left to set for approximately 15 min. Stacking gel was then
prepared (Table 2.2), the water was removed from the lower gel and the upper gel
was then pipetted above it. Combs were then gently pushed in the upper gel to create
the wells that would host the sample. The gel was allowed to set for approximately
20 minutes. The appropriate volume of protein (80, 60, 40 or 20 ug) was placed in an
eppendorf and an equivalent volume of 2 x loading buffer (Table 2.2) was added.
Samples were then heated for 10 min at 100 °C. The combs were removed, the
running apparatus was assembled and its middle section was filled with running
buffer (Table 2.2). Samples were loaded using the appropriate tip in each well
(rainbow proteins were loaded in the first lane). The apparatus was then connected to

power and run at 150 V for~ 1 h.

Western blotting. The transfer buffer was prepared (Table 2.2). Four pieces of
filter paper, two of nitrocellulose and four sponges were soaked in this buffer. The
blot was assembled in this order: black side of plastic housing, sponge, filter paper,
gel, nitrocellulose, filter paper, sponge, clear side of plastic housing. The tank was
filled with transfer buffer, an ice block and a stirring magnet. Cartridges were
inserted and the system was run at 100 V for 1 h. The blot was then blocked for 1 h
under gentle agitation in milk (5 % in tris-buffered saline (TBS) tween). The milk
was removed and a solution of the primary antibody was added (1 mL western block
reagent, 19 mL TBS tween, 200 xL. NaN; and 20 uL antibody) for 2-3 h. For the
detection of aromatase a mouse anti human cytochrome P450 aromatase was used
(Turner et al., 2002). The blot was then washed with TBS tween (Table 2.2) (3 x 20

mL x 5 min) and incubated with the secondary antibody (antimouse, 2 yL in 20 mL
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of TBS tween) for I h. Then, washings with TBS tween were performed (5 x 20 mL

x 5 min). The blot was developed with chemiluminescent substrate.

2.3.17. Determination of the cellular uptake of polymer conjugates by flow
cytometry

Flow cytometry was used to assess the uptake of polymer conjugates by MCF-7
and MCF-7ca cells using the inherent fluorescence of Dox as marker. Cells were
seeded in 6 well plates (1 X 10° cells/mL) in WRPMI + 5 % SFBS and allowed to
adhere for 24 h. The experiment was performed at 37 °C and at 4 °C (to account for
the external binding). Polymer solutions were prepared in medium and equilibrated
to 37 °C or 4 °C. For the 37 °C condition, cells were kept under cell culture condition
for the incubation period. For the 4 °C experiment, cells were placed on ice 30 min
prior the addition of the polymer. HPMA copolymer-Dox conjugate was added at a
concentration of 0.1 mg/mL in medium (= 0.01 mM Dox-equiv.). For HPMA
copolymer-AGM-Dox conjugate the concentration of the polymer was adjusted to
achieve an equivalent concentration of fluorophore (Dox). Cells were then incubated
for times up to 60 min at 37 °C or 4 °C. At the end of the incubation period, the
plates were placed on ice to prevent further uptake and kept at 4 °C. The cells were
washed three times with ice-chilled PBS (3 x 5 mL). Then PBS (1 mL) was added
and cells were scraped from the plate, collected in falcon tubes and centrifuged at 4
°C, 600 x g for 5 min. Finally, cells were re-suspended in ice-chilled PBS (200 uL)
and analysed using Becton Dickinson FACSCalibur cytometer (California, USA)
equipped with an argon laser (488 nm) and emission filter for 550 nm. Data were
collected with 25,000 events per sample and processed using CELLQuest™ version
3.3 software. Control cells (incubated with medium only) were used in all cases to
account for background fluorescence output. Data was acquired in 1024 channels

with band pass filter FL2 (585 nm + 42 nm).

2.3.18. Analysis of flow cytometry data

To best interpret the flow cytometry data, several options were taken into
account. Increase in the fluorescence of the cell population can be estimated
considering two different parameters. First of all, one can consider the increase in the
average fluorescence of the population. The mean, the geometric mean and the

median are the 3 different variables that can be used for this. Otherwise, the
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increased number of cells taking up the fluorescently labelled compound can be
used. In this second case, it is first necessary to define a population of non-
fluorescent cells (negative) to account for background fluorescence. Two regions
were therefore arbitrarily set (Fig. 2.9). Region M1 was arbitrarily defined as the
region covering 98 % of the events in the control population. M2 covered any area at
higher fluorescence than M1. Obviously, an increased number of fluorescence-
associated cells would lead to an increased number of events in the M2 region. As
the geometric mean of log data corresponds to the median of the linear data, it was
decided that presenting the data as the geometric mean of the entire population was

the best way to mirror the variation in fluorescence of the whole population.

2.4. STATISTICAL ANALYSIS

Data are expressed as mean * Standard Error of the Mean (S.E.M.), unless
otherwise stated. Statistical significance was set at p < 0.05 (indicated with *). When
only two groups were compared, Student’s t test for small sample size was used. If
more than two groups were compared evaluation of significance was performed
using one way - Analysis Of Variance (ANOVA) followed by Bonferroni post hoc

test.
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Fig. 2.9. Setting the M1 and M2 region for the interpretation of the data of flow
cytometry
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Chapter 3:

Synthesis and Characterisation of HPMA copolymer-AGM =+ Dox

Conjugates
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3.1. INTRODUCTION

At the beginning of this project it was important to synthesise and characterise
the conjugates carrying both endocrine therapy (AGM) and chemotherapy (Dox).
Several issues were considered before starting, particularly the choice of the
polymeric carrier and the choice of the drugs to be used as the first model
compounds. The chemical approach to be used for synthesis was also considered,
and thought was given to the linkers that might be used for creation of optimal drug

conjugates.

The general aim of this project was to investigate the potential advantage of
combining endocrine and chemotherapy on the same polymeric carrier. Thus, it was
decided to avoid using experimental polymers and architectures whose biological
behaviour is not yet understood as this would be an extra-variable in the system.
Only four polymeric carriers have been used to prepare the polymer-anticancer drug
conjugates being tested clinically. These are HPMA copolymers, PGA, PEG and
oxidised dextran (Fig. 3.1). The wealth of literature available on HPMA copolymers
and the history of their use in our group made them ideal candidates for this project
(reviewed in Duncan 2005). HPMA copolymers have proven safe both in animal
models (Duncan et al., 1992; Duncan et al., 1998), and in humans (Meerum Terwogt
et al., 2001; Schoemaker et al., 2002; Vasey et al., 1999; Seymour et al., 2002; also
reviewed in Duncan, 2005). Of the six HPMA copolymer drug conjugates transferred
into clinical trials (HPMA copolymer-Dox, HPMA copolymer-Dox-galactosamine,
HPMA copolymer-paclitaxel, HPMA copolymer-camptothecin and HPMA
copolymer platinates) (Fig. 3.1) none showed evidence of polymer-related toxicity
(reviewed in Duncan 2003b). Even more interestingly for this project, HPMA
copolymer-Dox has already shown activity in breast cancer (Vasey et al., 1999;

Cassidy, 2000).

The choice of an appropriate linker is another vital parameter for a rational
design of polymer-drug conjugates. Whilst stable in the bloodstream, the linker must
be degradable when the site of action is reached. Several linkers have been explored,
most importantly, peptidyl (Duncan et al., 1980) and ester linkers have been used to
synthesise those polymer-drug conjugates transferred into clinical trials (reviewed in

Brocchini and Duncan, 1999). Despite the successful use of an ester linkage to
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conjugate paclitaxel to PGA, both HPMA copolymer-paclitaxel and HPMA
copolymer-camptothecin showed toxicity that can, at least partially, be attributed to a
premature release of the drug from the conjugate due to the susceptibility of the ester
linkage to blood esterases (Schoemaker et al., 2002; reviewed in Duncan 2003b).
The stability of the linker is influenced by the drug, the loading (Searle et al., 2001)
and also the conformation that the conjugate has in solution, which affects the
accessibility of the linker. Consequently, theoretically each case is different.
However, the data presented above on the use of an ester linkage in HPMA
copolymer conjugates and data reporting the stability of peptidyl linkers and their
degradation by lysosomal enzymes, made the choice of a peptidyl linker a better
option for this project. Therefore, the peptidyl linker GFLG degradable by the thiol-
dependent protease cathepsin B (already used in the HPMA copolymer-Dox) was

used. The non-biodegradable linker, GG, was also used as a control.

Once the polymeric carrier and the linker were chosen, it was necessary to
identify the drugs to be used as model compounds for chemotherapy and endocrine
therapy. Dox was an obvious choice as it is a first line chemotherapy treatment for
breast cancer (Ellis et al., 2000b), and also as HPMA copolymer-Dox had shown
activity in a Phase I study in anthracycline-resistant breast cancer (Vasey et al.,
1999). Phase II clinical trials of HPMA copolymer-Dox (for colon, breast and non
small cell lung cancer (NSCLC)) confirmed the activity in breast cancer as partial
responses were found for this type of tumour (Cassidy, 2000; reviewed in Duncan,

2005).

The selection of the model drug for endocrine therapy was more difficult, and the
rationale for choosing the aromatase inhibitor AGM has already been outlined in
detail in the introduction (paragraph 1.3.1). The fact that AGM carries an amino
group (Fig. 1.10) makes it an ideal candidate for conjugation to HPMA copolymers
via a peptidyl linker. Moreover, as this first generation aromatase inhibitor is a

relatively old drug, it was not protected by patent.

Many routes to synthesise HPMA copolymer-drug conjugates have been

described (reviewed in Duncan and Kopecek, 1984; Duncan, 2005). Two main
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approaches can be used to prepare conjugates where the drug is covalently bound to
the polymer via a side chain:

* The drug can be incorporated into the polymer backbone during the
polymerisation reaction. In this case, the drug itself or a monomeric
derivative containing the drug is polymerised into the polymer backbone.

* Polymer analogous reaction. In this procedure the drug is bound to a pre-
synthesised polymeric intermediate (Fig. 3.2) (reviewed in Duncan and

Kopecek, 1984).

The first option has the potential disadvantage of leading to the formation of
conjugates with different molecular weight as different monomers have different
reactivity. This is important as a Mw lower than 40 KDa is essential for the eventual
renal elimination of the polymer. Using the polymer analogous reaction it is possible
to synthesise a common activated intermediate. From this, a library of HPMA
copolymers can be synthesised where the Mw and Mw/Mn is the same.
Consequently, the second option was selected and HPMA copolymer-ONp were
used as a polymer intermediate throughout this PhD thesis. As Dox and AGM both
carry an amino group, direct aminolysis exploiting the activated HPMA copolymer-
ONp seemed to be an obvious option for drug conjugation as it had been previously
used successfully for the synthesis of HPMA copolymer-Dox and HPMA
copolymer-Dox-galactosamine. Nevertheless, the amino group of AGM is aromatic
and therefore less nucleofilic. As described by Vicent et al. (2005), the use of DCC
coupling produced higher loading than the aminolysis reaction, therefore this method

was chosen to prepare HPMA copolymer-AGM conjugates.

Thus the general aims of this study were to reproduce the synthesis described by
Vicent et al. (2005) and prepare the library of HPMA copolymers summarised in Fig.
3.3. It was important to characterise the conjugates in respect of total drug content
and residual free drug by HPLC, UV and their Mw by GPC. Having standardised
these methods it was also important to prepare reproducible batches of each

compound for use in the subsequent biological tests.
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3.2. METHODS

The general methods used in this study have already been described in detail in
Chapter 2. These were: the aminolysis reaction (section 2.3.1 - 2.3.3), the HPLC
method for the determination of the total and free Dox content in the HPMA

copolymer-Dox (section 2.3.4) and the characterisation of the Mw by GPC (section
2.3.5).

3.2.1. Synthesis and purification of HPMA copolymer-AGM = Dox conjugates.
The library of HPMA copolymer conjugates shown in Fig. 3.3, and the HPMA
copolymer-aminopropanol derivatives were synthesised following these synthetic
routes:
- HPMA copolymer-Dox conjugate and HPMA copolymer-aminopropanol
conjugates were synthesised by aminolysis as described previously (paragraph
2.3.1 and 2.3.3, respectively; also described in Rejmanova, 1977).
- HPMA copolymer-AGM conjugates were synthesised by DCC coupling as
described below.
- HPMA copolymer-AGM-Dox conjugate was synthesised also by DCC coupling

as described below.

Synthesis of HPMA copolymer-GFLG (5 and 10 mol%)-AGM and HPMA
copolymer-GG (5 mol%)-AGM conjugates.

The reaction procedure used is summarised in Fig. 3.4. It consists of 3 steps:
hydrolysis of the HPMA copolymer-ONp derivative, conjugation of AGM and
finally purification (Vicent et al., 2005).

Step 1: A typical method to hydrolyse HPMA copolymer-GFLG (5 mol %)-ONp
(or HPMA copolymer-GFLG (10 mol %)-ONp or HPMA copolymer-GG (5 mol %)-
ONp) is described. The quantities referred to relate to HPMA copolymer-GFLG (5
mol %)-ONp as an example. HPMA copolymer-GFLG (5 mol %)-ONp (150 mg,
0.044 mmol ONp groups) was dissolved in ddH,0 (~ 5 mL) and a 0.1 M NaOH
solution (1.32 mL) was added. The reaction was allowed to proceed for 4 h at room
temperature. To monitor the reaction, an aliquot from the reaction mixture (5 pL)
was added in a quartz cuvette containing ddH,0 (995 uL) and the resulting solution

was analysed by UV spectroscopy to measure the displacement of ONp
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(Schwarzenbach et al., 1988; Ketelaar and Hellingman, 1951). Another quartz
cuvette containing | mL ddH,O was used as blank. The reaction mixture was then
purified by dialysis (membrane: Mw cut-off ~ 2,000 g/mol) against ddH,O in a
conical flask (approximately 5 L of ddH,0) for 2 days under constant stirring (the
ddH,O was changed approximately 5 times a day) and then freeze-dried to obtain a

white solid.

Step 2: Conjugation of AGM. HPMA copolymer-GFLG (5 mol %)-COOH (150
mg; 0.046 mmol in respect of the -COOH) was dissolved in anhydrous DMF (1 mL),
under nitrogen atmosphere. Then DCC (19 mg, 0.092 mmol) was added as a solid.
After 10 min, HOBt (12.5 mg, 0.092 mmol) was added, also as a solid, and the
reaction was allowed to proceed for 30 min. AGM (10.7 mg, 0.046 mmol) was
dissolved in a minimal amount of anhydrous DMF (~ 0.2 mL), and then added to the
reaction mixture. The reaction was allowed to proceed under a nitrogen atmosphere
for approximately 5 h and was monitored by TLC (mobile phase CHCI,; : MeOH 95 :
S (v/v); Rf free AGM = 0.53, Rf conjugate = 0).

Step 3: The protocol followed for the purification is schematically described in
Fig. 3.5. At the end of the reaction the precipitated urea was filtered-off, and DMF
was partially evaporated under reduced pressure. The product was first purified by
precipitation in a mixture of acetone : ether (4 : 1 (v/v); ~250 mL). The precipitated
compound was filtered with a Buchner funnel (size 3). After the filtration, the
acetone and ether were evaporated and this residue (R1) was kept for HPLC analysis.
The filtered compound was collected and dissolved in MeOH (~ 0.5 mL) for further
purification by column chromatography. This methanolic solution was applied to a
sephadex LH20 column (5 x 50 cm, eluent MeOH). Fractions were collected (~ 5 mL
each) and analysed by TLC (mobile phase CHCI; : MeOH 95 : 5 (v/v); Rf free AGM
= 0.53, Rf conjugate = 0). The first fractions, containing the purified polymer
conjugate, were collected, the MeOH was removed and the compound was dissolved
in a minimal amount of water and freeze-dried. The impure fractions containing the
free drug (AGM) were collected and the MeOH was evaporated. The resulting
residue (R2) was added to R1 and together analysed at HPLC to quantitate directly
the residual AGM and therefore estimate indirectly the content of AGM in the
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Purification 1: Synthesis and Characterisation
Filtration of the reaction mixture
to remove urea.

Purification 2:
Precipitation in acetone : ether
(4:1 v:v; 250 mL total volume)

Filtration
Acetone ether mixture Solid
evaporated
Residue 1 (R1) Dissolved in MeOH (0.5 mL)
kept for HPLC analysis

Purification 3:
Sephadex LH20

eluent MeOH
First fractions Later fractions
containing the containing AGM
purified compound

Evaporation of MeOH Evaporation of MeOH

Residue 2 (R2)
added to R1 and
kept for HPLC analysis

Dissolved in ddH,0
and freeze dried

Fig. 3.5. Schematic representation of the purification steps following the synthesis of
HPMA copolymer-AGM conjugates
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conjugates, as described below. The overall yields based on polymer weight were 70-

80 %.

Synthesis of HPMA copolymer GFLG (10 mol %)-AGM-Dox conjugate
The procedure for this reaction is summarised in Fig. 3.6 and consists of 3 steps:
hydrolysis of the HPMA copolymer-ONp derivative, conjugation of AGM and Dox,

and finally purification.

Step 1: HPMA copolymer-GFLG (10 mol %)-ONp was hydrolysed using the

procedure described above.

Step 2: HPMA copolymer-GFLG (10 mol %)-COOH (150 mg; 0.079 mmol in
respect of the -COOH) was dissolved in anhydrous DMF (1 mL), under nitrogen
atmosphere, then DCC (16.43 mg, 0.079 mmol) was added as a solid and the reaction
stirred for 10 min. Then, HOBt (10.69 mg, 0.079 mmol) was added, also as a solid
and the reaction allowed to proceed for 30 min. AGM (9.06 mg, 0.039 mmol) was
dissolved in a minimal amount of anhydrous DMF (~ 0.2 mL) and added to the
reaction mixture. The reaction was allowed to proceed under a nitrogen atmosphere
for approximately 5 h and was monitored by TLC as described above. DCC (16.43
mg, 0.079 mmol) was again added as a solid. After 10 min HOBt (10.69 mg, 0.079
mmol) was added as well as a solid. After 30 min, a solution of Dox.HCI (22.6 mg,
0.039 mmol) in DMF anhydrous and triethylamine (3.95 mg, 5.4 xL, 0.039 mmol)
were added. The reaction was allowed to proceed for approximately 3 h and
monitored by TLC (MeOH : AcOH 99.5: 0.5; Rf free AGM = 0.89, Rf free Dox =
0.44, Rf conjugate = 0).

Step 3: The reaction mixture was then purified to obtain the final product as

described above.

3.2.2. Characterisation of HPMA copolymer-AGM = Dox conjugates

HPMA copolymer-AGM = Dox conjugates were characterised in respect of the
total and free drug content (HPLC or UV). The methods used to determine free and
total Dox are described in section 2.3.4 (Wedge, 1991; Vicent et al., 2005). The

methods used to determine AGM content (total and free) are described below.
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Determination of total AGM content by UV spectroscopy

A glycine-AGM derivative (Gly-AGM) was first synthesised (in our laboratories
by Dr. Vicent) and used as a standard to produce a calibration curve. Free AGM and
Gly-AGM were dissolved in HPLC grade MeOH to produce a stock solution (1
mg/mL). This was then diluted to produce a range of concentrations (0 - 50 pg/mL
for AGM and 0 — 130 pg/mL for Gly-AGM). UV absorbance of each sample over
the range 200 — 300 nm was then determined. A calibration curve was then
constituted and used to determine the total AGM content of HPMA copolymers-
AGM = Dox conjugates. Each conjugate was dissolved in HPLC grade MeOH (1
mg/mL) and absorbance at 200 to 300 nm was measured. Relevant HPMA
copolymer-aminopropanol derivatives in HPLC grade MeOH (1 mg/mL) were used

as blank to remove any background effect due to the polymer chain.

Determination of total AGM using HPLC

The method used was a modification of the extraction procedure used to quantify
total and free Dox content (section 2.3.4 and Fig. 2.3) (Vicent al., 2005; Wedge,
1991). The dried residue obtained following conjugation and purification (R1 + R2;
see paragraph 3.2.1) was dissolved in HPLC grade CH,Cl, and any precipitate was
filtered off. As AGM is completely soluble in this solvent, none was lost during this
procedure. The solvent was then evaporated and a stock solution in MeOH was
prepared (5 mL), and samples (3 x 100 pL) were taken and placed into
polypropylene tubes. Each sample was made up to 1 mL with H,O, the pH was
adjusted to 8.5 by addition of ammonium formate buffer (100 xL, 1M, pH 8.5) and

the sample thoroughly mixed by vortexing.

A mixture of chloroform : propan-2-ol (4 : 1) was then added (5 mL), and the
samples were extracted alternating vortexing and shaking (3 x 30 s vortexing and 1
shaking) and the two phases were allowed to separate. The upper aqueous layer was
removed and discarded while the lower organic phase was evaporated using a N,
flow. The dry residue was re-dissolved in 100 yLL of HPLC grade MeOH. In parallel,
AGM reference samples (3 x 100 uL of a I mg/mL stock aqueous solution) were
also processed as a standard. Addition of 1 mL of HPLC grade MeOH led to a stock
solution (100 xg/mL), which was then diluted to produce a calibration curve (2 to 80

ug/mL). All standards and the samples were then analysed by HPLC using a
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uBondapak C18 (150 x 3.9 mm) column. A gradient elution profile and the
conditions listed below were used:
* solvent A- propan-2-ol : H,0 12 : 88 v/v.
* solvent B-propan-2-ol : H,O 29 : 71 v/v adjusted to pH 3.2 by addition of
ortophosphoric acid).
¢ Flow rate was 1 mL/min, the total run time was 20 min
» gradient profile:
t=5min A 100 %
t=9min A 0 %,
t=14min A 0 %,
t=16 min A 50 %,
t=18 min A 100 %.
AGM was detected by a UV detector (A = 254 nm), retention time (t,) was 5.3 min.
Data were acquired and processed using PowerChrom hardware and software. From

the standards, a calibration curve was produced and used to estimate AGM content.

Determination of the free AGM and the free Dox content by HPLC

An aqueous solution of each HPMA copolymer-AGM-Dox conjugate (1 mg/mL)
was prepared. An aliquot of the solution (400 uL) was then placed into a
polypropylene tube and a DNM internal standard was added to each sample (100 uL.
of a 1 ug/mL stock aqueous solution). and the volume was made up to 1 mL with
H,O. The extraction procedure described above was used.

For quantitation of free Dox the standards were produced processing a solution
(10 pg/mL) and then diluting it to give a calibration curve. HPLC conditions were
the same as described above for quantitation of total AGM (t, for free Dox was 13.7
min and free DNM was 15.1 min). Also in this case a calibration curve was produced

and used to determine the free residual Dox.

3.3. RESULTS

A library of HPMA copolymer conjugates was synthesised containing Dox,
AGM or a combination of both drugs linked to the same polymer chain. To prepare
conjugates using DCC coupling, it was first necessary to hydrolyse the polymeric

precursor. This reaction was monitored by UV to follow the release of ONp (Fig. 3.7
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Fig. 3.7. UV scan of the hydrolysis reaction of HPMA-copolymer-ONp. Scans are
taken at t = 0 (before and after addition of NaOH), after 3 h and after 3 h and 30 min
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indicating ONp liberation). When HPMA copolymer-ONp was dissolved in H,O, no
absorbance was registered at 400 nm, but addition of NaOH quickly led to the
appearance of a peak at 400 nm. Further release continued over 3.5 h. The yield of

this reaction was approximately 80 - 90%.

3.3.1. Content of total and free drug in HPMA copolymer conjugates
Two methods were used, a direct analysis of the conjugate by UV (for total

AGM) and HPLC analysis (for total and free AGM and Dox).

The total Dox content of the conjugate was quantified by HPLC. Fig. 3.8a shows
the chromatogram of the aglycone produced by acid degradation of Dox. The
fluorescence was increasing with increasing concentration in a linear manner (r* =
0.998), in the range of concentrations considered (Fig. 3.8b). The aglycone produced
by hydrolysis and extraction from the sample had the same retention time (t,) as the
standards (Fig. 3.8a). Figure 3.9a shows a typical chromatogram of a standard for
free Dox. The calibration curve showed a linear dependency (Fig. 3.9b). The free

Dox extracted from the sample had the same t, as the standard (Fig. 3.9a).

The total AGM content was estimated indirectly by HPLC (quantification of the
remaining, non-reacted AGM). The content of free AGM was determined by HPLC
after extraction from the polymer. In both cases AGM was used as standard. A linear
dependency was found for AGM standard (= 0.999). The free AGM extracted from
the sample had the same t, as the standards (Fig. 3.10).

Total AGM by UV. In the attempt of quantifying the total content of AGM
directly, UV analysis was performed. Free AGM was, in the first instance, used as
standard. The UV spectrum of free AGM in MeOH showed a maximum peak of
absorbance at 238 nm (Fig. 3.11a). The respective calibration curve (Fig. 3.11b)
showed a linear dependence (r* = 0.999) in the range of concentrations tested (O -
0.025 mg/mL). With the aim of mimicking the electronic distribution of polymer
bound AGM, the use of Gly-AGM as standard seemed more appropriate. UV scans
of Gly-AGM in MeOH, showed a shift of the maximum absorbance (from 238 to

257 nm) and also a change in the extinction coefficient (€6 > €65a6m) (Fig. 3.12).
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Fig. 3.12. UV spectrum of Gly-AGM in MeOH panel (a) and the corresponding
calibration curve panel (b)
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When the HPMA copolymers carrying AGM were analysed by UV, they showed a
maximum absorbance at 251 nm, which closely resembles that seen for Gly-AGM.
The HPMA copolymer backbone interfered with the absorbance of polymer bound
AGM. This could be seen if MeOH alone was used as blank (Fig. 3.13). On the other
hand, if the aminopropanolated derivative in MeOH was used as blank, the

interference was abolished (Fig. 3.13).

3.3.3. Characterisation of the conjugates by GPC

After determination of the content of total and free drug, GPC was used to determine
Mw, Mn and the polydispersity. First the bed volume and the void volume of the
column were determined using sucrose and pullulan (M, = 788,000 g/mol),
respectively (Fig. 3.14a). Then, HPMA copolymer conjugates containing AGM
and/or Dox were analysed. Also the hydrolysed precursor and the HPMA copolymer-
Ap derivatives were analysed (Fig. 3.14b). The determination of the exact molecular
weight was not possible as the polysaccharides standards are not suitable for HPMA
copolymers. However, it was noticed that if each conjugate was compared with the
parent compounds (HPMA copolymer-Ap and HPMA copolymer-COOH), the
retention time was the longest for the conjugate, then for the HPMA copolymer-Ap

derivatives and finally the HPMA copolymer-COOH had the shortest retention time.

3.3.4. Summary of the conjugates synthesised and their characteristics

The library of HPMA copolymer conjugates synthesised and their characteristics
are summarised in Table 3.1. Two batches of HPMA copolymer-Dox were
synthesised by aminolysis. Whilst the first one had a low Dox content (2.1 % wt), the
second had higher loading (6.8 % wt). DCC coupling was used to synthesise HPMA
copolymers containing AGM alone or AGM combined with Dox. A good batch to
batch reproducibility was found. In the polymers containing only AGM, the total
drug content was approximately 6 % wt, ranging between 5.5 - 8.6 % wt.
Predictably, the highest content of total AGM was found in the conjugate containing
10 mol % of side chain (a total AGM loading 8.6 % wt). In the conjugate carrying
both AGM and Dox, the content of each individual drug was approximately 5 % wt
with a range of 5.1 - 5.4 for AGM and 2.8 - 7.2 for Dox. In all cases, the content of

free drug was always low (< 1.4 % of the total drug bound).
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Fig. 3.13. UV spectrum of HPMA copolymer GFLG (5 mol%)-AGM using as blank
either MeOH or a solution of HPMA copolymer GFLG (5 mol%)-Ap in MeOH at
the same concentration
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Fig. 3.14. GPC profiles of HPMA copolymer conjugates. Panel (a) GPC profile of
pullulan (Mw = 788,000 g/mol) and sucrose to determine the void volume and the
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3.4. DISCUSSION

At the beginning of this project it was essential to first prepare the library of
HPMA copolymer conjugates desired and carefully characterise them (Table 3.1).
The synthesis of HPMA copolymer-Dox was achieved by aminolysis as widely
described in literature (Rejmanova, 1977). However, as the aromatic amino group of
AGM is poorly nucleofile (the electron doublet of the amino group is partially
delocalised on the aromatic system), activation of the carboxylic group using DCC
(Fig. 3.15) and HOBt to promote AGM conjugation to HPMA copolymer
intermediates bearing —-COOH was preferred (Camplo et al., 1996; Vicent et al.,
2005).

One of the characteristics, possibly the most significant, that differentiates
polymer drug conjugates from other drug delivery systems like liposomes or micelles
is the covalent attachment of the drug to the polymeric carrier. The presence of
covalent linkage i1s often demonstrated by NMR. However, the interference of the
signals from the protons of the polymeric backbone can make the interpretation of
the results more difficult. The formation of an amide bond between Dox and HPMA
copolymer was elegantly proven previously by NOESY and TOCSY (Pinciroli et al.,
1997). Evidence for covalent conjugation of AGM was also obtained by 'H NMR
analysis (Vicent et al., 2005), as the appearance of a band at 9.8 ppm, clearly
indicated the formation of an aromatic amide. Furthermore, a positive NOE
correlation between the imide group of AGM (8 = 11.0 ppm) and the methylene

group of the first Gly in the spacer (8 = 4.0 ppm) was also observed (Fig. 3.16).

Once the chemical identity of the conjugates was proven, it was important to
determine the total and free Dox and AGM content for each drug. One of the main
challenges was the optimisation of a method that would allow the quantitation of
total AGM. Although there is a well established HPLC method for Dox quantitation
(Wedge, 1991; Configliacchi et al.,1996), this method was not suitable for AGM.
The method used to quantify total Dox uses acid hydrolysis to liberate Dox aglycone
which can then be extracted and quantified (Wedge, 1991; Configliacchi et al.,1996).
However, hydrolysis of HPMA copolymer-AGM conjugates would need conditions

able to hydrolyse the terminal amide linkage. This would also degrade the peptidyl
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Table 3.1 HPMA copolymer conjugates synthesised

06

Side chain Batch/code Total AGM  Free AGM Total Dox Free Dox

Sample (mol %) (% wiw) (% total) (% wiw) (% total)
HPMA-GFLG-Dox ~5 FG/la N/A* N/A 2.1 0.9
FG/1b N/A N/A 6.8 0.5
HPMA-GFLG-AGM ~5 FG/2a 6.4 nd1? N/A N/A
FG/2b 6.0 0.6 N/A N/A
FG/2c 6.4 1.2 N/A N/A
FG/2d 59 0.2 N/A N/A
HPMA-GFLG-AGM ~ 10 FG/3a 8.6 nd N/A N/A
HPMA-GG-AGM ~5 FG/4a 6.3 nd N/A N/A
FG/4b 5.6 1.1 N/A N/A
FG/4c 5.2 1.4 N/A N/A
FG/4d 55 0.2 N/A N/A
HPMA-GFLG-Dox-AGM ~ 10 FG/5a 5.1 1.0 2.8 1.1
FG/5b 5.1 0.7 5 0.8
FG/5c 5.4 0.7 7.2 0.2

* N/A = not applicable
t nd = non detectable
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Synthesis and Characterisation

e
¢

Fig. 3.16. NOE 'H-NMR spectra of HPMA copolymer GFLG (10 mol%)-AGM
conjugate (adapted from Vicent et al., 2005). Black arrows indicate the aromatic
amide, red arrows the imide and blue arrows the methylene of the Gly.

92



Synthesis and Characterisation

side chain probably leading to a complex mixture of free AGM, peptidyl derivatives
(i.e. G-AGM, LG-AGM, FLG-AGM, GFLG-AGM), free aminoacids and products
deriving from the degradation of HPMA (i.e. aminopropanol) (Fig. 3.17c).
Furthermore, the AGM imide would probably also be hydrolysed leading to at least
partial drug degradation (Fig. 3.17c). It was therefore decided to determine the total
content of AGM of conjugates using an indirect method. This involved the
quantitation of remaining free AGM in the reaction mixture and purification steps by

HPLC.

Quantification of the total AGM by UV was also used. It is well described that
conjugation may alter the extinction coefficient of a compound (Mendichi et al.,
2002). The use of Gly-AGM as standard allowed us to overcome this problem.
However, this still led to an over-estimation of the content of AGM (> maximum
theoretical value) and the indirect analysis by HPLC was therefore the favourite

route.

When characterising any polymer-drug conjugate, the determination of the Mw,
and polydispersity is very important. Only a conjugate Mw lower than the renal
threshold allows the elimination of the non biodegradable HPMA copolymer carrier.
It is also very important to consider that linear polymers, like HPMA copolymers,
can assume different conformations in solutions. These conformations are affected
by the nature of the compounds conjugated to the polymeric chain and by the

different loading (Searle et al., 2001).

The characterisation by GPC presented in this chapter has got the limitation of
not giving an accurate Mw (due to inappropriate standards i.e. polysaccharides).
However, some interesting observations can still be drawn. For example, the HPMA
copolymer-AGM (and/or Dox) conjugates have an apparent Mw lower than the
HPMA copolymer-aminopropanol derivatives. These, in turn, have an apparent Mw
lower than the HPMA copolymer-COOH. This suggests that the covalent attachment
of a less hydrophylic group (hydrophylicity: AGM/Dox < Ap < COOH) leads to a

more compact structure (Fig. 3.18).
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(a) Determination of total Dox

1) Hydrolysis of the acetal
(30 min/80°C HCI 1M)

2) Extraction of aglycone

Dox aglycone

Mixture of free and
polymer bound Dox

(b) Determination of free Dox

Free Dox

Mixture of free and
polymer bound Dox

Fig. 3.17. Rationale for the HPLC method used for Dox illustrating the potential
disadvantages for the quantitation of total AGM
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(c) Hypothetical direct determination of total AGM

Potential formation of
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Peptidy! derivatives:
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Fig. 3.17. Continued
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Increasing lypophilicity of the group attached to the side chain

4>
HPMA copolymer- HPMA HPMA copolymer-
COONH derivatives copolymer-Ap lipophilic drug

derivatives

More compact structure

Decreased apparent Mw

Figure. 3.18. Schematic representation of the potential explanation of the results
obtained by GPC
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HPMA copolymers have a high number of degrees of freedom and would more
frequently have the most thermodynamically stable conformation. It has been
suggested that HPMA copolymer-Dox exists in solution as unimolecular micelle
(Uchegbu et al.,1996). This is a structure in which a single polymeric chain is
arranged to expose the hydrophobic drug in the centre (hydrophobic core) leaving the
hydrophilic chain on the outside. At present, however, physical evidence to support
this hypothesis is still missing. Small angle neutron scattering SANS has successfully
been applied to investigate the conformation in solution of polymer therapeutics
(Wan et al., 2004). Recently, the HPMA copolymer presented in this work were
analysed by SANS. The Gaussian coil model for polymer conformation showed the
best fit to the raw scattering data (Vicent et al., 2005). HPMA copolymer-GFLG-
Dox and HPMA copolymer-GFLG-AGM (both 5 mol%) had a similar Rg (7.7 and
7.9 nm, respectively). The increase in the side-chain content (from 5 to 10 mol%) led
to an increase of the Rg to 16.5 nm for the AGM conjugate but only to 12.5 nm for
the Dox conjugate. Indeed, the HPMA copolymer-GFLG-AGM-Dox also had a Rg
of 12.8 nm. This suggests that the presence of Dox leads to a more compact
structure, which could be explained by its tendency to display m-m stacking. These
results clearly indicate that the drug loading and the chemical structure of the drug

influence the polymer-conjugate conformation.

In conclusion, a library of HPMA copolymers containing Dox and/or AGM was
synthesised and characterised. An acceptable loading of Dox and AGM was achieved
so it was considered possible to move onto their biological evaluation (cytotoxicity

and inhibition of the aromatase enzyme) (Chapter 4).
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Chapter 4:

Evaluation of the cytotoxicity of HPMA copolymers-Dox + AGM and

assessment of aromatase inhibition.
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4.1. INTRODUCTION

In the previous chapter the synthesis and the characterisation of a family of
conjugates carrying endocrine therapy and/or chemotherapy was described. Here the
cytotoxicity of all conjugates is assessed and the ability of the HPMA copolymer-

AGM conjugate to inhibit the aromatase enzyme is determined.

Cytotoxicity.

It was first necessary to choose an assay to assess cytotoxicity. Although MTT
assay has been widely used to compare cytotoxicities of low molecular weights
antitumour agents (Mosmann, 1983), HPMA copolymer conjugates (Wedge, 1991)
and to determine the biocompatibility of novel polymers (Sgouras and Duncan,
1990), it is difficult to obtain an objective comparison between free and polymer-
bound drug in vitro (discussed in Wedge, 1991; Duncan et al., 1992; Duncan 2003b).
The chemical conjugation of a low molecular weight drug to a polymer leads to a
marked change in its pharmacokinetic profile at cellular level. While low molecular
weight drugs, including Dox or AGM, can rapidly pass across the cellular
membrane, and immediately exert their biological effect, a polymer-drug conjugate’

has completely different cellular pharmacokinetics.

There are four steps that govern the ‘availability’ of a polymer-conjugated drug:

(i) cellular uptake (K,),

(ii) trafficking to the lysosomal compartment (K,)

(iii) release of the drug from the polymer (K,) mediated by cathepsin B

(iv) passage of drug across the lysosomal membrane into the cytosol (K,)

(reviewed in Lloyd, 2000) (Fig. 4.1).

As a result, the free drug typically shows higher toxicity in vitro than the
conjugated drug (Duncan et al., 1992; O’Hare et al., 1993). Indeed, the in vitro
activity of a conjugate has often been correlated with the activity of the residual
contaminant free drug (Duncan et al., 1992) (Fig.4.1). For example, the HPMA
copolymer-Dox conjugate which displayed activity clinically (Vasey et al., 1999)
and enhanced antitumour activity compared to free Dox in many tumour models in
vivo (Duncan et al. 1992; reviewed in Duncan, 2005) is almost completely inactive in

vitro (~ 100 fold less active than free Dox) (Wedge, 1991; Duncan et al., 1992;
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Seymour et al., 1990). Nevertheless, it was felt that evaluation of the cytotoxicity of
the HPMA copolymer conjugates still provides important information as to their
relative cytotoxicity. The cytotoxicity of HPMA copolymer-drug conjugates has
generally been evaluated either by MTT assay (Gianasi et al., 1999; O’Hare et al.,
1993; Wedge, 1991) or by measurement of [’H| thymidine incorporation (Kovar et
al., 2004; Rihova et al., 2001). It was decided to evaluate the cytotoxicity of the
compounds using MTT assay because of its simplicity and a 72 h incubation was
chosen to allow comparison with other literature data using HPMA copolymer

conjugates.

As the HPMA copolymer conjugates described in this study were designed
specifically for the treatment of breast cancer it seemed logical to choose MCF-7
cells, a human breast carcinoma cell line, as in vitro model. This cell line is widely
used as oestrogen-dependent in vitro system. Furthermore, the same cell line
transfected to over-express the aromatase enzyme (MCF-7ca) was also available
(Zhou et al., 1990). Thus, MCF-7 and MCF-7ca seemed ideal models to test

conjugates containing the aromatase inhibitor AGM.

Aromatase inhibition
As HPMA copolymer-AGM conjugates had never been prepared before it was

important to establish they could inhibit aromatase. It was first necessary to establish
models to measure aromatase inhibition. There are four parameters that could in
theory be measured (summarised in Fig. 4.2):

a) the formation of the product (oestrone/oestradiol)

b) the disappearance of the substrate (androstenedione/testosterone).

c) the biological effects (e.g. increased cell growth; expression of oestrogen-

regulated genes).

d) the formation of reaction side-products (liberation of H,0)

For these studies, cell-based assays and an isolated enzyme assay were used to

study polymer conjugate aromatase inhibition.
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Cell-based aromatase assay

Several in vitro and in vivo models have been described in the literature that
allow measurement of aromatase activity (summarised in Table 4.1 and reviewed in
Njar and Brodie, 1999). Wild type MCF-7 cells have been used as an in vitro model
to test aromatase inhibitors (Kitawaki et al., 1993). However, they contain relatively
low levels of the aromatase enzyme so this makes them a relatively poor model.
MCEF-7ca cell line has been transfected to contain (Zhou et al., 1990) higher level of
aromatase and they express higher enzyme level making this cell line more efficient

as a model to test aromatase inhibitors.

Although MCF-7ca have been characterised in respect of aromatase expression
by Southern blot, Northern blot and PCR analysis, (Zhou et al. 1990), at the
beginning of the aromatase inhibition studies it was considered necessary to evaluate
the expression of the aromatase protein by Western Blotting and to compare it to the

levels of aromatase found in MCF-7.

After characterisation of MCF-7 and MCF-7ca cells, it was decided to measure
the effect of the HPMA copolymer-AGM conjugate on growth induced by the
substrate. The aromatase enzyme has two substrates that are converted to oestrogens:
testosterone and androstenedione. Androstenedione has been described to promote
cell growth in MCF-7ca cells across a range of concentrations (1 to 100 nM) and this
mitogenic effect was completely reverted in the presence of the aromatase inhibitor
fadrozole hydrochloride (Santner et al. 1993). This is a relatively simple assay and
although it requires a long incubation time, it is also inexpensive. It was decided to
first, test the effect of both androstenedione and testosterone on the growth of MCF-
7ca in order to select the substrate and the concentration that gave the maximum
stimulatory effect. Then, free AGM and HPMA copolymer-AGM were tested with

this system.

As the growth stimulation assay is an indirect measurement it was considered
important to try and measure directly the effect on intracellular aromatase. A
radiometric assay was used where cells were incubated with the aromatase substrate

[’H]androstenedione. The [*’H]H,O released from its metabolism in the presence and
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Table 4.1. Experimental models used to assess aromatase activity

System Type of system References
In vitro * microsomal preparation  enzymatic Ryan,1959
from human placenta mixture
* JEG-3 or JEG Human Johnston et al., 1984

In vivo

« MCF-7

e MCF-7ca

» female rat

* MCF-7ca inoculated into
ovariectomised nude mice

* male rhesus monkey

choriocarcinoma
cells

oestrogen-
dependent breast
cancer cells

MCEF-7
transfected with
aromatase

determination of
inhibition of
ovarian ovulation

anti-tumour
effect

it is a model
where most of the
circulating
oestrogen is of
extragonadal
origin.

Kitawaki et al., 1993
Macaulay et al., 1994

Zhou et al., 1990

Brodie et al., 1976

Yue et al., 1995

Brodie et al. 1980
Longcope et al. 1988
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absence of AGM and HPMA copolymer-AGM could then be measured (Long et al.,
2002).

Enzymatic aromatase assay

To see more directly the effect of free AGM and HPMA copolymer-AGM on
the free enzyme, a microsomal extract from placenta was selected as model using the
same radiometric assay described above. For clarity, the in vitfro systems used in this
chapter to assess aromatase activity (with their advantages and disadvantages) are

summarised in Fig. 4.3.

To summarise, the aims of this study were: (i) to evaluate the levels of aromatase
in MCF-7 and MCF7ca cells by Western blotting, (ii) to test the cytotoxicity of free
Dox and AGM, the HPMA copolymer-Dox, the HPMA copolymer-AGM and the
combination conjugate HPMA copolymer-Dox-AGM, and (iii), to establish whether
HPMA copolymer-AGM could inhibit the aromatase enzyme, and to compare its

activity with free AGM. Three different assays were used for this purpose.

4.2. METHODS

Most of the methods used here were described previously in Chapter 2. The
method used for Western blot analysis was described in section 2.3.16. For
determination of cytotoxicity against MCF-7 and MCF-7ca, free and polymer-bound
drugs were tested by MTT assay (described in section 2.3.9) at the following

concentration ranges:

Dox: 0.05 - 100 pg/mL

AGM: 0.01 -2 mg/mL

AGM + Dox: 0.002 - 2 mg/mL AGM
0.1 - 100 pg/mL Dox

HPMA copolymer-Dox: 0.629 — 126 pg/mL

HPMA copolymer-AGM: 4.6 — 186 pug/mL

HPMA copolymer-Dox + HPMA copolymer-AGM:
1.57 — 157 pg/mL Dox-equiv.
1.5 - 150.7 pg/mL AGM-equiv.
HPMA copolymer-AGM-Dox: 0.47 — 235 ug/mL Dox-equiv.
0.51 - 254 ug/mL AGM-equiv.
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a) Cell-based assay to determine effect on steroid stimulated growth

MCF-7ca or MCF-7 cells assessed by MTT

androstenedione —¥% oestrone Cell growth
aromatase i

testosterone —¥ oestradiol @ @
e PRSI

Incubation time: 11 days AGM and HPMA copolymer AGM present for 10 days

b) Radiometric assay used to assess cell-associated aromatase

[*H] androstenedione

Aromatase

©Oestradiol

Incubation time: 2 h  AGM and HPMA copolymer AGM present for 2 h

Liberation of [*H] H,O
used to assess aromatase activity

c) Radiometric assay used to assess isolated aromatase activity

Oestradiol

>
Free aromatase enzyme
from placental
microsomal fraction [PH] H,0

L |
Incubation time: 15 min  AGM and HPMA copolymer AGM present for 15 min

[*H] androstenedione

Method Advantages Disadvantages
a) Easy Non specific
Non expensive Long
b) More specific
c) More specific Artificial system

Fig. 4.3. The three model systems used to evaluate inhibition of aromatase, their
advantages and disadvantages
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HPMA copolymer-Dox + free AGM: 12.6 - 126 pg/mL Dox-equiv.

0.2 -2 mg/mL AGM
The method used to determine whether the polymer conjugates interfere with the
MTT assay is described below. The protocols used for assessment of aromatase
activity in cells (sections 2.3.10, 2.3.11, 2.3.13), and against the free enzyme (2.3.12)
were described in Chapter 2. As the cytotoxicity of Dox precludes evaluation of
aromatase inhibition by the combination conjugate, these studies were designed to
examine the mechanism of action only of the HPMA copolymer-GFLG (5%)-AGM
and to compare it to free AGM.

4.2.1. Evaluation of potential interferences of the HPMA copolymer conjugates
with the MTT assay

MCE-7 cells were harvested and seeded as described before (section 2.3.6.3) in
WRPMI + 5 % SFBS at a seeding density of 4 x 10* cells/mL in a 96-well plate.
Cells were allowed to grow for 8 days during which time the medium was
periodically replaced with fresh medium (on day 1 and day 5). On day 8, the medium
was removed and fresh medium containing the polymer solution was added
(concentrations used O — 5 mg/mL). The MTT solution (20 yL of 5 mg/mL in PBS)
was also added to each well and the plates were placed into the incubator for 5 h. At
the end of the incubation period the supernatant was removed and the crystals
produced by reaction of the MTT with the cellular NADH and NADPH were
dissolved by addition of DMSO (100 pL). The plates were placed again in the
incubator for 30 min, to allow complete dissolution of the crystals and the
absorbance was then measured at 550 nm. Data are expressed as absorbance

measured at 550 nm for each polymer concentration.

4.3. RESULTS

The morphology of MCF-7 and MCF-7ca cells is similar and it is shown in Fig.
4.4. When the cell lines were assessed for the presence of aromatase by Western
blotting, a band was observed at ~ 55 KDa for both cell lines (consistent with

aromatase molecular weight) (Turner et al., 2002). The enzyme levels were higher in

MCF-7ca than in MCF-7 cells (Fig. 4.5).

107



Biological Activity

(b) MCF-7

Fig. 4.4. Morphology of MCF-7ca (panel a) and MCF-7 (panel b). Pictures taken by
bright field microscopy. Size bar = 10 ym

108



Biological Activiry

MCF7-ca MCF7

75 KDa

~ 55 KDa
50 KDa

Fig. 4.5. Aromatase expression in MCF-7 and MCF-7ca. Example of western blot
showing the aromatase enzyme in MCF-7 and MCF-7ca. Loading was adjusted to
protein content, as determined using a modification of the Lowry assay (lane 1 and
1’ = 20 pg of protein; lane 2 and 2’ = 40 pug of protein; lane 3 and 3’ = 60 pg of
protein; lane 4 and 4’ = 80 g of protein)
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Cytotoxicity

The cytotoxicity of the free drugs AGM and Dox alone or in combination and
their conjugates was investigated in presence of oestradiol (10° M) or in its absence
(Fig. 4.6a - h). Tables 4.2 and 4.3 summarise the ICy, values found. The results

obtained can be summarised as follows:

Free Dox was cytotoxic in both cell lines (Fig. 4.6a). However, toxicity was
more marked in MCF-7 cells than in MCF-7ca cells (in the presence of oestradiol the
ICs, was 0.41 pug/mL and 21.6 ug/mL, respectively). In absence of oestradiol, the
cytotoxicity observed was similar to that obtained in its presence. Again, Dox was
more toxic against MCF-7 cells than against MCF-7ca cells (the 1Cs, values were 1.9

pug/mL and 26.8 pg/mL for MCF-7 and MCF-7ca, respectively).

Free AGM was relatively non-toxic up to 0.5 mg/mL. Above this concentration,
cell viability started to decrease more (Fig. 4.6b). AGM had a similar cytotoxicity in
the two cell lines. In presence of oestradiol, the IC, was 1.2 mg/mL and 1.04 mg/mL
for the MCF-7 and MCF-7ca cells, respectively). In absence of oestradiol, no
cytotoxicity was observed over the range of concentrations tested (ICs, > 2 mg/mL
for both MCF-7 and MCF-7ca cells).

Free AGM + free Dox. When these drugs were added together as a simple

mixture, the pattern of cytotoxicity observed clearly resembled that of free Dox (Fig.
4.60).

HPMA copolymer-Dox. The conjugate carrying only Dox was non-toxic at all
concentration tested and in both cell lines (IC5, > 125.8 pg/mL Dox-equiv.) (Fig.
4.6d). At the highest concentrations (approximately above 90 pg/mL Dox-equiv.) an

increase in the MTT-related absorbance was seen.

HPMA copolymer-AGM. Also in the case of the HPMA copolymer-AGM, no
toxicity was observed over the range of concentrations tested (IC5, > 180 ug/mL)
(Fig. 4.6e). Again, increased MTT-related absorbance was seen at higher

concentrations of polymer.
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Table 4.2. ICy, values of free and polymer-bound AGM and Dox and their
combinations (with 10° M oestradiol)

Compounds 1C,, (#g/mL Dox- I1C;, (ug/mL AGM-equiv.)*
equiv.)*

MCF-7 MCF-7 ca MCF-7 MCF-7 ca

AGM NA NA 12233 + 1043 + 441
274

Dox 041 +£0.16 21.6x8.5 NA NA
Dox + AGM 0.38+0.09 156+7.6 74+1.7 307.7+150.7
HPMA-AGM NA NA > 180 > 180
HPMA-Dox > 125.8 > 125.8 NA NA
HPMA-Dox + 623+11.7 60.0+89 986.7 + 966.7 + 145.2
AGM 177.0
HPMA-Dox + > 157.2 > 157.2 > 150.7 > 150.7
HPMA-AGM
HPMA-AGM- 754+452 82+3.1 7685+453 8.8+3.5
Dox

* IC,, values are expressed as mean + S.E.M, n = 3.

NA = not applicable

Table 4.3. IC,, values of free and polymer-bound AGM and Dox and their
combinations (without oestradiol)

Compounds IC;, (ug/mL Dox-equiv.)* 1Cg (ug/mL AGM-equiv.)*
MCF-7 MCF-7 ca MCF-7 MCF-7 ca
AGM N/A NA > 2000 > 2000
Dox 1.9+1.2 26.75+3.9 NA NA
Dox +AGM 11.16 £104 31.2+83 210+ 195 608.3 +
169.2
HPMA-AGM NA NA > 180 > 180
HPMA-Dox > 125.8 > 125.8 NA NA
HPMA-Dox + 68.5+13.0 69.8+93 1100.0 + 948.3 +
AGM 200.0 61.2
HPMA-Dox + > 157.2 > 157.2 > 150.7 >150.7
HPMA-AGM
HPMA-AGM-Dox 21.8+8.5 12+7.6 225+89 9.9 +5.1

* |Cy, values are expressed as mean + S.EM, n = 3.

NA = not applicable
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Fig. 4.6. In vitro cytotoxicity of Dox, AGM, and the HPMA copolymer conjugates.
The data shown are against MCF-7 ([J) and MCF-7ca (O) cells grown in the presence
(full symbol) and absence (empty symbol) of oestradiol. Dox (panel a), AGM (panel
b), Dox + AGM (panel c¢), HPMA copolymer-Dox (panel d) HPMA copolymer-
AGM (panel e) HPMA copolymer-AGM + HPMA copolymer-Dox (panel f) HPMA
copolymer-Dox-AGM (panel g) and HPMA copolymer-Dox + AGM (panel h). Data
shown represent mean + SEM; n=3
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HPMA copolymer-Dox + HPMA copolymer-AGM. When the HPMA copolymer-
Dox and the HPMA copolymer-AGM were simultaneously added as a mixture no
increase in cytotoxicity was seen (Fig. 4.6f). Indeed, this mixture was non-toxic over
the concentration range tested (ICs, > 157.2 ug/mL Dox-equiv. and ICsy > 150.7
ug/mL AGM-equiv.).

HPMA copolymer-AGM-Dox. Interestingly, when the two drugs were
simultaneously attached to the same HPMA copolymer backbone greater
cytotoxicity was seen for the HPMA copolymers carrying individual drugs as well as
for the mixture of individual conjugates (Fig. 4.6g). This increased cytotoxicity was
most dramatic in MCF-7ca cells where the HPMA copolymer-AGM-Dox conjugate
had equivalent toxicity to that of the free Dox (Fig. 4.6g). In all cases, the cell
viability decreased rapidly at lower concentrations (< 10 pg/mL Dox-equiv.), then
the curve started plateauing and, eventually rising at higher concentrations (> 100

ug/mL Dox-equiv.).

HPMA copolymer-Dox + free AGM. The mixture of HPMA copolymer-Dox with
free AGM led to an apparent increased cytotoxicity if Dox concentrations are
considered (ICs, ~ 60 ug/mL Dox-equiv. in all cases). However, this effect was only
due to the free AGM as clear when a comparison is made with the cytotoxicity
profile obtained for free AGM (Fig.4.6b) and with the ICs, values obtained for free
AGM (Table 4.2 - 4.3).

To investigate why an increased absorbance was seen at higher concentrations of
polymer, the effect of the presence of the conjugates on the MTT assay was
examined. The addition of HPMA copolymer-AGM-Dox, immediately prior to the
start of the assay led to increased absorbance which was dependent on the conjugate
concentration added (Fig. 4.7a). At the highest concentration tested (5 mg/mL of
polymer conjugate), the absorbance was double the absorbance seen in the absence
of the conjugate. To exclude the possibility that this effect was just due to the colour
of Dox, the same experiment was repeated for the HPMA copolymer carrying only
AGM. In this case an increased absorbance was also observed in presence of the
conjugate (at 5 mg/mL 1.5 fold than the control). However, in this case the increase

seen was lower than for the HPMA copolymer-AGM-Dox conjugate (Fig. 4.7b).
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Fig. 4.7. Investigation of possible interference of HPMA copolymer conjugates with
the MTT assay. Panel (a) shows the absorbance observed in presence of HPMA
copolymer-AGM-Dox and panel (b) in presence of HPMA copolymer-AGM at the
concentrations indicated. Statistical significance against control (0 mg/mL) was
determined at p s 0.05 (*) using one-way ANOVA and Bonferroni post hoc test.
Values represent mean + S.EM. n =3

117



Biological Activity

Aromatase inhibition

To establish a cell-based model to study aromatase inhibition, cell growth was
stimulated by addition of the aromatase substrates testosterone and androstenedione.
The experiments with testosterone were performed in the Centre for Polymer
Therapeutics by Neal Penning under my supervision.

Testosterone showed mitogenic activity in MCF-7ca cells at concentrations of 107
- 107 M (Fig. 4.8b). Lower concentrations had no effect. Neither testosterone nor
androstenedione had an effect on the growth of MCF-7 (Fig. 4.8a and 4.9a).
Androstenedione also had a mitogenic effect on MCF-7ca cells, and this was more
marked than seen for testosterone. In addition, androstenedione-stimulated growth

occurred across a broader range of concentrations (10° — 10°M) (Fig. 4.9b).

Therefore an androstenedione concentration of 5 x 10® M was chosen for further
experiments. A time-dependent study showed that although growth stimulation was
already seen after 8 days, it was more marked on day 11 (Fig. 4.9¢c). Consequently,

MCF-7ca cells and an incubation time of 11 days were selected for further studies.

Addition of free AGM to the MCF-7ca cells incubated in the presence of
androstenedione caused a concentration-dependent reduction in growth (Fig. 4.10a).
At 0.2 mg/mL AGM completely inhibited the androstenedione-mediated growth
stimulation. Similarly, the HPMA copolymer-GLFG-AGM conjugate caused a
concentration-dependent growth inhibition (Fig. 4.10b). At higher concentrations,
both free and polymer-bound AGM decreased cell viability to a level that was lower

than seen for the controls with or without androstenedione (Fig. 4.10).

When the MCF-7ca aromatase activity was further investigated using a
radiometric assay, free AGM (Fig. 4.11a) decreased enzyme activity in a
concentration dependent manner to give a maximum inhibition of ~ 25 %. HPMA
copolymer-AGM produced a similar pattern of inhibition results at 0.2-0.4 mg/mL
AGM-equiv. (Fig. 4.11b). However, surprisingly at the highest HPMA copolymer-
AGM concentrations (0.8 mg/mL AGM-equiv.) aromatase inhibition was lost.
Interestingly, the maximum inhibition caused by AGM and HPMA copolymer-AGM

was equivalent to the baseline activity seen in MCF-7 cells.
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Fig. 4.8. Effect of testosterone on MCF-7 (panel a) and MCF-7ca (panel b) cell
growth. The growth of cells in the presence of these steroids (at the concentrations
shown) was measured on day 11 using the MTT assay. The results are expressed as
percentage of the control with no addition. The values represent mean + SEM; n = at
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Fig. 4.9. Effect of androstenedione on MCF-7 and MCF-7ca cell growth. In panels a
and b the growth of cells in the presence of this steroid (at the concentrations shown)
was measured on day 11 using the MTT assay. The results are expressed as
percentage of the control with no addition. For panel (c) cell growth was measured
every 2 - 3 days until day 15 using MTT assay. Statistical significance against
control (O M) was determined at p < 0.05 (*) using one-way ANOVA and Bonferroni
post hoc test for panel (a) and (b); and at day 11 by Student’s t test for panel (c). The
values represent mean £ SEM; n = at least 3
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Fig. 4.10. Inhibition of the mitogenic effect of androstenedione by free AGM (panel
a), and HPMA copolymer-GFLG-AGM (panel b). Cell growth was measured after
11 days using MTT assay and the results are expressed as percentage of the control
without addition. The values represent mean £+ SEM; n = 3 for AGM and n = 6
HPMA copolymers-AGM, respectively. Statistical significance against
androstenedione sample was determined at p s 0.05 (*) using one-way ANOV A and
Bonferroni post hoc test
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Fig. 4.11. Effect of free and polymer-bound AGM on aromatase activity in MCF-7ca
cells. Panel (a) free AGM and panel (b) HPMA copolymer-AGM at the
concentrations shown. Results obtained with MCF-7 cells with no addition are
shown for comparison. Data are expressed as a percentage of the activity seen in
MCF-7ca without addition, mean + SEM and n = 12. Statistical significance was
determined at p < 0.05 (*) using one-way ANOVA and Bonferroni post hoc test
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Finally, aromatase inhibition was also studied using isolated microsomal
enzymes. Whilst, free AGM showed marked dose-dependent aromatase inhibition
(Fig. 4.12a), the HPMA copolymer-AGM did not cause any aromatase inhibition
(Fig. 4.12a and b). Indeed, no inhibition occurred even at concentrations 10-fold
higher than those used for free AGM (Fig. 4.12).

4.4. DISCUSSION

Although the use of polymer anticancer-drug conjugates to deliver well-known
cytotoxic drugs including Dox (Vasey et al., 1999), platinates (Rademaker-Lakhai et
al. 2004; Rice & Howell, 2004) and paclitaxel (Singer et al., 2005) more selectively
to tumour tissue is becoming well established (reviewed in Duncan, 2003a; Duncan
003b), the use of drug delivery systems to deliver endocrine therapy is largely
unexplored. A limited amount of studies are described where a drug delivery system
is used to improve endocrine therapy efficacy. Tamoxifen has been encapsulated in
nanospheres (Brigger et al., 2001), in micelles (Cavallaro et al., 2004) and in
nanoparticles (Fontana et al., 2005; Shenoy and Amiji, 2005). In vitro evaluation of
these systems is often limited to the assessment of their cytotoxicity, generally by
MTT assay against MCF-7 (Fontana et al., 2005; Cavallaro et al. 2004). A polymeric
drug was also described that contained diethyl-stilbestrol (Vicent et al., 2004). Also
in this case, only in vitro evaluation of cytotoxicity was described (by MTT assay -
72 h incubation-). However, the activity of this polymer therapeutic on the effects
and the signalling of steroids was not evaluated. Due to the limited amount of studies
describing drug delivery systems for endocrine therapy and to the lack of in vitro
models designed for the assessment of drug delivery systems such as polymer-drug
conjugates, it was considered important to determine the activity of the HPMA
conjugates containing Dox and AGM (in particular the activity against the aromatase
enzyme) in models routinely used to evaluate low molecular weight cytotoxic and

endocrine therapies.

The in vitro cytotoxicity studies highlighted a dramatic increase in the activity of
the HPMA copolymer conjugate when AGM and Dox were both bound on the same
polymeric chain. This observation might be explained by an additive or synergistic
effect of the two drugs given together. However, as no enhanced activity was

observed when the HPMA copolymer-AGM and HPMA copolymer-Dox were added
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Fig. 4.12. Effect of free and polymer-bound AGM on aromatase activity in isolated
human placental microsomal extract. Panel (a) free AGM and panel (b) HPMA
copolymer-GFLG-AGM at the concentrations shown. Data are expressed as a
percentage of the activity without addition; mean + SEM and n = 4. Statistical
significance was determined at p < 0.05 (*) using one-way ANOVA and Bonferroni
post hoc test

124



Biological Activity

together as a mixture, a more complex explanation must account for the fact that

HPMA copolymer-Dox-AGM is much more potent than HPMA copolymer-Dox.

Vicent et al. (2005) reported two important differences between the two
conjugates. Firstly, the release rate and pattern of release after incubation of the
conjugates with a mixture of lysosomal enzymes (tritosomes) were very different in
the conjugate carrying only Dox than from that observed in the conjugate carrying
both AGM and Dox (Vicent et al., 2005). Whilst HPMA copolymer-Dox showed a
linear Dox-release profile with time, and drug liberation started immediately after
addition of the enzyme, the combination conjugate displayed a non-linear
progression with a marked lag phase with little release over the first 30 min for both
drug. Also it was observed that the conjugate size (and thus conformation) in
solution, and therefore the accessibility of the linker, was quite different in the two
conjugates (the Rg was 7.7 and 12.8 nm for HPMA copolymer-Dox and HPMA
copolymer-AGM-Dox, respectively) (Vicent et al., 2005).

The simultaneous delivery of the two agents through a single polymeric carrier
coupled with different release kinetics could at least partially explain the increased
activity observed. However, other factors might also be playing an important role.
For instance, differences in the uptake of the conjugates by MCF-7 and MCF-7ca
cells need to be considered. It has been suggested that HPMA copolymer-Dox is as
cytotoxic as free Dox if intracellular concentration of the drugs are considered
(Minko et al., 1999). If this is the case, a more marked uptake of the combination
polymer by MCF-7 and MCF-7ca cells could well explain its increased activity. This

issue is investigated in Chapter 5.

It is also possible that the HPMA copolymer-Dox and the HPMA copolymer-
AGM-Dox have a different mechanism of toxicity. Several authors have highlighted
differences in the mechanism of toxicity of free Dox compared to HPMA copolymer-
Dox. In vitro studies suggested that the HPMA copolymer-Dox toxicity can be
attributed to induction of the apoptotic cascade (Minko et al., 2001). Furthermore,
the presence of AGM on the same polymeric chain might ultimately be responsible
for the activation of other pathways. These topics concerning the cellular mechanism

of action are addressed in Chapter 6.
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To better understand the mechanism of action of these conjugates it was
considered important to assess the ability of the HPMA copolymer-AGM to inhibit

aromatase.

Oestrogens play an important role in the growth of breast cancers. Indeed, the
majority of breast tumours are oestrogen-dependent (Ali and Coombes, 2002). As
mentioned previously, oestradiol promotes the growth of both MCF-7 and MCF-7ca
cells (Fig. 2.6). Consistent with the observations of Santner et al. (1993), we showed
that addition of the aromatase substrates androstenedione and testosterone stimulated
growth of MCF-7ca cells, but not MCF-7. The latter suggests that although
testosterone and androstenedione have a similar structure to oestradiol, they do not
act as direct ER agonists. This is coherent with data reported previously showing that
the addition of the antiandrogen 2-hydroxyflutamide does not affect the mitogenic

activity of androstenedione (Santner et al. 1993).

It is also important to note that androstenedione is first transformed to oestrone
(less potent than oestradiol) and only in a second step to oestradiol. In contrast,
testosterone is transformed directly to oestradiol. Consequently, it might seem a
paradox that the highest mitogenic activity was seen in presence of androstenedione.
This is probably due to the higher affinity of androstenedione for the aromatase
enzyme (reviewed in Lonning 2004) and explains why androstenedione is
preferentially used as substrate for aromatase in the vast majority of the in vitro

system reported in literature, rather than testosterone (reviewed in Njar and Brodie,
1999).

Both free AGM and HPMA copolymers-AGM were able to reverse the
mitogenic activity of androstenedione, and indeed at higher AGM concentration, cell
growth was even lower than that seen in the control. This could be attributable to the
fact that charcoal-stripped serum might still contain some residual steroids, allowing
AGM to block their transformation into oestrogens. Alternatively, and most likely,

high levels of AGM show some non-specific cytotoxic activity.
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The radiometric assay provided more direct evidence that HPMA copolymer-
AGM, like AGM (Burak Jr et al., 1997), were able to inhibit cell-associated
aromatase. It is however fair to say that the activity seen in MCF-7ca was only 20 %
higher than that seen in MCF-7. This suggests that, consistently with the indications
resulting from the previous experiments (mitogenic effect of androstenedione and
Western Blot) MCF-7ca do not have a dramatically higher level of aromatase than
MCEF-7. Consequently, although all these results suggest some evidence of aromatase

inhibition, conclusions on dose-dependence can be difficult.

The results described above suggest that HPMA copolymer-AGM can act like
free AGM in cell-based systems. The experiments conducted with isolated human
placental microsomal aromatase showed that polymer-bound-AGM is completely
inactive, whereas as expected free AGM is able to prevent aromatase action in this
system at concentrations comparable to those reported in the literature (Miller and
Dixon, 2000; reviewed in Miller and Dixon 2002). This lack of activity of the
conjugate can probably be attributed to steric hindrance caused by the polymer
backbone. Furthermore, this decrease in activity was predictable as even acetyl-
AGM (one of AGM metabolites), shows reduced activity compared to the parent
compound (< 50 %) (Aboul-Enein, 1986). These observations confirm that
intracellular release of AGM is a critical step for the aromatase inhibitory activity of

HPMA copolymer conjugates.

4.5. CONCLUSIONS

In this chapter a first evaluation of the activity of the drug conjugates previously
synthesised was described. Two main findings need to be highlighted. First, the
polymer carrying the combination of endocrine and chemotherapy was more active
than all of the other polymeric system and their combinations. Secondly, evidence of

the ability to retain aromatase activity was found for HPMA copolymers containing
AGM.

The increased activity seen in the HPMA copolymer-AGM-Dox is exciting as
not only does it suggest that the simultaneous administration of chemotherapy and
endocrine therapy can be beneficial but it can also represent an improvement against

a conventional regime that is already in clinical trial (polymer-drug conjugates
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containing only chemotherapy like HPMA copolymer-Dox). However, the reasons
for this behaviour are yet to be understood. Indeed, the next two chapters aim to
investigate the mechanism of action of the combination polymer. More specifically,
in the next chapter the uptake of HPMA copolymer-Dox and HPMA copolymer-
Dox-AGM are evaluated to determine if the different cytotoxicity can be attributed to

a different uptake rate or mechanism.
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Chapter 5:
Comparison of the cellular uptake of HPMA -copolymer Dox
and HPMA copolymer-Dox-AGM
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5.1. INTRODUCTION

The evaluation of the polymer-drug conjugates carried out in the previous chapter
showed that the HPMA copolymer carrying the combination of Dox and AGM was
markedly more active than any of the individual polymer-drug conjugates or their
mixtures. In particular, HPMA copolymer-AGM-Dox was markedly more cytotoxic
than HPMA copolymer-Dox that has shown activity in breast cancer patients
clinically (Vasey et al., 1999; Cassidy, 2000). This effect might be potentially
attributed to:

1) differences in the rate of endocytic uptake of the conjugates

2) differences in the intracellular trafficking of the conjugates (thus exposure to

cathepsin B)
3) differences in the rate of liberation of drugs from the conjugates

4) and/or the synergistic activity of Dox and AGM.

The aim of this study was to investigate whether the rate of endocytic uptake
and/or the mechanism of uptake of HPMA copolymer-AGM-Dox were different from
HPMA copolymer-Dox. Before starting the experiments, the marker and the
technique to be used to measure the uptake were both considered. In addition, the
inhibitors of endocytic pathways that might allow dissection of the mechanisms of

endocytic internalisation of the two conjugates were also considered.

The marker and the technique. All the early studies on endocytosis of HPMA
copolymers used [**I]-labelled polymers (e.g. Duncan et al., 1986; Flanagan et al.,
1989). Also, radioiodination of HPMA copolymers has been successfully used for
monitoring the distribution of HPMA copolymers in animals (Seymour and Duncan,
1987) and man (Julyan et al., 1999). The development of an HPLC technique to
monitor the in vivo (Wedge et al., 1991) and clinical biodistribution of HPMA
copolymer-Dox conjugate has been an important alternative as it allows detection of

free and bound drug (Wedge, 1991).
Fluorescence labelling has been widely used to monitor cellular uptake of

compounds by flow cytometry (Dordal et al., 1995), and also using fluorescence

microscopy to visualise the intracellular localisation of the probe (Crivellato et al.,
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1999). However, it is well-known that labelling with a fluorescent probe can affect the
physico-chemical and consequently the biological behaviour of the polymer
(Waggoner, 1990). Importantly, the two conjugates used in this study contain Dox
which is inherently fluorescent. This allows detection of the polymer-drug conjugate
without need of further modification. So combination of the intrinsic fluorescence of
Dox and FACS and fluorescence microscopy were chosen as techniques to examine

the cellular fate of the HPMA copolymer conjugates.

It is well described that fluorescence output can be affected by several parameters,
most importantly pH and drug concentration (Waggoner, 1990). Consequently,
preliminary studies were carried out to assess the influence of these parameters on the
fluorescence of free and polymer-bound Dox. Two different techniques were used.
FACS was used to quantitate cellular uptake at 37 °C, while cell binding was
estimated performing the experiment at 4 °C. In parallel, fluorescence microscopy

was used to visualise the intracellular fate of the probes.

Mechanism of uptake. In the context of this project establishing differences in the
uptake route of the HPMA copolymer-Dox and the HPMA copolymer-AGM-Dox is
extremely important as recent studies suggest that uptake through different portals
might be responsible for the different intracellular fate (reviewed in Johannes and
Lamaze, 2002). For HPMA copolymer-Dox conjugates to exhibit biological action,
the cellular uptake and subsequent transfer to lysosomes are essential steps, as drug
liberation requires exposure of the GFLG linker to lysosomal thiol-dependent
proteases (reviewed in Duncan, 2005). It is possible that HPMA copolymer-Dox and
HPMA copolymer-AGM-Dox have different routes of internalisation. Therefore, here
preliminary experiments were carried out to investigate the route of uptake of the two

conjugates.

A brief description of the endocytic internalisation of polymer conjugates was
given previously (section 1.4). As the HPMA copolymer-Dox and HPMA copolymer-
AGM-Dox have a size of ~ 8 nm and 13 nm, respectively (Vicent et al., 2005), here,

the possible endocytic uptake routes they could theoretically be internalised by are
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briefly analysed. Several pinocytic routes have been described, at present they can be

summarised as follows:
1) Clathrin-mediated endocytosis. It is the best described endocytic route. The
assembly of clathrin forms the so-called clathrin-coat. This leads to membrane
invagination and the eventual formation of clathrin-coated vescicles (~ 120 nm).
This pathway is used by several endogenous molecules such as transferrin and the
low density lipoprotein receptor (reviewed in Johannes and Lamaze, 2002).
Conjugates carrying Dox and transferrin as targeting moiety have been described.
However, as the transferrin receptor undergoes rapid recycle and never reaches
the lysosomal compartment, an enzymatic-degradable linker is not suitable for this
type of conjugates. For instance, the HPMA copolymer-DNM-transferrin showed
reduced antitumour activity in vivo (Flanagan et al., 1992 and reviewed in Duncan
2005). From a drug delivery point of view, it is also interesting to note that
clathrin-mediated endocytosis has recently been described as the uptake route
followed by lipoplex in COS-7 cells (Zuhorn et al., 2002).
2) Caveolae-mediated endocytosis. Caveolae are omega-shaped vesicles with a
diameter of approximately 50 nm, characterised by the presence of the protein
caveolin-1. This protein is usually located in glycolipid rich domains of the
plasma membrane (lipid rafts) and has affinity for cholesterol (Nichols, 2003). It
is interesting to note that the internalisation of the cholera toxin via caveolae leads
to trafficking of the toxin to the Golgi (Orlandi and Fishman, 1993).
3) Macropinocytosis. Is the process associated with the formation of membrane
ruffles and subsequent formation of big (~ 1 ym) vesicles called macropinosomes.
It is dependent on the actin cytoskeleton (Swanson and Watts, 1995).
4) Non-clathrin, non-caveolin-dependent endocytosis (Fig. 5.1). It is an umbrella
term that encompasses the other endocytic routes that cannot be identified in the

categories described above (reviewed in Conner and Schmid, 2003).

After internalisation, all compounds are directed to early endosomes. From there, they
can be directed to: (i) the degradative pathway (endosomes — lysosomes); (ii) the
recycling pathway and (iii) the trafficking through trans-Golgi network to the Golgi
apparatus to the endoplasmic reticulum. Of these options, for the HPMA copolymer-

Dox only the first pathway will lead to exposure to lysosomal cathepsin B and to the
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Fig.5.1. Simplified scheme of the possible routes of uptake of the conjugates. Adapted
from Conner & Schmid (2003) and Sorkin (2000)
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enzymatic release of the drug(s) from the polymeric backbone. So far there has been
no correlation between entry route for polymer anticancer drug conjugates and the
subsequent trafficking. However, differences in the mechanism of internalisation of
the HPMA copolymer-Dox conjugates could potentially determine the efficiency of
trafficking to the lysosomal compartment and hence provide a potential explanation

for the increased biological activity observed previously (Chapter 4).

To investigate whether HPMA copolymer-Dox or HPMA copolymer-AGM-Dox
follow different endocytic routes, their uptake was measured in presence of inhibitors
of the different endocytic pathways. Several such inhibitors have been used by others
and they are summarised in table 5.1. As both HPMA copolymers Dox conjugates
have a Rg smaller than 20 nm (by SANS), they could be theoretically internalised by
any of the pathways described above. Methyl-B-cyclodextrin (MBCD) was used in
order to first investigate whether a cholesterol-dependent pathway was involved. This
compound depletes cholesterol in the plasma membrane (Ilangumaran and Hoessli,
1998; Ivanov et al., 2004; Rodal et al., 1999) and, to prevent endogenus synthesis of
cholesterol, MBCD is usually supplemented with lovastatin. Then, to discriminate
between clathrin-dependent or caveolin-dependent endocytosis, chlorpromazine was
chosen as an inhibitor. It is reported to inhibit clathrin-dependent endocytosis (Zuhorn
et al., 2002). Finally, to investigate if macropinocytosis was involved in the uptake of
the conjugates, cytochalasin B was selected as the third and final inhibitor (Kee et al.,

2004).

In summary, first, the effect of pH and concentration on the fluorescence of the
two conjugates was determined to ensure appropriate interpretation of the results
obtained in the subsequent studies. Then, the cellular uptake (37 °C) and binding (4
°C) of HPMA copolymer-Dox and HPMA copolymer-AGM-Dox in MCF-7 and
MCF-7ca cells was compared using flow cytometry. Also fluorescence microscopy
(epifluorescence microscopy) studies were carried out to visualise the intracellular
fate of the conjugates. Finally, preliminary experiments were undertaken to

investigate which endocytic route of entry was used by the two conjugates.
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Table 5.1. Inhibitors of specific routes of endocytic uptake

Inhibitor

Mechanism of action

Type of uptake blocked

Concentration used

Reference

MBCD

Cholesterol depletion from
plasma membrane

Clathrin- and caveolin-
dependent

10 mM

10 mM
10 mM
10 mM

Manunta et al. (2004)

Ivanov et al. (2004)
Rejman et al. (2004)
Zuhorn et al. (2002)

Chlorpromazine

Monodansylcadaverine

Phenylarsine oxide

Stabilisation of clathrin
cage assembly
Prevents assembly of
clathrin coated pits or their
pinching off from the
plasma membrane

Clathrin-mediated
endocytosis

Clathrin-mediated
endocytosis
Clathrin-mediated
endocytosis

15 uM

10 pug/mL
400 uM

20 uM

Kee et al. (2004)

Rejman et al. (2004)
Claing et al. (1999)

Ivanov et al (2004)

Nyastatin

Filipin 111

Cholesterol oxidase

Incorporates into lipid
membranes and chelates
cholesterol

Incorporates into lipid
membranes and chelates
cholesterol

Enzymatic modification of
cholesterol

Clathrin-independent
internalisation
/ caveolae dependent

Caveolae

Caveolar-mediated
pathway

25 pg/ ml

15 uM
5 pg/ml

1 ug/mL
5 pg/mL
2 uM
2 units/ml

Manunta et al. (2004)

Kee et al (2004)
Manunta et al (2004)

Zuhorn et al. (2002)
Rejman et al. (2004)
Kee et al. (2004)
Ivanov et al (2004)
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Table 5.1. Continued

Amiloride

5-(N-ethyl-N-isopropyl)
amiloride

Cytochalasin B
Nocodazole

Rapamycin

Na*/H" transporter
inhibition
Na'/H" transporter
inhibition

Actin depolarising agent
Disruption of microtubule
structure
Suppression of actin
synthesis

Macropinocytosis

Macropinocytosis

Macropinocytosis
Macropinocytosis

Macropinocytosis

1 mM

100 uM
10 uM
100 uM
25 uM
33 uM

1 - 100 ng/mL

Ivanov et al. (2004)

Ivanov et al. (2004)

Rejman et al. (2004)
Kee et al (2004)
Kee et al (2004)
Kee et al (2004)

Hackstein H. (2002)
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5.2. METHODS

The methods used for the flow cytometry studies and the data analysis have been
already described in sections 2.3.15 and 2.3.16. The concentration of conjugates used
in these studies was always adjusted to obtain 6.3 pug/mL Dox-equiv. This
concentration is lower than ICs, values determined for the two conjugates in the two
cell lines. It is also important to note that while the cytotoxicity studies were
performed after an incubation of 72 h, the longest exposure time in the uptake studies
was 1 h. This ensured that the concentration chosen for all uptake studies were non-

toxic.

5.2.1. Characterisation of Dox, HPMA copolymer-Dox and HPMA copolymer-
Dox-AGM fluorescence

First, the fluorescence spectra of Dox, HPMA copolymer-Dox and HPMA
copolymer-Dox-AGM were defined. Each compound was dissolved in HPLC grade
methanol at a concentration of 0.03 ug/mL for the free Dox, 5 pug/mL (i.e. 0.31
ug/mL Dox-equiv.) for the HPMA copolymer-Dox and 5 pg/mL (i.e. 0.39 ug/mL
Dox-equiv.), placed into a polystyrene cuvette (3 mL of solution per sample) and
analysed at a fluorescence spectrophotometer. Each emission spectrum was recorded;

excitation 488 nm and emission in the range 400 — 800 nm.

The effect of concentration and pH on the fluorescence output was also
determined. In this case, HPMA copolymer-Dox and HPMA copolymer-Dox-AGM
were dissolved into two different buffers. Phosphate buffer (pH 7.4 and 6.4) and
citrate buffer (pH 5.5) were used. For each polymer conjugate, a stock solution in
each buffer was prepared (62.9 ng/mL Dox equiv.). From the stock solution, serial
dilutions with the buffer were performed to achieve a range of concentrations (0.629 -
62.9 ng/mL) for each buffer. Fluorescence was then recorded in a plate reader. The
fluorescence recorded was then plotted against the concentration to obtain the

concentration-dependence.
5.2.2. Fluorescence microscopy. Live-cell imaging

Cells were seeded in glass bottom culture dishes (10° cells per plate) in WRPMI
supplemented with 5% of SFCS and allowed to adhere for 24 h. The medium was
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then replaced with fresh medium containing HPMA copolymer-Dox or HPMA
copolymer-Dox-AGM, at the same concentration used for the uptake studies, (6.3
ug/mL Dox equiv.) and incubated for either 5, 30 or 60 min. Then the medium was
removed and the cells were washed 3 times with warm (37 °C) PBS (3 x 3 mL). After
the third wash, fresh clear medium was added (WRPMI + 5% SFCS; 1 mL per dish)
and the cells were analysed at the microscope for a maximum of 30 min. Cells were
visualised using an inverted epifluorescence microscope with the appropriate filter
settings for Dox and by manually adjusting the gain. Control cells with no treatment

were also analysed to account for the cell autofluorescence.

5.2.3. Cytotoxicity of the inhibitors

The experiments described in this and the following section (5.2.4) were done in
the Centre for Polymer Therapeutics in part by Siobhan Gee, under my supervision.

MCF-7 and MCF-7ca were seeded in 24 well plates (3.2 x 10° cells/ml; 500 uL
per well) in WRPMI + 5% SFCS. Cells seeding density was adjusted to obtain the
same concentration (cells/area) used in the uptake experiment with flow cytometry.
After 24 h, cells were washed with warm (37°C) PBS (500 L) in order to remove
dead cells and residual serum. A solution containing the inhibitor in medium was
added (500 pL.). The three inhibitors used for this study were:

- MBCD (0-15 mM) and lovastatin (1 uM)

- chlorpromazine (0-50 yM)

- cytochalasin B (0-25 uM).
The solutions were prepared by diluting a stock solution of the inhibitor in medium.
After a 2 h incubation with the inhibitors, the medium was removed, cells were
washed with warm (37 °C) PBS (3 x 500 xL). Then, 150 uL of a trypan blue solution
(0.2% trypan blue in PBS) were added to each well. The total number of stained cells
in the visual field was counted (SC,;). The total number of cells in the visual field
(TC,, i.e. stained and unstained) was determined applying a grid that allowed the
counting of 25 % of the cells in the visual field. The data were expressed as % of dead

cells:

% dead = (S§C,;;/ TC) x 100
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5.2.4. Effect of inhibitors on the endocytic uptake of HPMA copolymer
conjugates.

Cells were seeded in a 6-well plate (10° cells/well) using WRPMI supplemented
with 5% of SFCS and they were allowed to adhere for 24 h. Then, cells were washed
with warm (37°C) PBS (1mL) and fresh medium (900 uL) containing the endocytosis
inhibitor (either MBCD + lovastatin (10 mM + 1 M), chlorpromazine (15 M) or
cytochalasin B (25 ¢M)) was added. As described above, the solutions were prepared
in medium starting from stock solutions of the inhibitor. The final concentrations
were 10 mM + 1 uM, 25 uM and 15uM for MBCD + lovastatin, cytochalasin B and
chlorpromazine, respectively. In each case it was ensured that the remaining solvents

from the stock solutions were present at non-toxic concentrations (always lower than

0.6 %).

After 1 h pre-incubation with the inhibitors at 37° C, a solution of HPMA
copolymer-Dox or HPMA copolymer-AGM-Dox (100 xL in medium) was added to
give a final Dox-equiv. concentration of 6.3 ug/mL (same concentration used for the
uptake studies). Cells were then incubated with the conjugate for 1 h. After the
incubation period, the uptake was stopped by placing the plates on ice and by
replacing the polymer and inhibitor solution with ice cold PBS (5 mL/well). The cells
were then washed with cold (4 °C) PBS three times (3 x 5 mL) and then 1 mL of PBS
was added. The cells were scraped with a rubber policeman and the cell suspension
was then collected into a falcon tube and centrifuged for 5 min (at 4 °C, 600 x g).
Finally, the cells were re-suspendened in ice-chilled PBS and promptly analysed
using Becton Dickinson FACSCalibur cytometer. The settings used were the same as
in the uptake studies (section 2.3.15). Data were presented as a percentage of the
geometric mean obtained in absence of the inhibitor. Further details on the flow

cytometry data analysis have been previously described (section 2.3.16).

5.3. RESULTS
5.3.1. Characterisation of the fluorescent probes

The fluorescence spectra of Dox, HPMA copolymer-Dox and HPMA copolymer-
AGM-Dox (excitation at 488 nm) were very similar (Fig. 5.2). All the compounds
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Fig.5.2. Fluorescence emission scan of Dox (0.03 pug/mL), HPMA copolymer-Dox (5
ug/mL of conjugate i.e. 0.315 pg/mL Dox equiv.) and HPMA copolymer-Dox-AGM
(5 pg/mL of conjugate i.e. 0.39 pg/mL Dox equiv.). All the samples were dissolved in
HPLC grade MeOH and excited at 488 nm. The emission scan was recorded at 400 —
800 nm
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showed three peaks at ~ 560, 590 and 630 nm. However, it should be noted that free
Dox had a higher fluorescence output than the conjugates. This is clear when the
concentrations used to create the spectra seen in Fig. 5.2 are compared. It also
appeared that the HPMA copolymer-AGM-Dox had lower fluorescence than the
HPMA copolymer-Dox as a lower concentration of free Dox (0.31 pug/mL) gave a
similar fluorescence output to HPMA copolymer-AGM-Dox (0.39 pg/mL Dox-
equiv.). When the fluorescence of HPMA copolymer-Dox and HPMA copolymer-
AGM-Dox was measured across a range of concentrations and at different pH (Fig.
5.3) it could be seen that the conjugates fluorescence was concentration-dependent. At
higher concentrations (0.02 — 0.06 mg/mL Dox-equiv.) the fluorescence of HPMA
copolymer-Dox started plateauing. In addition, it was evident that HPMA copolymer-
Dox had greater fluorescence output than HPMA copolymer-AGM-Dox at
concentrations greater than 0.02 mg/mL (Fig. 5.4). Fluorescence of the conjugates did

not show pH-dependence (Fig. 5.3 and 5.4).

5.3.2. Uptake of HPMA copolymer-Dox and HPMA copolymer-AGM-Dox by
MCF-7 and MCF-7ca using flow cytometry or fluorescence microscopy.
Incubation of cells with the HPMA copolymer conjugates led to an immediate
shift in their fluorescence, i.e. at time O (Fig. 5.5). A further shift was seen when the
cells were incubated with the conjugates for 1h (Fig. 5.5). As the incubation time
increased, the fluorescence became more marked (Fig. 5.6) and this was more evident
after incubation of cells with HPMA copolymer-Dox than with HPMA copolymer-
AGM-Dox. For both HPMA copolymer-Dox and HPMA copolymer-AGM-Dox (in
both cell lines) the cell-associated fluorescence was higher at 37 °C than at 4 °C. The
uptake was rapid in the first minutes but no time-dependent increase was seen at later
time points (10 — 60 min). HPMA copolymer-Dox showed a more marked membrane
binding than HPMA copolymer-AGM-Dox (cell-associated fluorescence of HPMA
copolymer-Dox at 37 °C > than cell-associated fluorescence of HPMA copolymer-
AGM-Dox at 37 °C or 4 °C). Also a higher uptake was seen for HPMA copolymer-
Dox than for HPMA copolymer-AGM-Dox as the difference in fluorescence between

37 °C and 4°C is higher for the first than for the latter

(l'e- 1:“IHPMA copolymer-Dox 37 °C ~ FIHPMA copolymer-Dox 37 °C'> I:IHPMA copolymer-AGM-Dox 37 °C ~ FlHPMA

copolymer-AGM-Dox 37 °C)'
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Fig.5.3. Effect of concentration and pH (7.4, 6.4, 5.5) on the fluorescence output of
HPMA copolymer-Dox (panel a) and HPMA copolymer-Dox-AGM (panel b)
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A similar profile was seen in MCF-7ca (Fig. 5.7b). In this case, a time-dependent
increase of the fluorescence was seen for HPMA copolymer-Dox at 37 °C and 4 °C.
As a result the internalisation of HPMA copolymer-Dox (Fl 37 °C - Fl 4 °C) did not

increase with time.

Also, the fluorescence microscopy studies showed no time-dependent increase of
the cell-associated fluorescence (Fig. 5.7) (although it should be noted that these are
qualitative studies). In both cell lines, evidence of marked membrane binding was
seen both for HPMA copolymer-Dox and HPMA copolymer-AGM-Dox (Fig. 5.8).
Although, visualisation of fluorescence was complicated by the photobleaching (Fig.

5.9), it was also seen to a lesser extent in vesicular compartments (Fig. 5.8).

5.3.3. Evaluation of the toxicity of the endocytosis inhibitors and the effect of
inhibitors on the uptake of HPMA copolymer-Dox and HPMA copolymer-
AGM-Dox

Prior to the start of the uptake studies with the endocytosis inhibitors (MBCD,
chlorpromazine and cytochalasin B cytotoxicity), their cytotoxicity was investigated
using MCF-7 and MCF-7ca cells. Each compound was tested at 3 different
concentrations (as described in paragraph 5.2.3), which were chosen in the range of
those routinely used in the literature. In MCF-7 cells, all the compounds showed a
dose-dependent toxicity MBCD had a maximum toxicity of approximately 20% (at 15
mM) (Fig. 5.10a). Cytochalasin B had a toxicity that was always below 10 % even at
the maximum concentration tested (25 yM) (Fig. 5.10b). Chlorpromazine at 50 yuM
was the most toxic (100 %) while at lower concentrations its toxicity was less than 10
%. The results obtained in MCF-7ca cells showed similar profiles (Fig. 5.11). Again
chlorpromazine was the most toxic (~ 30 % at 50 uM). As the concentrations
commonly used in literature (10 mM for MBCD, 15 uM for chlorpromazine and 25
uM for cytochalasin B) were all below the maximum accepted cell death (arbitrarily
set < 10 %) these were therefore used for the following studies.

When the uptake of HPMA copolymer-Dox and of HPMA copolymer-AGM-Dox
by MCF-7 and MCF-7ca were measured in presence of the inhibitors, it was seen that

MBCD decreased the uptake of both conjugates in both cell-lines (in MCF-7ca uptake
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(b) 30 min

Fig.5.7. Fluorescence microscopy pictures of MCF-7ca cells after incubation with
HPMA copolymer-Dox. Pictures were taken following a 5 min incubation (panel a), a
30 min incubation (panel b) or a 1 h incubation (panel c) (Size bar = 10 ym)
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Fig.5.8. Fluorescence microscopy pictures of MCF-7 after 30 min incubation with
HPMA copolymer-Dox (panel a) or HPMA copolymer-Dox-AGM (panel b) and of
MCEF-7ca after 30 min incubation with HPMA copolymer-Dox (panel ¢) or HPMA
copolymer-Dox-AGM (panel d) (Size bar = 10 um). White arrows indicate
fluorescence localised in vesicular compartments; black arrows indicate membrane
labelling
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Fig. 5.9. Example of photo-bleaching in MCF-7ca incubated with HPMA copolymer-
Dox. Panel (a) shows a picture taken immediately after excitation, panel (b)
approximately 10 s later and panel ¢ approximately a further 10 s later (Size bar = 10

pm)
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<75 % after 1h incubation; in MCF-7 uptake < 60 % after 1 h incubation). A certain
degree of inhibition was also seen in presence of chlorpromazine (Fig. 5.12; 5.13)
although in all cases this was lower than the effect seen with MPCD. In all the cases

cytochalasin B did not show any effect on the uptake of the conjugates.

5.4. DISCUSSION

In order to compare the uptake of HPMA copolymer-Dox and HPMA copolymer-
AGM-Dox by MCF-7 and MCF-7ca cells, it was first necessary to characterise their
fluorescence output in the different environments that would be encountered
following endocytic internalisation. Intracellular trafficking is an extremely dynamic
process. Also, the intracellular compartmentalization is responsible for the presence
of markedly different environments within the same cell. Cellular pH varies from as
high as 7.4 (the external environment) to as low as 5 (in the lysosomes). As the
fluorescence output can be deeply influenced by the pH, preliminary assessments

were performed prior to the uptake studies.

To investigate pH dependency, three pHs (7.4, 6.4 and 5.5) were chosen as
representative of the extracelluar environment, the endosomes and the lysosomes,
respectively. pH-dependent probes can cause difficulties in the quantification of the
uptake as the same amount of probe would lead to different fluorescence output
depending on the pH of the compartment where it is located. To our advantage, the
fluorescence of HPMA copolymer-Dox and of HPMA copolymer-AGM-Dox did not
show pH-dependence. This means that the fluorescence output of a given
concentration of conjugate will be independent from the cellular compartment in

which the conjugate is localised.

It is also well-known that the fusion of the intracellular vesicles can lead to
accumulation and therefore concentration of drugs (Tulkens and Trouet, 1978).
Studies investigating the uptake and the accumulation of the HPMA-copolymer-Dox
in B16F10 cells showed that the lysosomal concentration of the conjugate was up to 5
fold higher than that present in the extracellular environment (Seib, 2005). For this
reason, the concentration dependence was also investigated. The fluorescence

quenching found for concentrations greater than 0.02 mg/mL Dox equiv. is consistent
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with other studies that also reported fluorescence quenching for HPMA copolymer-
Dox in the same range of concentrations (0.04 to 1 mg/mL Dox equiv) (Seib, 2005).
This observation has important implications. The conjugates described in this study
are designed to achieve lysosomotropic delivery. However, accumulation of the
conjugate in the lysosomal compartment might not lead to a proportional increase in

fluorescence leading to underestimation of the amount of conjugate internalised.

While low molecular weight drugs can enter cells by passive diffusion, the uptake
of macromolecules is restricted to the endocytic route. Internalisation of HPMA
copolymers via pinocytosis has been described using a variety of techniques, for
instance, HPLC analysis (Wedge, 1991; Wedge et al., 1991), confocal fluorescence
microscopy (Omelyanenko et al., 1998), flow cytometry (Kovar et al., 2004) and
monitoring ['*’I]-labelled conjugates (Duncan et al., 1981; Flanagan et al., 1989). The
studies presented here confirmed internalisation of both conjugates in both cell lines.
The visualisation of their uptake by fluorescence microscopy showed fluorescence in
vesicular compartments which was consistent with an endocytic uptake and with
previous studies also showing localisation of the HPMA copolymer-Dox in
cytoplasmic vesicles (Hovorka et al., 2002; Omelyanenko et al., 1998). However, the
absence of time-dependent uptake after 10 min is interesting. It is well known that
cells have a complex trafficking network that can lead to rapid recycling within a
relatively short (5 - 10 min) time frame (reviewed in Jones et al., 2003; Maxfield and
McGraw, 2004). Therefore, one possibility is that after 10 min an equilibrium
between the endocytosis and exocytosis rate of the copolymer is established. Another
possibility is occurrence of fluorescence quenching due to progressive accumulation
of the conjugates in the vesicles and consequent under-estimation of the amount of

conjugate internalised.

Other authors have investigated the uptake of HPMA copolymer-Dox by flow
cytometry and compared it to the uptake of free Dox and of Dox conjugated to HPMA
via a pH-sensitive linker (Kovar et al., 2004). They showed a markedly higher cell-
associated fluorescence for HPMA copolymer-Dox than for free Dox (Kovar et al.,
2004). However, a quantitative comparison is difficult as different quantities of

fluorophore (Dox) were used in that study (3 x ICs, value was used for each
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compound). On the contrary, to allow an easier comparison, in the study presented
here, the amount of fluorophore was kept constant. Although both conjugates showed
evidence of internalisation, a higher uptake was seen for HPMA copolymer-Dox. The
higher fluorescence output of this conjugate can only partially account for this. It
should be noted that the trafficking of the HPMA copolymers to the lysosomal
compartment can lead to the release of the free drug (markedly more fluorescence
than the polymer bound). The release studies performed incubating the HPMA
copolymer-Dox and the HPMA copolymer-AGM-Dox with a mixture of lysosomal
enzymes (Vicent et al., 2005) showed that their release rates were different. While
HPMA -copolymer-AGM-Dox showed 5 % release of Dox after 1 h, the amount of
Dox liberated from the HPMA copolymer-Dox was double in the same time frame
(Vicent et al., 2005). These observations suggest that the liberated free Dox could be
partially responsible for higher cell-associated fluorescence seen in HPMA

copolymer-Dox.

Some authors have reported evidence of drug liberation and presence of free
DNM in the nucleus following endocytic uptake of HPMA copolymer-DNM (Wedge
et al., 1991). Another research group, in confocal microscopy studies performed on
HepG?2 cells, observed nuclear fluorescence after incubation with HPMA copolymer-
Dox (Omelyanenko et al., 1998). However, other studies performed on a number of
cell lines (EL-4 mouse T-cell lymphoma, SW620 human colorectal carcinoma and
OVCAR-3 human ovarian adenocarcinoma cells) did not detect any free drug in the
nucleus after incubation with HPMA copolymer-Dox, even after 72 h (Hovorka et al.,
2002). The authors suggest that the cytotoxicity of HPMA copolymer Dox might be
the result of a different mechanism of action than free Dox. Indeed, they suggest that
the HPMA copolymer-Dox initiates cell death at membrane level (Hovorka et al.,
2002). Interestingly, in the study presented here, evidence of marked membrane
binding was found for both conjugates. This was clear from the FACS results and
confirmed by the microscopy data. Although these conjugates were designed for
lysosomotropic delivery and intracellular liberation of the drugs the possibility of
membrane-action needs at least to be taken into consideration. More observations
regarding the mechanism of action of HPMA copolymer-Dox conjugates are

discussed in Chapter 6.
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In order to understand what was the preferential route of uptake of HPMA
copolymer-Dox and HPMA copolymer-AGM-Dox by the model cell lines (MCF-7
and MCF-7ca) and, most importantly to compare the uptake of the two conjugates, 3
different inhibitors were used. To ensure that any decrease of the uptake was due to
the blockage of endocytic route rather than to non-specific toxicity of the inhibitor the
three inhibitors were firstly screened for toxicity. The concentrations of inhibitors
described in the literatures for this type of studies showed a toxicity lower than 10 %

and were consequently used.

The decreased uptake of HPMA copolymer-Dox and HPMA copolymer-AGM-
Dox by MCF-7 and MCF-7ca seen in presence of MBCD suggests that both these
conjugates rely on a cholesterol-dependent pathway to enter the cells (Rejman et al.,
2004). Both clathrin-and caveolin-dependent pathways are cholesterol-dependent
(Conner and Schmid, 2003; Hailstones et al., 1998; Rodal et al., 1999). However, as
wild type MCF-7 cells do not express a detectable amount of caveolin (Fiucci et al.,
2002), the caveolin-dependent route seems extremely unlikely. To investigate if a
clathrin-dependent pathway was involved in the uptake of the conjugates, uptake
studies were also performed in presence of chlorpromazine, which inhibits only
clathrin-dependent uptake (Kee et al., 2004; Rejman et al., 2004; Sun et al., 2005).
The certain degree of inhibition seen in the presence of this compound, suggests that
clathrin-dependent pathway might play a certain role in the uptake of these
conjugates. However, it does not seem to account for the whole inhibition seen after
cholesterol depletion. Therefore, a cholesterol-dependent but clathrin-independent

pathway is the most likely uptake route used by these conjugates.

Although, more investigations could be performed to compare the uptake of these
conjugates and although compensatory pathways might be used by the conjugates in
presence of inhibitors, the data here analysed indicate that at this stage, the uptake of
HPMA copolymer-Dox does not significantly differ from that of HPMA copolymer-
AGM-Dox. This suggests that the uptake seems to be driven more by the

characteristics of the polymeric carrier rather than by the presence of one or two
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drugs. It also indicates that differences in the uptake are unlikely to account for the

different activity of the conjugates.

5.5. CONCLUSIONS

In this study it was hypothesised that differences in the uptake of HPMA
copolymer-Dox and HPMA copolymer-AGM-Dox were responsible for their
different biological activity. Flow cytometry and fluorescence microscopy showed
that both conjugates are internalised by the two breast cancer cell lines previously
selected as models. Preliminary studies investigating the route of uptake suggested
that both conjugates are internalised via a cholesterol-dependent pathway. Although,
further investigations could potentially highlight differences in the uptake of the
conjugates, no apparent differences were found in the study presented here. The next
chapter will attempt to investigate the cellular mechanism of action of the HPMA

copolymer-Dox and the HPMA copolymer-AGM-Dox.
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Chapter 6:
Using immunocytochemistry to investigate the effect of the HPMA

copolymer-Dox and the HPMA copolymer-AGM-Dox on the cellular
markers ER, PgR, pS2, Ki67 and Bcl-2
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6.1. INTRODUCTION

The observation that the HPMA copolymer conjugate carrying the combination
of AGM and Dox on the same backbone was much more cytotoxic than the HPMA
copolymer-Dox was an important finding (Chapter 4). In an attempt to explain this
behaviour, it was shown that the HPMA copolymer-AGM inhibits intracellular
aromatase activity, and that AGM release from the conjugate is required for this
effect (section 4.3). Studies in Chapter 5 suggest that differences in the rate and
mechanism of endocytic uptake of the HPMA copolymer-Dox and the combination
conjugate by MCF-7 and MCF-7ca cells are noi responsible for their marked
difference in cytotoxicity. It seems most likely that the rate, and pattern of, AGM and
Dox liberation from the conjugate (Vicent et al., 2005) and synergistic
pharmacological activity are responsible for the marked enhanced cytotoxicity of the
combination. To try to identify more precisely the cellular mechanism of action,
immunocytochemistry was used here to study the effect of HPMA copolymer-Dox
and HPMA copolymer-AGM-Dox on some of the cellular markers classically used

to monitor activity of breast cancer therapies.

Immunohistochemical analysis of clinical tissue is routinely used to predict a
breast cancer patient’s likely response to anti-hormone treatments and their prognosis
(discussed in Gee et al., 2002). Established cellular markers include the ER and the
oestrogen-regulated proteins PgR (Collett et al., 1996) and pS2 (Racca et al., 1995).
Proliferation markers like Ki67 (reviewed in van Diest et al., 2004) are also used.
Other studies have suggested that the assessment of the tumour suppressor gene p53
might be an important prognostic marker for breast carcinomas (Beck et al., 1995).
Evaluation of p53 expression has also been investigated as potential predictor of
response to chemotherapy, but contradictory results were found (reviewed in Barrett-
Lee et al. 2005). In addition to the assessment of these markers prior to endocrine
therapy, interestingly, several authors have also monitored variations in their levels
with time during anti-hormone treatment and have attempted to establish a
correlation between expression levels and response to the treatment (Chang et al.,

2000; Kenny et al., 2001; Makris et al., 1998).

In this study, semiquantitative immunocytochemistry was used to investigate the

effect of HPMA copolymer conjugates on those cellular markers considered most
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relevant to this project. Immunocytochemistry was chosen because it allows a direct
visualisation of the expression of the protein under investigation at its precise cellular
location and it requires relatively small volumes of reagents, making it more

convenient than other techniques such as Western Blotting.

To seek further evidence that free and polymer-bound AGM were able to inhibit
aromatase at cellular level, MCF-7 and MCF-7ca cells were first examined for the
expression of the ER and the oestrogen-regulated genes PgR and pS2 after
incubation with steroid-free, oestradiol-supplemented or androstenedione-
supplemented medium. The MCF-7ca cells were then exposed to free and polymer-
bound AGM in the presence of the aromatase substrate androstenedione and the

expression of PgR was subsequently assessed.

To investigate the mechanism of cytotoxicity of the HPMA copolymer-Dox and
HPMA copolymer-AGM-Dox, their effect on the proliferation marker Ki67 was
studied in MCF-7 and MCF-7ca cells. Ki67 is a protein expressed by the cells in all
phases of cell cycle, but it is not expressed in GO (reviewed in Scholzen and Gerdes,
2000). This makes Ki67 an ideal marker for investigating whether the conjugates

affect proliferation differently.

Finally, experiments were conducted to investigate whether the conjugates
induced apoptosis. It is known that free Dox is able to induce apoptosis (reviewed in
Gewirtz, 1999). Indeed, some studies have suggested that HPMA copolymer-Dox is
also able to induce apoptosis in vitro in human ovarian carcinoma cells (Minko et al.,
1999). These authors suggest that the HPMA copolymer-Dox is more effective at
apoptosis induction than the free Dox (Minko et al., 2001). Other studies, however,
showed that HPMA copolymer-Dox exerts its cytotoxic activity primarily by
induction of necrosis (Demoy et al., 2000; Musila et al., 2001). Although the
mechanism of action of the HPMA copolymer-Dox is still fiercely debated (reviewed
in Duncan, 2005), the possibility of apoptosis-induction cannot be disregarded. In the
case of the HPMA copolymer-AGM-Dox apoptosis-induction may be more probable
as it is known that aromatase inhibitors are able to induce apoptosis (reviewed in

Johnston and Dowsett, 2003).
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It is important to note that the HPMA copolymer-AGM-Dox might be able to
induce apoptosis via two different mechanisms. First, the combination conjugate may
act following endocytic uptake and subsequent drugs release, Dox and AGM could
exert synergistic effects as free drugs. However, there is also the possibility that the
HPMA copolymer conjugates exert their action at the plasma membrane level
(Hovorka et al., 2002) (Fig. 6.1). In Chapter 5, a marked membrane binding was seen
for both conjugates in MCF-7 and MCF-7ca cells, which might support the

hypothesis of membrane interaction.

Apoptosis is an extremely complex process involving several proteins. Amongst
them, the Bcl-2 family is well known as a key element in apoptosis regulation. Some
proteins in this family induce apoptosis while others prevent it (summarised in Fig.
6.2). For example, Bcl-2 (a protein located on the external membrane of the
mitochondria, on the nuclear membrane and on the endoplasmic reticulum) has an
anti-apoptotic, pro-survival action (reviewed in Burlacu, 2003; Thomenius and
Distelhorst, 2003). In this study, Bcl-2 was selected as a marker because it is
involved in the cell survival, and also it is an oestrogen-regulated gene (Willsher et
al., 2002). Therefore, it was considered an ideal marker for a conjugate carrying both

a classical chemotherapeutical agent and an aromatase inhibitor.

In summary, the aim of this study was to use immunocytochemistry to firstly,
confirm inhibition of aromatase, and secondly to investigate whether HPMA
copolymer-Dox and HPMA copolymer-AGM-Dox displayed different effects on cell
proliferation (Ki67) and/or cell-survival (Bcl-2) in MCF-7 and MCF-7ca cells.

6.2. METHODS
6.2.1. Immunocytochemistry

Immunocytochemistry was used to monitor the cellular expression of five
markers: ER, PgR, pS2, Bcl-2 and Ki-67. The protocol for immunocytochemistry
staining of PgR, pS2, ki67 and Bcl-2 had already been optimised by the technical
staff of the Tenovus Centre for Cancer Research (Welsh School of Pharmacy,
Cardiff University). The ER staining protocol required optimisation in respect of the
concentration of the primary and of the secondary antibody (the goat anti-mouse

(GAM)). As the quantity of polymer conjugates was limited it was also necessary to
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optimise the experimental technique before experiments could be carried out. Three
different systems (each requiring different volumes of medium) for growing MCE-7
and MCF-7ca, cells prior to immunocytochemical staining were compared (Fig. 6.3).
These techniques are described below:

* square tespa coated glass coverslips. This is the system routinely used in
Tenovus Centre for Cancer Research. A square coverslip (22 mm x 22 mm) was
placed in a Petri dish (35 mm diameter) prior to the addition of cell suspension
(1.5 mL of medium per Petri dish).

* round tespa coated glass coverslips (16 mm diameter). The coverslips were
placed in a 12-well plate (one coverslip per well), prior to the addition of cell
suspension (0.5 mL of medium is required for each well).

e silicon rubber wall. In this case, a silicon rubber wall was placed on top of a
tespa coated glass slide, creating 12-wells (Fig. 6.3). This system required 0.2
mL of medium per well.

Cells were prepared and added as described below.

6.2.1.1. Cell preparation for immunocytochemistry

The procedure used to prepare cells prior to immunocytochemical staining is
shown schematically in Fig. 6.4. The protocol used for the round coverslips
(optimum method) is described in detail below, and differences in procedure for the
other two methods are indicated in the scheme (Fig. 6.4). The same protocol was

used for MCF-7 and for MCF-7ca cells.

Prior to the cell seeding, sterile glass coverslips (16 mm diameter) were placed
into the wells (one coverslip per well) of a 12-well plate. The cells were harvested as
previously described (section 2.3.6.2.), seeded at a density of 1.66 x 10° cells/mL
(0.5 mL/well) and then allowed to adhere for 24 h.

One of three different protocols was used depending on the experiment being

performed (see below for description and Fig. 6.5 for schematic representation).
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a) Square coverslip in 35 mm diameter Petri dish (1.5 mL)

b) Round coverslip in 12-well plate (0.5 mL)

c¢) Silicon rubber placed on a glass slide (0.2 mL)

Fig. 6.3. The three systems tested for growing cells prior to ICC staining. Panel (a)
shows the square coverslip (22 x 22 mm) placed in a Petri dish (35 mm diameter);
panel (b) shows a round coverslip (16 mm) placed in 12-well plate; panel (c) shows
the silicon rubber placed on the glass slide
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Fig. 6.4. Schematic representation of cell preparation prior to immunocytochemical
analysis in the three different systems in exam
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Fig. 6.5. Schematic representation of the different experimental protocols used for
MCF-7 and MCF-7ca prior to immunocytochemical analysis
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Immunocytochemistry of ER, PgR and pS2 in MCF-7and MCF-7ca cells

This protocol (and the following protocol) was designed to parallel the
experiments previously described investigating aromatase inhibition (sections 2.3.10
—-2.3.13).

After 24 h the medium was replaced with either (i) control medium (WRPMI +
5% SFCS), (ii) medium containing oestradiol (WRPMI + 5% SFCS + 10° M
oestradiol) (iii) medium containing androstenedione (WRPMI + 5% SFCS + 5 x 10®
M androstenedione). In each case, on day 4 the medium was again replaced with

fresh medium and the cells left until day 8 when they were fixed as described below.

Immunocytochemistry of PgR in MCF-7ca cells incubated with androstenedione and
free AGM or HPMA copolymer-AGM

After 24 h the medium was replaced with either control medium, (WRPMI + 5%
SFCS) or medium containing androstenedione (WRPMI + 5% SFCS + 5 x 108 M
androstenedione) or medium containing androstenedione, further supplemented with
a range of concentrations of free AGM (0.1 mg/mL, 0.2 mg/mL or 0.4 mg/mL) or
HPMA copolymer-AGM (0.3 mg/mL AGM-equiv.). In all cases, the medium was
replaced on day 4 and the cells were allowed to grow before fixation on day 8 (for

method see below).

Immunocytochemistry of Ki67 and Bcl-2 in MCF-7 and MCF-7ca after incubation
with HPMA copolymer-Dox and HPMA copolymer-AGM-Dox

The protocol was designed to resemble, as closely as possible, the experimental
conditions used for the determination of the IC; values of the conjugates (section

2.3.9 and Chapter 4).

After 24 h the medium was removed and replaced with fresh medium; either
control or oestradiol-supplemented medium. On day 5, the medium was again
removed and replaced with fresh medium containing the conjugates at a
concentration equivalent to the ICs, values previously determined for the HPMA
copolymer-AGM-Dox i.e.:

(i) in MCF-7 0.022 mg/mL Dox equiv. (using control medium)

0.075 mg/mL Dox-equiv. (using oestradiol-containing

medium);
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(ii) in MCF7ca  0.012 mg/mL Dox equiv. (using control medium)
0.0082 mg/mL Dox-equiv. (using oestradiol-containing

medium).

The cells were incubated for a further 72 h with the conjugates and then fixed on

day 8 as described below.

6.2.1.2. The fixation protocol: “QOestrogen receptor immunocytochemical assay”
(ERICA) fixation

The fixation protocol developed by Abbott Laboratories to detect the ER,
(ERICA) was used and it is schematically represented in Fig. 6.6. The coverslips
were carefully taken from the plate with a pair of tweezers and placed in a rack that
was quickly (to prevent drying) put into a bath filled with formaldehyde solution (4
% in PBS) for 15 min at room temperature. The rack was then moved to another bath
containing PBS (5 min room temperature) and subsequently to two more baths
(methanol 5 min, and acetone 3 min, both placed on dry ice). The temperature of
these two baths was monitored to ensure it was constantly kept between - 30 °C and -
10°C. Then the rack was again placed in a PBS bath (5 min, room temperature).
Finally, each coverslip was put back in the 12-well plate previously rinsed with
ddH,O and re-filled with a sucrose storage solution (42.8 g sucrose, 0.33 g
magnesium chloride anhydrous, 250 mL PBS and 250 mL of glycerol). The

coverslips were stored at —20 °C until assayed.

6.2.1.3. Staining of ER, PgR, pS2, Bcl-2 and Ki67
The procedures used to detect ER, PgR, pS2, Bcl-2 and Ki67 were very similar.
As an example, a detailed description of ER staining is given. For the other proteins,

a schematic representation of the protocol followed is provided in Fig. 6.7.

The coverslips bearing cells were placed on a tray and the storage medium was
removed by thorough washings with PBS (2 - 3 washes). Prior to the addition of the
primary antibody, the coverslip was washed once with PBS-tween (0.02 %) and the
excess solution was removed by gently touching the coverslip edge on a piece of
tissue paper. Then, the solution containing the primary antibody (1 : 80, 1: 120, 1 :
160 or 1 : 200 in PBS) was added to the top face of each coverslip (30 uL per
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Immunocytochemistry

Fig. 6.6. Schematic representation of the fixation procedure followed (ER-ICA,

Abbott Laboratories)
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Fig. 6.7. Schematic representation of the ICC staining procedure followed for ER,

PgR, pS2, Bcl-2 and Ki67
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coverslip), and then it was incubated at room temperature for 90 min. After this time,
the solution containing the primary antibody was removed by repeated washing with
PBS-tween (5 washes, 1 wash every 2 min) and the solution removed as above. The
coverslip was then incubated with a solution of the secondary antibody, GAM (1 : 25
or 1:35; 50 uL) for 30 min at room temperature. After this incubation period, the
coverslip was washed as before with PBS-tween and, the excess was again removed.
Then, the tertiary antibody (a solution of PAP) in PBS 1 : 250; 50 uL per coverslip)
was added and the coverslip left for 30 min at room temperature. Finally, the
coverslip was washed with PBS-tween (five times), and incubated with the
peroxidase substrate and DAB for 10 min. The DAB solution was then removed by
thorough washing with ddH,O (3 times), and the cells were counterstained with a
solution of methyl green (0.5 % in ddH,O) for 30 s at room temperature. The
coverslip was then washed with ddH,O, placed on filter paper, and allowed to air dry

before being mounted onto a glass slide using DPX mountant.

6.3. RESULTS
6.3.1. Optimisation of the ER staining and experimental set-up

Before undertaking the immunocytochemical characterisation of MCF-7 and
MCF-7 ca cells, it was necessary to establish the optimal dilution of primary and
secondary (GAM) antibodies for ER staining. When a range of primary antibody
dilutions was used, nuclear staining was apparent in all cases (Fig. 6.8). However, at
high primary antibody concentrations, cytoplasmic staining was also apparent (Fig.
6.8). As the dilution of 1 : 200 gave a good nuclear staining and a clear background,
it was chosen for the subsequent experiments (Fig. 6.8). It is also interesting to note
that the cell population showed different staining intensities. Three different sub-
populations were present: poorly stained, moderately stained or markedly stained
(Fig. 6.8d). An optimisation of the GAM concentration was also necessary. Although
nuclear staining was evident at all concentrations tested (Fig. 6.9), a clearer
background was seen at a dilution 1 : 35 (Fig. 6.9b), so this concentration was chosen

for all subsequent experiments.

Once ER staining had been optimised, it was possible to compare three different
experimental systems that might be used for cell incubation with polymer conjugates.

The results obtained using the square and the round coverslips produced comparable
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Fig. 6.8. ER staining in MCF-7 cells using the primary antibody at 4 different
dilutions (1 : 80, 1 : 120, 1 : 160 and 1 :200; panel a, b, ¢ and d, respectively). Black
arrows indicate nuclear staining; white arrows indicate cytoplasmic staining; blue
arrows indicate different degrees of staining: poorly stained (1), moderately stained
(2) and markedly stained (3). Size bar = 10 ym
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Fig. 6.8. Continued

177



Immunocytochemistry

a) MCF-7 (GAM 1:25)

b) MCF-7 (GAM 1:35)

Fig.6.9. ER staining in MCF-7 cells visualised following incubation with different
concentrations of GAM. Panels (a) and (b) staining obtained (primary antibody at 1 :
200) using the GAM at 1: 25 or 1 :35, respectively. Panel (c) staining obtained
(primary antibody at 1 : 75) using GAM 1 :75. Black arrows indicate nuclear
staining; white arrows indicate cytoplasmic staining. Size bar = 10 ym

178



Immunocytochemistry

| c) MCF-7 (GAM 1:75)

"

Fig. 6.9. Continued
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results. The cells grew in a similar way and reached comparable confluency after 8
days. The ER staining observed was similar between the two systems (Fig. 6.10a and
b). However, when the cells were grown on glass slides in the silicon rubber walled
system, fewer cells grew and there was also poor ER-staining (Fig. 6.10c). As both
the square and the round coverslips gave comparable results, the round coverslips
were chosen for subsequent experiments as this incubation system required a smaller

reagent volume (0.5 mL).

6.3.2. Characterisation of ER, PgR and pS2 expression in MCF-7 and MCF-7ca
cells in presence and absence of AGM

First, both cell lines were characterised for basal expression of ER, PgR and pS2.
MCEF-7 cells showed good nuclear ER staining in absence of steroids (Fig. 6.11a).
When the medium was supplemented with oestradiol (10° M), cells reached a higher
degree of confluency and down-regulation of the ER expression was seen (increased
number of negative cells) (Fig. 6.11b). In contrast, ER expression in MCF-7ca cells
was not influenced by the presence or the absence of androstenedione although

addition did lead to increased confluency (Fig. 6.12).

The expression of PgR and pS2, the two oestrogen-regulated proteins assayed,
was markedly induced by oestradiol in MCF-7 cells (Fig. 6.13, 6.15). It is important
to note that unlike PgR staining (nuclear), pS2 staining was mainly cytosolic and was
more marked in the peri-nuclear region (Fig. 6.15). Whilst the addition of
androstenedione did not have any effect on the expression of the PgR in MCF-7 cells
(Fig. 6.13c¢), in MCF-7ca cells androstenedione induced the expression of PgR (Fig.
6.14). Incubation of MCF-7ca with the androstenedione did not, however, have any
impact on the expression of pS2 (Fig. 6.16). For this reason, in order to investigate
whether free or polymer-bound AGM had an effect on gene expression, it was
decided to assess the PgR when MCF-7ca cells were incubated in presence of
androstenedione. The presence of free, and polymer-bound AGM decreased
androstenedione-induced growth. However, AGM did not inhibit androstenedione-
induced PgR expression (Fig. 6.17). In fact, a slight stimulatory effect was seen.
Cells incubated with the HPMA copolymer-AGM showed the same pattern of PgR
expression as cells incubated with free AGM (Fig. 6.17f).
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a) Square coverslip

b) Round coverslip |

Fig. 6.10. Comparison of ER staining in MCF-7 cells grown using three different
techniques. The cells were grown on square coverslips (panel a), on round coverslips
(panel b) or on a slide were wells were formed by a silicon rubber (panel c¢). Size bar
=10 ym
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¢) Silicon rubber

Low confluency

Fig. 6.10. Continued
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a) MCF-7 control
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b) MCF-7 oestradiol

Fig. 6.11. ER expression in MCF-7 in presence of control medium (panel a) or
oestradiol-supplemented medium (panel b). Black arrows indicate negative cells.
Size bar = 10 ym
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Fig. 6.12. ER expression in MCF-7ca cells grown in control medium (panel a) or
androstenedione-supplemented medium (panel b). Size bar = 10 ym
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a) PgR MCF-7 control

N\

§ b) PgR MCF-7 cestradiol

Fig. 6.13. PgR expression in MCF7 cells grown in control medium (panel a),
oestradiol-supplemented medium (panel b) or androstenedione-supplemented
medium (panel c). Black arrows indicate positively stained cells and white arrows
indicate negative or very poorly stained cells. Size bar = 10 ym
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c) PgR MCF-7 androstenedione

Fig. 6.13. Continued
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Fig. 6.14. PgR expression in MCF-7ca cells grown in control medium (panel a), or
androstenedione-supplemented medium (panel b). Size bar = 10 ym
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" S

a) pS2 MCF-7 control

Fig. 6.15. pS2 expression in MCF-7 cells grown in control medium (panel a) or
oestradiol-supplemented medium (panel b). Black arrows indicate cytosolic staining;
white arrows indicate peri-nuclear staining. Size bar = 10 ym
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S
b) pS2 MCF-7ca androstenedlone

Fig. 6.16. pS2 expression in MCF-7ca cells. Cells were grown in control medium
(panel a) or androstenedione-supplemented medium (panel b). Size bar = 10 ym
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6.3.3. Effect of HPMA copolymer-Dox and HPMA copolymer-AGM-Dox on the
expression of the proliferation marker Ki67

Immunostaining of Ki67 was nuclear, with predominant nucleoli localisation
(Fig. 6.18, 6.19, 6.20, 6.21). The expression of Ki67 in presence of oestradiol (Fig.
6.19 and 6.21) was markedly increased compared to the basal levels (in absence of
steroids (Fig. 6.18 and 6.20)) both in MCF-7 and MCF-7ca. Incubation with both
HPMA copolymer conjugates led to a decrease of Ki67 levels in both cell lines (in
presence (Fig. 6.19 and 6.21) or absence (Fig. 6.18 and 6.20) of oestradiol).
Interestingly, this effect was more marked for the HPMA copolymer-AGM-Dox than
HPMA copolymer-Dox (Fig. 6.18, 6.19, 6.20, 6.21).

6.3.4. Effect of HPMA copolymer-Dox and HPMA copolymer-AGM-Dox on
Bcl-2 expression

Bcl-2 staining in MCF-7 cells showed that this protein is cytoplasmic and is
markedly induced by the presence of oestradiol (Fig. 6.22, 6.23). When MCF-7 cells
were incubated with the HPMA copolymer-Dox in the presence (Fig. 6.23) or
absence of oestradiol (Fig. 6.22), Bcl-2 levels were unchanged (or slightly induced).
However, when MCF-7 cells were incubated with the HPMA copolymer carrying the
combination of AGM and Dox, the expression of Bcl-2 was visibly reduced both in

absence (Fig. 6.22) and in presence of oestradiol (Fig. 6.23).

In contrast, in MCF-7ca cells, the levels of Bcl-2 were not influenced by the
presence (Fig. 6.25) or absence (Fig. 6.24) of oestradiol in the medium. The addition
in the medium of the HPMA copolymer-Dox or of the HPMA copolymer-AGM-Dox
also did not have any impact on the expression of Bcl-2 which remained un-varied in

all cases in MCF-7ca (Fig. 6.24, 6.25).

6.4. DISCUSSION

Investigating the mechanism of action of HPMA copolymer-AGM-Dox is a
fascinating, but intrinsically complicated challenge. First of all, the mechanism of
action of each drug needs to be considered individually. However, the simultaneous
presence of the two drugs provides an opportunity for additive or even synergistic
effects. Furthermore, the chemical linkage of the drug to the polymeric carrier also

complicates the matter due to the resultant change in the cellular pharmacokinetics
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a) Ki67 MCF-7 control

b) Ki67 MCF-7 control + HPMA copolymer-Dox

¢) Ki67 MCF-7 control + HPMA copol mer-AGM-

\

Fig. 6.18. Effect of HPMA copolymer-Dox conjugates on Ki67 expression in
absence of steroids in MCF-7 cells. Cells were incubated with control medium (panel
a), control medium supplemented with HPMA copolymer-Dox (panel b) or HPMA
copolymer-AGM-Dox (panel ¢). Black arrows indicate nuclear staining; white
arrows indicate unstained cells; red arrows indicate nucleoli staining. Size bar = 10

Hm
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b) Ki67 MCF-7 oestradiol + HPMA copolymer-Dox

Ki67 MCF-7 oestradiol + HPMA copolymer-AGM-Dox

Fig. 6.19. Effect of HPMA copolymer-Dox conjugates on Ki67 expression in
presence of oestradiol in MCF-7 cells. Cells were incubated with oestradiol medium
(panel a), oestradiol medium supplemented with HPMA copolymer-Dox (panel b) or
HPMA copolymer-AGM-Dox. Black arrows indicate nuclear staining; white arrows
indicate unstained cells; red arrows indicate nucleoli staining. Size bar = 10 yum
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a) Ki67 MCF-7ca control

b) Ki67 MCF-7ca control + HPMA copolymer-Dox

c) Ki67 MCF-7ca control + HPMA copolymer-AGM-Dox

Fig. 6.20. Effect of HPMA copolymer-Dox conjugates on Ki67 expression in
absence of steroids in MCF-7ca cells. Cells were incubated with control medium
(panel a), control medium supplemented with HPMA copolymer-Dox (panel b) or
HPMA copolymer-AGM-Dox (panel c). Black arrows indicate nuclear staining;
white arrows indicate unstained cells; red arrows indicate nucleoli staining. Size bar
=10 ym :
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a) Ki67 MF-ca oestradiol

]

" b) Ki67 MCF-7ca oestradiol HPMA copolymer-Dox

¢) Ki67 MCF-7ca oestradiol + HPMA copolymer-AGM-Dox

Fig. 6.21. Effect of HPMA copolymer-Dox conjugates on Ki67 expression in
presence of oestradiol in MCF-7ca cells. Cells were incubated with oestradiol
medium (panel a), oestradiol medium supplemented with HPMA copolymer-Dox
(panel b) or HPMA copolymer-AGM-Dox. Black arrows indicate nuclear staining;
white arrows indicate unstained cells; red arrows indicate nucleoli staining. Size bar
=10 ym
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a) Bcl-2 MCF-7 control

A

b) Bcl-2 MCF-7 control + HPMA copolymer-Dox

W
¢) Bel-2 MCF-7 control + HPMA copolymer-AGM-Dox

Fig. 6.22. Effect of HPMA copolymer-Dox conjugates on Bcl-2 expression in
absence of steroids in MCF-7 cells. Cells were incubated with control medium (panel
a), control medium supplemented with HPMA copolymer-Dox (panel b) or HPMA
copolymer-AGM-Dox (panel c). Black arrows cytoplasmic staining; white arrows
indicate unstained cells; Size bar = 10 gm
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a) Bcl-2 MCF-7 oestradiol

polymer-Dox

b) Bcl-2 MCF-7 oestradiol + HPMA co

¢) Bcl-2 MCF-7 oestradiol + HPMA copolymer-AGM-Dox

Fig. 6.23. Effect of HPMA copolymer-Dox conjugates on Bcl-2 expression in
presence of oestradiol in MCF-7 cells. Cells were incubated with oestradiol medium
(panel a), oestradiol medium supplemented with HPMA copolymer-Dox (panel b) or
HPMA copolymer-AGM-Dox. Black arrows indicate cytoplasmic staining; white
arrows indicate unstained cells; Size bar = 10 gm
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a) Bcl-2 MCF-7ca control

b) Bcl-2 MCF-7c¢a control + HPMA copolymer-Dox

c) Bel-2 MCF-7ca control + HPMA copolymer-AGM-Dox

Fig. 6.24. Effect of HPMA copolymer-Dox conjugates on Bcl-2 expression in
absence of steroids in MCF-7ca cells. Cells were incubated with control medium
(panel a), control medium supplemented with HPMA copolymer-Dox (panel b) or
HPMA copolymer-AGM-Dox (panel ¢). Size bar = 10 gm
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-a) Bel-2 MCF-7ca oestradiol

b) Bcl-2 MCF-7ca oestradiol + HPMA copolymer-Dox

c) Bcl-2 MCF-7ca oestradiol + HPMA copolymer-AGM-Dox

Fig. 6.25. Effect of HPMA copolymer-Dox conjugates on Bcl-2 expression in
presence of oestradiol in MCF-7ca cells. Cells were incubated with oestradiol
medium (panel a), oestradiol medium supplemented with HPMA copolymer-Dox
(panel b) or HPMA copolymer-AGM-Dox. Size bar = 10 ym
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compared to the free drug: relatively slow internalisation of the conjugate followed
by time-dependent liberation of free Dox and/or AGM depending on conjugate
composition. This will expose the drug targets to different drug concentrations (with
time) than they would meet if the drug was administered as free compound. Finally,
the different intracellular distribution of the polymer conjugate might expose the
drug to alternative targets and thus lead to new or additional mechanisms of action

compared to the free drug.

The mechanisms of action attributed to free Dox have been discussed previously
in Chapter 1 (section 1.3.2). Although interaction with topoisomerases II at nuclear
level is the most widely accepted mechanism, interesting alternative mechanisms
have been described. In 1982, Tritton published a controversial paper suggesting for
the first time that the cytotoxicity of Dox could be attributed to its membrane activity
(Tritton and Yee, 1982; reviewed in Tritton, 1991). Membrane-action of free Dox
seems at least unlikely as free Dox can rapidly permeate membranes by passive
diffusion. However, membrane interaction of conjugated Dox might be more likely

due to the different cellular pharmacokinetics.

Although HPMA copolymer-Dox was synthesised more than 20 years ago
(Kopecek et al, 1985) and its activity is well established both in animal models
(Duncan et al., 1992) and in clinical settings (Vasey et al., 1999; Cassidy, 2000), its
precise mechanism of action at cellular level is still unclear (reviewed in Duncan
2005). At present, three main mechanisms have been hypothesised. According to the
first model, HPMA copolymer-Dox is internalised by endocytosis and Dox is
released after enzymatic cleavage of the linker. This is supported by studies showing
the presence of free Dox in the nuclear fraction after administration of the HPMA
copolymer-Dox conjugate (Wedge et al., 1991). It is also confirmed by the complete
lack of activity of the conjugates having non biodegradable linkers like HPMA
copolymer-GG-Dox (Duncan et al.1989) and HPMA copolymer-GG-platinate
(Gianasi et al., 1999; reviewed in Duncan, 2005). However, this lack of activity
could also be explained by the fact that a dipeptide like the GG could be too short a
spacer to allow membrane interaction. The second hypothesis, first proposed by
Rihova and colleagues, suggests that HPMA copolymer-Dox causes cell death by

interaction with the plasma membrane (Hovorka et al., 2002). The main argument in
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favour of this mechanism is that they were not able to detect free Dox in the nucleus
even after 72 h incubation with HPMA-Dox, suggesting that the conjugate toxicity
was not due to Dox release (Hovorka et al., 2002). Finally, Minko and Kopececk
have attributed HPMA copolymer-Dox toxicity to induction of apoptosis (Minko et
al., 2001) although in one study they suggested that necrosis was the main

mechanism of action of HPMA copolymer-Dox (Demoy et al., 2000).

The combination conjugate contains both Dox and AGM. It could be
hypothesised that free AGM, being an aromatase inhibitor, will interfere with
oestrogen signalling. Also, aromatase inhibitors have been shown to induce apoptosis
(reviewed in Johnston and Dowsett, 2003). Even more interestingly, there are some
elements where oestrogen signalling and the apoptosis pathways overlap, possibly
involving Bcl-2. In the attempt to dissect the mechanism of action of the HPMA
copolymer-AGM-Dox conjugate, the first step was to examine aromatase inhibition

in relation to cellular markers of oestrogen action.

The PgR is an oestrogen-regulated protein that has been widely studied in breast
cancer tissue from patients treated with anti-hormones (Collett et al., 1996). In the
study presented here, androstenedione induced the expression of PgR in MCF-7ca
cells. This is consistent with PgR being a marker for oestrogen activity. Interestingly,
the lack of stimulatory activity seen in MCF-7 cells also suggests that
androstenedione does not act as a ligand for the ER and that the androstenedione
induced overexpression of PgR could be attributed to its aromatase-mediated

transformation to oestrogens.

Counterintuitively, however, the incubation of the MCF-7ca cells with
androstenedione in presence of free or polymer-bound AGM was not able to reverse
this effect. The effect of some aromatase inhibitors (letrozole, anastrozole,
exemestane) and tamoxifen on the levels of the PgR has been investigated clinically.
Miller et al. (2005) looked at the levels of PgR after 3 months treatment with these
drugs. Interestingly, while tamoxifen did not affect the level of PgR in an obvious
way (decreased, increased and unvaried levels were found, with an increase being
paradoxically the most likely event). The aromatase inhibitors examined

downregulated PgR levels in the vast majority of the cases (46 patients out of 50
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showed a decrease). It is important to note, that our study was in vitro and was
performed with a much shorter incubation time (10 days). As the experimental
conditions were markedly different a direct comparison can be difficult. To my
knowledge, no studies have been reported assessing PgR levels after treatment with
AGM, however there are studies monitoring aromatase activity. AGM was shown to
paradoxically increase aromatase activity in vitro (Kao et al., 1999; Miller et al.,
2003). In this perspective, the PgR levels found after incubation with
androstenedione and AGM could be the result of this increased activity. Another
possibility is that the presence of AGM creates an environmental pressure by which
cells containing a higher level of aromatase are more likely to survive than cells with
lower levels of this enzyme. For this project, it was also interesting to observe that
once again the behaviour of the HPMA copolymer-AGM was consistent with that of

the free drug.

The clinical relevance of the proliferation marker ki67 is well-established.
Previous studies showed that patients responding to tamoxifen treatment had a
greater decrease in this protein’s level (Makris et al., 1998). Also, decreased
expression of ki67 after treatment was correlated with a lower risk of relapse (Chang
et al., 2000; Geisler et al., 2001; Kenny et al., 2001). In this respect, the decreased
levels of ki67 found after treatment with HPMA copolymer-Dox and the even lower
levels found with the HPMA copolymer-AGM-Dox indicate an appropriate
biological activity of the conjugates used in the present study and confirm previously

reported cytotoxicity data (Chapter 4).

The assessment of the Bcl-2 levels in MCF-7 cells led to the most interesting
findings. In this study, although HPMA copolymer-Dox and HPMA copolymer-
AGM-Dox were administrated at the same concentration (adjusted in Dox-equiv.),
decreased levels of bcl-2 were found only with the combination polymer. The lack of
activity of the HPMA copolymer-Dox is consistent with previous studies showing
that this conjugate did not have any effect on any of the members of the Bcl-2 family
except Bax (Kovar et al., 2003). However, this is in contrast with studies from
another research group where decreased expression of Bcl-2 after incubation with
HPMA copolymer-Dox was reported in vitro both at gene (Minko et al., 2001;
Kunath et al., 2000;) and protein level (Malugin et al., 2005) and in vivo (Minko et
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al, 2000). It also suggests that the increased cytotoxicity of the HPMA copolymer-
AGM-Dox previously described (Chapter 4), could be attributed to activation of
apoptosis pathways. However, to achieve a full picture of the mechanism of action of
the HPMA copolymer-Dox-AGM other studies monitoring the levels of other

markers involved in apoptosis, for instance bax, are warranted.

The lack of effect on Bcl-2 levels in MCF-7ca cells was initially surprising and
disappointing. However, as the expression of Bcl-2 was extremely low in all the
experimental conditions tested (presence or absence of oestradiol or

androstenedione) it seems that it is not an ideal marker for this specific cell line.

6.5. CONCLUSIONS

In this study the activity of the HPMA copolymer conjugates was investigated at
cellular level. Two main results were reported here. Firstly, the HPMA copolymer
conjugates were found to decrease cell proliferation (more markedly, for the HPMA
copolymer-AGM-Dox), which correlates with the cytotoxicity studies reported
previously (Chapter 4). Also, the downregulation of Bcl-2 by the HPMA copolymer-
AGM-Dox suggests that this conjugate might induce apoptosis in MCF-7 cells.
While investigations of other markers is needed to achieve a full picture of the
mechanism of action, these findings suggest that the different impact that the HPMA
copolymer-AGM-Dox has on apoptosis could be at least partially responsible for the

increased activity of this conjugate.
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7.1. GENERAL COMMENTS AND HISTORICAL PERSPECTIVE

As this study is finishing, it is interesting to note that 2005 is the 40™ anniversary
of the death of Hermann Staudinger, the Nobel laureate who proved the existence of
polymers “as chain molecules” (Ringsdorf, 2004) and also the 30" anniversary of the
publication of the article that gave birth to the field of polymer-anticancer drug
conjugates (Ringsdorf, 1975; reviewed in Haag and Kratz, 2006). Collaborative
interdisciplinary research started by Duncan and Kopecek (Duncan et al., 1987,
Duncan et al., 1992; reviewed in Duncan 2005) gave rise to the first synthetic
polymer anticancer conjugate to enter clinical trial in 1994 (Vasey et al., 1999) (Fig.
7.1). A number of preliminary studies were carried out to obtain the optimal polymer
molecular weight that would guarantee polymer excretion and to design the linker to
be cleaved in the lysosomal compartment (Duncan et al., 1980; Duncan et al., 1983).
The in vitro and in vivo experiments performed in the ‘80s and early ‘90s (Duncan et
al., 1989; Duncan et al., 1992), paved the way to the clinical evaluation of HPMA
copolymer-Dox (Vasey et al., 1999; Cassidy 2000), soon followed by other HPMA
copolymer conjugates that contained platinates, CPT and paclitaxel (Schoemaker et

al., 2002; Rademaker-Lakhai et al., 2004).

In the field of breast cancer, endocrine therapy has dramatically progressed since
the first oophorectomy was performed, more than a century ago (Beatson, 1896). In
1974, tamoxifen was marketed for the treatment of breast cancer and from a failed
potential contraceptive it became the standard first line endocrine treatment for this
disease (reviewed in Jordan, 2003a and in Jordan, 2003b). More recently, the
development of 2™ and 3 generation aromatase inhibitors (Brodie, 2002) and the
research of new, selective molecular targets leading to the development of novel
drugs such as the antibody Herceptin® (reviewed in Leyland-Jones, 2002) prove how

active breast cancer research is (Fig. 7.1).

Although, the most recent statistics indicate that two thirds of women newly
diagnosed with breast cancer are likely to survive at least 20 years (Cancer Research
UK) the high incidence of this disease and the mortality rates of advanced metastatic

breast cancer, make it a high health priority.
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General Discussion

This thesis has focused on the development of a polymer conjugate designed
specifically for the treatment of breast cancer, being the first polymer therapeutic to
combine endocrine therapy and chemotherapy. Simultaneous attachment of AGM
and Dox to a single polymeric chain achieved significant improved biological
activity in vitro. Here, the main findings of this study are summarised and the
research is placed within the context of the relevant recent scientific literature
(polymer-anticancer drug conjugates and breast cancer) giving special attention to
the advances made during the last 3 years. Finally, some ideas regarding the possible

future development of this concept are discussed.

7.2. CRITICAL REVIEW OF THE UNDERLYING STRATEGIES

The choice of HPMA copolymers as polymeric carrier was convenient for the
reasons described previously in section 1.6 and reviewed by Duncan (2005). In
theory, the lack of biodegradability of the polymer might raise concern if longer-term
clinical use was proposed. However, when the HPMA copolymer-Dox was tested in
phase I clinical trials, the polymer size (Mw ~ 30,000 g/mol) was chosen to ensure

eventual renal excretion and no polymer-related toxicity was seen (Vasey et al.,

1999).

Since then, an HPMA copolymer-paclitaxel (Meerum Terwogt et al., 2001), an
HPMA copolymer-CPT (Schoemaker et al., 2002), two HPMA copolymer-platinates
and (Novotnik, 2004) an HPMA copolymer-Dox-galactosamine (Seymour et al.,
2002) have undergone phase I clinical evaluation (reviewed in Satchi-Fainaro et al.,
2005; Vicent and Duncan, 2006). In addition, HPMA copolymer-Dox has finished
phase II clinical trials (reviewed in Duncan, 2005). Throughout, no polymer-related

toxicity was observed proving the safety of HPMA copolymers.

In the studies presented here, Dox was combined with the aromatase inhibitor
AGM. This might appear counter-intuitive when one considers that aromatase
inhibitors are generally administered orally, daily and over relatively long periods of
time (Lonning, 2004). When the HPMA copolymer-Dox was first tested clinically, it
was administered every 3 weeks (Vasey et al., 1999). The increased activity that the

HPMA copolymer-AGM-Dox showed in vitro suggests that such a conjugate has at
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least the potential of improving the performance of the HPMA copolymer-Dox when
administered intravenously, with a similar administration schedule, possibly to

patients with resistant metastatic disease.

7.3. RECENT DEVELOPMENTS IN THE FIELD: THIS WORK IN THE
CONTEXT OF OTHER POLYMER-DRUG CONJUGATES AND OTHER
BREAST CANCER TREATMENTS.

During the three years of this experimental project, some important events in

both the field of breast cancer and polymer-drug conjugates have emerged.

In January 2005 the ATAC trial was completed following 5 years adjuvant
therapy with either tamoxifen or anastrozole (arimidex®) (ATAC Trialists Group,
2005). This study showed the superiority of the aromatase inhibitor anastrazole
against tamoxifen (the most well-established drug for breast cancer treatment) in
terms of improved disease-free survival, improved time to recurrence, reduction of
distant metastasis, and appearance of contralateral breast cancer. The trialists group
recommended the use of anastrozole as first line adjuvant treatment in
postmenopausal women. Although the improvements in therapy seen may not be
applicable to all the aromatase inhibitors (due to differences in potency and
mechanism of action), it is however possible to say that the promising results from
the ATAC trial put aromatase inhibitors in a key position in the treatment of breast

cancer.

As for the field of polymer-anticancer conjugates, in 2003, a phase II clinical
study of PGA-paclitaxel in breast cancer patients reported activity for this conjugate
(partial responses and stable disease). Phase II clinical trials combining this
conjugate with carboplatin for the treatment of ovarian cancer showed a 95 %
response rate (Herzog et al., 2005). Also, a Phase III study using again the
combination of PGA-paclitaxel and carboplatinum in non small cell lung cancer
patients showed comparable activity to the combination of the free drugs but was
less toxic (Langer et al., 2005). This conjugate is the most advanced in clinical
development (currently in phase III) (Singer et al., 2005) and might be the very first

anticancer conjugate to reach the market.
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Finally, while the concept of polymer-drug conjugates seemed to have been
confined for years to established chemotherapy agents, lately, conjugates containing
experimental drugs are emerging. In 2004, the first HPMA copolymer conjugate
containing an anti-angiogenic drug was described (Satchi-Fainaro et al., 2004) and in
2001 the first conjugate containing the PI3 kinase inhibitor wotmannin was described
(Varticovski et al., 2001). Indeed, the concept of polymer-drug conjugates is
expanding beyond the limits of cancer therapy. Recently, a HPMA copolymer
conjugate was synthesised that contained an anti-leishmania compound (Nan et al.,

2001).

7.4. SUMMARY OF THE MAIN FINDINGS OF THIS WORK AND
POSSIBLE FUTURE DEVELOPMENTS.

This project started with the synthesis and the characterisation of a novel family
of HPMA copolymer conjugates. After a first attempt to bind AGM to the HPMA
copolymer by aminolysis, the synthesis was improved using DCC coupling (Vicent
et al., 2005). This led to the preparation of reproducible batches of conjugates with
higher drug content.

After the synthesis of the conjugates their biological activity was evaluated
(Chapter 4). The combination polymer was more active than the HPMA copolymer-
Dox. This exciting finding raised two questions. Why is the combination polymer
more active and is this (i.e. AGM-Dox) the best combination therapy or would a
rational choice of another pair of drugs provide even better activity? Potential
answers to the first question were discussed in Chapters 5 and 6. The main
conclusions are summarised below. The second question was addressed below,

where possible future experiments to develop this concept further are described.

Chapter 5 examined cellular pharmacokinetics as a possible explanation for the
observed superiority of the HPMA copolymer-AGM-Dox over the HPMA
copolymer-Dox. No clearout explanations were identified. Neither the uptake rate
nor the uptake mechanism seemed to be responsible for the different biological
activity found. Although further investigations could be performed these preliminary
results suggest that the physico-chemical characteristics of the polymer carrier rather

than the drug were the main factor that determined the uptake.
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The preliminary studies undertaken in the last part of the project tried to
investigate the mechanism of action of the conjugates by analysing changes in
cellular markers after exposing MCF-7 and MCF-7ca cells to polymer conjugates
(Chapter 6). Even for HPMA copolymer-Dox the precise mechanism of action is
currently a hotly debated topic (reviewed in Duncan, 2005). The experiments
presented in this thesis suggested that the HPMA copolymer-AGM-Dox decreased
the level of Bcl-2 while the HPMA copolymer-Dox did not. However, one limitation
of this study is that Bcl-2 was the only marker tested. It would be interesting to
monitor changes in other proteins involved in the apoptosis pathway, for instance,
Bax. As it has been suggested that the HPMA copolymer-Dox can have an effect on
apoptosis that is initiated via the mitochondria (Malugin et al., 2004), other markers

involved in this pathway could also be assessed.

A number of the results presented in this thesis underline the advantages of a
polymer-based combination therapy. However, some questions still need to be
addressed. Here, first, the most important experiments that still need to be
undertaken to complete this work are discussed, and then from a broader perspective,

some future research areas that might be explored are presented.

The studies performed so far, and the suggested experiments, are summarised in
Fig. 7.2. If we consider the HPMA copolymer-AGM-Dox conjugate, several in vitro
experiments would give a more complete picture of (i) their mechanism of action (ii)
their future therapeutic potential. For example, the trafficking of the conjugate
(presented in Chapter 5) would benefit from further studies on conjugate exocytosis
rate and rate of intracellular drug liberation. Also, the investigation of the cellular
mechanisms of their action (Chapter 6) is only in its infancy. The expression of
several other markers, such as Bax or caspases, could be investigated to probe further

whether apoptosis is induced by these conjugates.
To assess whether the HPMA copolymer-AGM-Dox conjugate has potential for

clinical evaluation the most important experiments relate to its in vivo testing of its

pharmacokinetic properties and antitumour activity. Since both MCF-7 and MCF-7ca
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have been grown as xenografts in vivo in mice (Brodie et al., 1999), such

experiments would be relatively simple to perform.

From a broader point of view, I believe that there are at least two interesting
options for further development of this project. First, the use of polymer conjugates
to deliver the latest generation of aromatase inhibitors. The evidence of local
production of oestrogen (Yue et al., 2002) in the tumour suggests that this type of
conjugates have at least the potential of being beneficial. It is important to highlight,
however, that although most authors agree on the presence of aromatase activity in
the tumour tissue, the clinical relevance of this in situ production is still under debate
(Yue et al., 2002). The possible chemical strategies discussed in this paragraph are

summarised in Fig. 7.3.

Although, several potent aromatase inhibitors are available (Fig. 1.10) the
chemical structure of some might preclude easy covalent attachment to a polymeric
carrier (Fig. 1.10). For example, vorozole and rogletimide do not present any
functional group that could be exploited for conjugation. In contrast, fadrozole,
letrozole and anastrozole all carry a cyano group that could be reduced and
transformed to a primary amine, making them easily attachable to a polymer
containing carboxy groups via an amide linkage. Nevertheless, this approach would
lead to a permanent modification of the drug, which in turn might lead to a different

pharmacological profile.

Importantly, both exemestane and formestane have a ketone group which from a
purely chemical point of view can react to form several derivatives, for example,
Shiff base, oximes, ketals, enol esters and hydrazones (Bundgaard, 1985). It is
important to remember that polymer-drug linkage must be stable in the bloodstream
to capitalise an EPR-mediated targeting and it must be degradable when the target is
reached. A PEG-Dox conjugate with a hydrazone linker was synthesised by
Rodrigues et al. (1999) and found to be stable at pH 7, but degraded at pH 5. Also
acetals are pH-dependent bonds and have been already suggested for polymer-drug
conjugates (Vicent et al., 2004). In this case a polymeric backbone must be chosen

that has an hydrazine group, or a diol to give a hydrazone or an acetal, respectively.
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Significantly, formestane presents also an alcohol that could be easily reacted
with a carboxylic acid from the polymeric chain. The ester linkage has been
historically unsuccessful for HPMA copolymer conjugates. Indeed, both HPMA
copolymer CPT and HPMA copolymer paclitaxel showed toxicity that can, at least
partially be correlated to the poor stability of the conjugate linker and to the
premature release of the drug (reviewed in Duncan 2003b). However this type of
bond was suitable when PGA acid was used as carrier probably due to different
conformation of the polymeric chain leading to different accessibility of the linker

(Singer et al., 2005).

This project confirmed the possibility of achieving increased antitumour activity
by combining two drugs on the same polymeric carrier. The emergence of new drugs
against new molecular targets (discussed in section 1.3) provides an amazing
opportunity to generate novel polymer-based combination therapy. Although, the
need for a chemical linkage that is eventually degraded in the lysosomal
compartment restricts the field to molecules that present a chemical group suitable

for conjugation.

The advantages of combination therapy for cancer treatment are already well
known. For example, the standard chemotherapy protocol is routinely performed
with cocktail of drugs (section 1.3) (Bonadonna et al., 1984; Hortobagyi, 2002;
Kardinal, 1992). More recently, trastuzumab (Herceptin®), the antibody targeting
HER-2 has also shown better performance when combined with conventional

chemotherapy (Nabholtz and Gligorov, 2005).

However, there are some limiting factors. First of all, combining two different
drugs does not necessarily mean that an increased therapeutic effect will be achieved.
Although there is a general consensus that appropriate combinations can be
beneficial, in some cases, combination therapy may even be counterproductive. For
example, 2 years after the start of the ATAC trial, it was recognised that the
combination of anastrozole and tamoxifen was significantly worse than anastrozole
alone (ATAC Trialists Group, 2002). It is also important to note that if a combination
of two drugs is administered as simple mixture, they will reach the tumour tissue

independently and according to the pharmacokinetic of each drug. On the contrary,
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with the polymer-based combination presented here, the drugs will be delivered to

the tumour simultaneously.
The time is ripe for a future development of this concept. A rational choice of the

drugs has the potential of generating a promising second-generation of polymer-

based combination therapies.
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lently bound drug,’! and multicomponent polyplexes used as
nonviral vectors!® to deliver genes and proteins into the
cytosolic compartment of the cell. Of particular relevance to
this study are those polymer—drug conjugates now finding
acceptance as a new class of antitumor agents.!"*¢ Polymer
conjugates have distinct advantages over conventional che-
motherapy. These include 1) passive tumor targeting owing to
the enhanced permeability and retention (EPR) effect, a
phenomenon that arises from the hyperpermeability of
angiogenic tumor blood vessels,”! 2) lower toxicity of bound
drug,® and 3) after cellular uptake by the endocytic route, the
potential to bypass mechanisms of drug resistance, including
p-glycoprotein-mediated multidrug resistance (MDR).”} So
far, only conjugates derived from polyethyleneglycol
(PEG)," polyglutamic acid (PGA),™ polysaccharides,
and N-(2-hydroxypropyl)methacrylamide (HPMA) copoly-
mer conjugates!’™ have progressed to clinical trials. The
HPMA copolymer—doxorubicin (Dox) conjugate PK1 (also
named FCE28068) was the first synthetic polymer conjugate
to enter Phase I trials in 1994.®) Since then, HPMA copolymer
conjugates with established chemotherapy drugs (such as
taxol, platinates, or camptothecins)®’® and two gamma-
camera imaging agents derived from HPMA copolymer have
also progressed to clinical testing. Conjugates are now being
synthesized to contain experimental drugs¥ and drugs
directed towards new therapeutic targets (e.g. antiangiogenic
HPMA copolymer-TNP470!"%). Further developments in this
field include chemotherapy with two-step polymer—drug
combinations (e.g. polymer-directed enzyme prodrug therapy
(PDEPT)!)),

The aim of this study was to design a polymer conjugate
that would for the first time combine endocrine therapy and
chemotherapy with the hope of eliciting improved antitumor
activity in breast cancer. Arrival of the selective oestrogen
receptor antagonist tamoxifen led to a 28% reduction in
mortality of breast cancer patients at 5 years."”) Even so, the
prognosis for patients with metastatic breast cancer is still
poor, the survival rate at 5 years being <20%. The mixed
antagonist/agonist activity of tamoxifen and the acquired
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resistance that can develop over time limit its therapeutic
potential.’® To circumvent this problem, there has been
growing interest in the use of aromatase inhibitors. They
prevent estrogen biosynthesis by inhibiting P450 aromatase
present in normal tissue and in breast-cancer cells of
postmenopausal women (77% of the new cases of breast
cancer diagnosed each year)."””) Recent clinical trials in these
patients showed that the aromatase inhibitors letrozole and
anastrozole were more effective in treating estrogen receptor
positive breast cancer than tamoxifen.””

In our case, we hypothesized that the combination of
endocrine therapy and chemotherapy by simultaneous attach-
ment to the same polymer would bring significant advantages.
The combination could be administered as a single dose;
benefits would be the manufacture of a single conjugate and
improved patient compliance. After EPR-mediated targeting,
the arrival of both pendant drugs within the tumor cells at the
same time is guaranteed. It also provides the opportunity to
tailor polymer-drug linkers to impart different rates of drug
release for each compound, thus allowing agents to act
synergistically. As HPMA copolymer-Dox has already shown
activity in chemotherapy refractory breast-cancer patients!®
and this polymer has proven clinical safety, HPMA was
chosen as the polymeric carrier (1 and 5), and the anthracy-
cline antibiotic Dox (3) (widely used as a first-line treatment
for breast cancer) was selected as the model chemotherapeu-
tic. The first-generation aromatase inhibitor, aminoglutethi-
mide (AGM; 2), was chosen as the endocrine model.

A library of conjugates 6-11 was synthesized to contain
Dox, AGM, or both drugs attached to the same polymeric
chain (Scheme 1, Table 1, Supporting Information). HPMA
copolymer intermediates (M, ~20000-25000 gmol™*; M,/
M, =1.3-1.5) were used that contained either the tetrapep-
tide linker Gly-Phe-Leu-Gly (known to be cleaved by
lysosomal thiol-dependent protease cathepsin B to release
Dox)'%*3 or a Gly-Gly linker (known to be nondegradable
and as such to provide a reference control for biological
experiments). First, conjugates were prepared by aminolysis
of polymeric intermediates in which the C-terminus of the

909

[9)

NH NH NH
o

20°C,5h

T ¢
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Scheme 1. Synthesis of HPMA copolymer-AGM-Dox conjugate (9') using DCC coupling reactions. DMF = N,N-dimethylformamide, DCC=1,3-dicy-

clohexylcarbodiimide, HOBt = 1-hydroxybenzotriazole.
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Table 1: Characteristics of the HPMA copolymer conjugates.

Angewandte

=% Chemie

Conjugate Side-chain Total drug [% w/w]"! Free drug [% total drug]® Rg (£0.3)
content [mol %} (nm]
AGM DOX AGM DOX

6l HPMA copolymer-GFLG-AGM 5 6.2 - 0.75 - ND
6 HPMA copolymer-GFLG-AGM 5 6.0 - 0.58 - 7.9
7" HPMA copolymer-GFLG-AGM 10 5.1 - 0.25 - ND
7 HPMA copolymer-GFLG-AGM 10 10.4 - 0.59 - 16.5
8" HPMA copolymer-GG-AGM 5 3.4 - 117 - ND
8 HPMA copolymer-GG-AGM 5 5.4 - 0.61 - 4.1
9%  HPMA copolymer-GFLG-AGM-Dox 10 3.1 42 0.60 0.10 ND
9'd HPMA copolymer—-GFLG-AGM-Dox 10 5.4 7.2 0.73 0.23 12.8
10 HPMA copolymer-GFLG-Dox 5 - 6.6 - 0.39 7.7
ne HPMA copolymer-GFLG~Dox 10 - 141 - 0.78 12.4

[a] Total drug and free drug content determined by HPLC. Free drug content expressed as a percentage of total drug. [b] Conjugates synthesized by
aminolysis (see supporting information). [c] Conjugates synthesized by DCC coupling (see Supporting Information). [d] Determined by SANS. Fitto a
Gaussian coil with Schultz polydispersity. Polydispersity considered 1.3 in all cases. ND = not determined.

peptide side-chains were esterified with p-nitrophenol.”! The
lower reactivity of the aromatic amine of AGM, however,
favored the use of DCC-mediated coupling. The improved
yield of conjugation was particularly noticeable when AGM
was bound to the polymeric precursor containing pendant
side chains (10 mol %) (Table 1). FTIR and NMR spectros-
copy confirmed the identity of the product, and NOE
measurements verified the covalent binding of AGM (see
Supporting Information). These observations were consistent
with previous NOESY and TOCSY experiments, which
established the structure of HPMA copolymer-Dox ™!

Accurate characterization of the bioactive content of any
polymer—drug conjugate destined for biological or clinical
testing is essential. It is well known that the extinction
coefficient of a bound drug can change significantly upon
conjugation.”! In this instance, measurement of the total and
free Dox was straightforward, and a validated HPLC method
was used.!!! For example, the Dox content of conjugate 9’ was
7.2% wiw (free Dox < 0.8% w/w total drug) (Table 1). The
AGM content was more difficult to determine. Values were
obtained either by UV/Vis spectroscopy with an N-Gly-AGM
(13) derivative as standard or by an indirect HPLC method
established to quantify residual AGM left after reaction
(Table 1 and Supporting Information). Overall, the AGM
content of the conjugates was in the range 3.1-10.4 % w/w
(free AGM content <12% w/w total AGM) and in
conjugate 9 it was 54% w/w (Table 1). The molecular
weight of the conjugates was in the range M, =25000-
30000 gmol~'.

It has been postulated that polymer-drug conjugates exist
in solution as unimolecular micelles and that conformation is
influenced by drug loading. At present, however, there is
almost no direct physical evidence to support this hypoth-
esis We have recently demonstrated the value of small-
angle neutron scattering (SANS) in providing insight into the
solution conformation of polymer therapeutics, particularly in
relation to the pH-triggered conformational change of endo-
somolytic polymers.”®) SANS was used in this case for the first
time to definc conjugate structure in solution (Table 1 and
Supporting Information). The Gaussian coil model for
polymer conformation showed the best fit to the raw

Angew. Chem. Int. Ed. 2005, 44, 4061-4066
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scattering data. Whereas HPMA copolymer-GFLG-Dox
(10) and HPMA copolymer-GFLG-AGM (5mol%) (6')
conjugates prepared from the same polymeric intermediate
had similar Rg (radius of gyration) values (7.7 and 7.9 nm,
respectively; truly nano-sized medicines), an increase in the
side-chain content to 10 mol % led to an increase in Rg to
16.5 nm for the AGM conjugate 7', but only to 12.5 nm for the
Dox conjugate (11). Interestingly the HPMA copolymer-
GFLG-AGM-Dox conjugate 9" also displayed an Rg value of
12.8 nm. This might be explained by the tendency of Dox to
display ni-mt stacking, thus leading to the formation of more-
compact unimolecular micelles. It is clear that polymer—drug
conjugate conformation is affected by both the drug loading
and chemical nature of the drug.

Effective functioning of polymer—drug conjugates relies
on 1) the stability of the polymer-drug linker in the circu-
latory system and, after arrival in the tumor tissue and cellular
uptake by endocytosis, 2) lysosomal enzyme cleavage of the
linker to release the active drug. All the HPMA copolymer
conjugates were completely stable in buffer alone, as was the
HPMA copolymer—-GG-AGM (8') in the presence of isolated
rat liver lysosomal enzymes (Figure 1¢ and Supporting
Information). However, in the presence of lysosomal
enzymes, Dox and AGM were released from conjugates
containing the Gly-Phe-Leu-Gly linker. The drug-release
profile displayed marked differences depending on conjugate
composition. For conjugates 10 and 11, Dox release began
immediately after addition of enzyme (Figure 1b) and was
linear with time; it was apparent that the lower the Dox
loading (cf. 10 and 11) the greater the drug release after 5h
(see Supporting Information). This is in agreement with the
solution conformation predicted by SANS (Table 1). Enzyme
accessibility would be limited by a more compact coil
structure. AGM release (conjugates 6 and 7) also showed
dependence on drug loading with a lower initial release for
the highest loading (7) (Figure 1a). After 30 min, however,
AGM liberation from 7 accelerated and release from 6 started
to plateau (see supplementary information for comparison at
5h).

When incubated with lysosomal enzymes, the conjugate
containing both AGM and Dox as the combination (9)

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Liberation of Dox or AGM from HPMA copolymer conjugates
during incubation with rat liver lysosomal enzymes (tritosomes).
Release of a) AGM, b) Dox, and c) Dox and AGM from the HPMA
copolymer-GFLG-AGM-Dox conjugate (9'). In all cases, drug release
is expressed as a percentage of the tota! drug bound, and data repre-
sent the mean +SEM (n=4). In specific cases, the release of drug in
the absence of enzymes (control) is also shown.

displayed different profiles of drug liberation (Figure 1c) in
comparison with that seen for the single-drug-pendant con-
jugates (at both 5 and 10 mol % loading). Both Dox and AGM
release show a marked lag phase with little release over the
first 30 min. However, after this time, AGM release was
enhanced relative to 6 and 7, and the Dox release rate was

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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initially slower but then returned to that seen for 10. The
dynamic and complex geometry of this unimolecular micelle
structure determines enzyme access leading to these complex
release kinetics. To investigate how the release profile would
translate into cytotoxicity, a human estrogen-dependent
breast-cancer cell line MCF-7 and the aromatase-transfected
derivative MCF-7ca were used (Figure2 and Supporting
Information). As expected, as a result of its slow rate of
cellular uptake by endocytosis and the relatively prolonged
duration needed for drug liberation, HPMA copolymer—
GFLG-Dox (10) was much less active than free Dox (3). For
example, their ICs, values against the MCF-7 cell line were
>150 pm and 0.74 pm Dox-equivalents, respectively. Neither
the HPMA copolymer-GFLG-AGM (6°), nor individual
mixtures of drug conjugates bearing AGM (6') or Dox (10)
caused an elevation in cytotoxicity in either cell line MCF-7 or
MCF-7ca (see Supporting Information).

In contrast, when AGM and DOX were covalently linked
to the same polymeric backbone, that is, in conjugate 9, the
in vitro cytotoxicity was significantly greater than seen for 10,
3, or 6’ against MCF-7 cells. The enhanced cytotoxicity of 9
was even more evident for the aromatase expressing MCF-
7ca cells (see Figure 2 and Supporting Information). The ICs,
values obtained for MCF-7ca cells incubated with 3, 6, or &
were 5238 uMm, > 1377 uM, and 40.9 um AGM-equivalents,
respectively. Conjugate 9' displayed approximately tenfold
enhancement in cytoxicity in the aromatase cell line, irre-
spective of whether the data are expressed in terms of Dox- or
AGM-equivalents Although it is necessary to understand the
precise molecular mechanism of action of these novel
conjugates better, it has been reported that aromatase
inhibitors can also promote apoptosis, so they may potentiate
Dox cytotoxicity in this way.!')

To conclude, the HPMA copolymer-GFLG-AGM-Dox
conjugate (9) is the first polymer therapeutic to combine
chemotherapy and endocrine therapy. The fact that AGM and
Dox can act synergistically to produced markedly enhanced
cytotoxicity in vitro relative to that of the HPMA copolymer-
GFLG-Dox conjugate (10) (PK1), which has already shown
activity in breast-cancer patients clinically, underlines the
potential importance of this polymer-drug combination. It
should be emphasized that mixtures of polymer conjugates
containing only AGM or only Dox did not show synergistic
benefit. The studies reported confirm cellular uptake of
conjugate by endocytosis (verified by flow cytometry as
shown in Figure 2b and in the Supporting Information), and
also demonstrate the requirement of lysosomal thiol-depen-
dent protease degradation of the polymer—drug linker to
liberate drug and thus promote cytotoxicity. All the compo-
nents (HPMA copolymers, Dox and AGM) are well estab-
lished clinically, so further preclinical studies are warranted to
establish the antitumor potential of this novel anticancer
strategy in vivo. The observation that HPMA copolymer
conjugates displayed lower hemolytic activity (10 % release at
1 h; p <0.001) than Dox (3) (92 % hemoglobin release at 1 h)
(see Supporting Information) establishes the suitability for
intravenous administration. Tailoring of the linker structure
and drug loading within this novel nano-sized medicine (Rg in
solution of 12.8 nm) may further optimize the drug-release
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profile and cytotoxicity. Ongoing studies to define the precise
molecular mechanisms of conjugate action will be used to
steer the choice of chemistry used to achieve optimal release
kinetics.
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HPMA copolymer-aminoglutethimide conjugates inhibit aromatase
in MCF-7 cell lines
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Abstract

N-(2-Hydroxypropyl)methacrylamide (HPMA) copolymer—doxorubicin (Dox) has already shown clinical activity in breast
cancer patients. Moreover, we have recently found that an HPMA conjugate containing a combination of both Dox and the
aromatase inhibitor aminoglutethimide (AGM) shows significantly increased anti-tumour activity i witrol. To better
understand the mechanism of action of HPMA copolymer—-AGM conjugates several models were used here to investigate
their effect on cell growth and aromatase inhibition. Cytotoxicity of HPMA copolymer conjugates containing AGM, Dox and
also the combination AGM-Dox was determined by MTT assay in MCF-7 and MCF-7ca cells. Androstenedione
(5 x 1078 M) stimulates the growth of MCF-7ca cells. Both free AGM and polymer-bound AGM (0.2-0.4 mg/ml) were
shown to block this mitogenic activity. When MCF-7ca cells were incubated ["H]androstenedione both AGM and HPMA
copolymer—GFLG-AGM (0.2 mg/ml AGM-equiv.) showed the ability to inhibit aromatase. Although, free AGM was able to
inhibit isolated human placental microsomal aromatase in a concentration dependent manner, polymer-bound AGM was not,
suggesting that drug release is essential for activity of the conjugate. HPMA copolymer conjugates containing aromatase
inhibitors have potential for the treatment of hormone-dependant cancers, and it would be particularly interesting to explore
further as potential therapies in post-menopausal women as components of combination therapy.

Keywords: Breast cancer, aromaztase inhibitors, HPMA copolymer—drug conjugates, polymer therapeutics

(Matsumura and Maeda 1986; Seymour et al. 1994);
(ii) decreased drug toxicity (Duncan et al. 1992; Vasey
etal. 1999) and (iii) the ability to bypass some resistance
mechanisms e.g. P-gp mediated-resistance (Minko et al.
1998; Vasey et al. 1999). However, use of polymeric
carriers to deliver endocrine therapy is largely unex-
plored. Like other solid tumours, the hormone-

Introduction

The use of polymer anticancer-drug conjugates to
deliver cytotoxic drugs more selectively to tumour tissue
is becoming well established (Duncan 2003a,b). All
conjugates in clinical development carry well-known
cytotoxic drugs including doxorubicin (Dox) (Vasey
et al. 1999), platinates (Rademaker-Lakhai et al. 2004;

Rice and Howell 2004) and paclitaxel (Singer et al.
2005). Polymer conjugation provides the advantages
of: (i) passive targeting of the tumour tissue
due to the hyperpermeability of tumour vasculature

dependent cancers, including breast and prostate
cancer, are treated by surgical removal, radiotherapy
and chemotherapy. In this case hormone therapy is also
widely used as first line therapy, or in both neoadjuvant
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and adjuvant settings (Hayes and Robertson 2002,
Figure 1).

Introduction of the selective oestrogen receptor
modulator (SERM) tamoxifen led to a 28% reduction
in mortality of breast cancer patients at 5 years (Jordan
2003). Nevertheless its mixed antagonist/agonist effect,
the development of acquired resistance, and side effects
including increased risk of endometrial cancer limit the
therapeutic potential of tamoxifen. Consequently, the
prognosis for metastatic breast cancer patients is still
poor with <20% survival at 5 years (Jordan 2003). For
this reason there has been renewed interest in the use of
inhibitors, which block the p450 enzyme aromatase, and
thus the pathway responsible for the biosynthesis of
oestrogens (Johnston and Dowsett 2003). Recent
clinical trials showed that the aromatase inhibitor
anastrozole was superior to tamoxifen in terms of
efficacy, time to recurrence and had less side effects
(ATAC Trialists Group 2005).

N-(2-Hydroxypropyl)methacrylamide (HPMA)
copolymers have already been used to prepare six
anticancer drug conjugates that have progressed into
clinical development (Duncan 2003b, 2005). In Phase I
trials (Vasey et al. 1999), HPMA copolymer—Dox (PK1,
FCE 28068) displayed a 5-fold reduced clinical toxicity
(maximum tolerated dose (MTD) = 320 mg/m® Dox
equiv.) compared to free Dox (MTD~ 80 mg/m2), and
anticancer activity in chemotherapy-resistant breast

Schematic representation of current treatments for breast cancer and their mechanisms of action.

cancer patients. Thus HPMA copolymers were used to
prepare a combination of endocrine therapy, in the form
of the aromatase inhibitor aminoglutethimide (AGM),
and chemotherapy Dox. This recently described
conjugate (Vicent et al. 2005) was the first polymer-
bound endocrine therapy. Moreover, the HPMA
copolymer—Dox—AGM conjugate displayed remarkably
enhanced cytotoxicity in MCF-7 (a breast cancer cell
line), and MCF-7ca (an aromatase transfected cell line)
compared to FCE28068, the conjugate that has already
shown clinical activity. The reasons for this behaviour are
not yet understood.

The aim of this study was to investigate the
mechanism of action of HPMA copolymer-GFLG-
AGM. Several different approaches were used. First,
MCF-7 and MCF-7ca were grown in the presence of
androstenedione and testosterone. These compounds
enhance aromatase-mediated cell growth and thus
the model can be used to investigate aromatase
inhibition by free and polymer-bound AGM. To
obtain a direct measure of cell-associated aromatase
inhibition, MCF-7 and MCF-7ca cells were incu-
bated with the aromatase substrate [°’H]androstene-
dione in the presence and absence of free and bound
AGM. Finally, to explore the possibility that
polymer-bound AGM could inhibit aromatase
directly, experiments were conducted with isolated
human placental aromatase in vitro.



Materials and methods
Materials

Synthesis and characterisation. HPMA copolymer—
GFLG-(5mo0l1%)-ONp (Mw ~ 25,000 g/mol) was
supplied by Polymer Laboratories Inc. (UK).
Anhydrous dimethylformamide (DMF), 1,3-dicyclo-
hexylcarbodiimide (DCC), l-hydroxybenzotriazol
(OHBt), AGM and sodium hydroxide pellets were
supplied by Sigma-Aldrich (UK). Dox hydro-
chloride and HPMA copolymer—-GFLG-Dox were
kindly donated by Pharmacia (Italy). Sephadex™
ILH20 was supplied by Amersham Biosciences AB
(Sweden). HPLC grade dichloromethane, diethyl ether,
acetone, MeOH and isopropanol were from Fisher
Scientific (UK).

Biological assays. 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyl-2H-tetrazoliumbromide (MTT), NADPH,
optical grade DMSO were from Sigma (UK).
Qestradiol, androstenedione and testosterone, were also
from Sigma (UK), and they were dissolved in absolute
EtOH ata concentration of 10”2 M and stored at — 20°C.
Before experiments, solutions in culture medium were
prepared starting from the ethanolic stock solutions.
Foetal calf serum (FCS), RPMI 1640, with L-glutamine
and RPMI 1640 without phenol red, with L-glutamine
were from Gibco BRL Life Technologies (UK).
Geneticin (G418) solution (50 mg/ml) was from
Invitrogen (UK). [1,2,6,7->H]androst-4-ene-3,17dione
([>H)androstenedione) was supplied by Amersham
Biosciences (UK). Formic acid was purchased
from Aldrich (UK). Liquid scintillation cocktail,
OptiPhase ‘HiSafe’ 3 was from Perkin Elmer
(UK). Mercuric chloride was purchased from BDH
Chemicals (UK).

Hydrolysis
H,O/0OH"
H
Hp
0,
Scheme 1.
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Synthesis and characterisation of HPMA copolymer—
GFLG-AGM

Synthesis. HPMA copolymer—-GFLG-AGM conjugates
were synthesised as described in Vicent et al. (2005) and
the procedure is shown in Scheme 1. Briefly,
HPMA copolymer—GFLG(5mol%)-ONp (150 mg,
0.044mmol ONp groups) was dissolved in double
distilled water (ddH,O) (~5ml) and a 0.1 M NaOH
solution (1.32 ml) was added. The reaction was allowed to
proceed for 4 h at RT and monitored by measuring ONp
displacement by UV spectroscopy at 400nm. The
reaction mixture was then purified by dialysis against
water for approximately 2 days (membrane: Mw cut-
off ~ 2000) and freeze dried, to obtain a white solid
(vield ~ 85%). HPMA copolymer—-GFLG (5 mol%)—
COOH (150 mg; 0.046 mmol in respect of the ~COOH)
was dissolved in anhydrous DMF (1 ml), under nitrogen
atmosphere, then DCC (19 mg, 0.092 mmol) was added
as asolid. After 10 min OHBt (12.5 mg, 0.092 mmol) was
added, also as a solid, and the reaction was allowed to
proceed for 30 min. AGM (10.7 mg, 0.046 mmol) was
dissolved in a minimal amount of anhydrous DMF and
added to the reaction mixture. The reaction was allowed
to proceed under a nitrogen atmosphere for
approximately 5h and was monitored by TLC (mobile
phase CHCl;—-MeOH 95:5 (v/v); Rf free AGM 0.53, Rf
conjugate 0).

The precipitated urea was filtered-off, and DMF was
partially evaporated under reduced pressure. The
product was first purified by precipitation in a mixture
of acetone: ether (4:1 (v/v); ~250ml). To further
purify the product was dissolved in methanol
(~0.5ml) and applied to a Sephadex LH20 column
(5 X 50 cm, eluent MeOH). The purified compound
was then dissolved in a minimal amount of water and
freeze-dried. The overall yields based on polymer

1) DCC
2) HOBt,
3) DMF, AGM

Synthesis of HPMA copolymer—GFLG-AGM conjugate.



462 F Greco et al.

weight were 70~80%. The filtration residues and also
the impure fractions from the chromatographic
column were kept and evaporated in order to analyse
the total content of AGM in conjugates by indirect
analysis, described below.

Determination of total AGM content by HPLC. The
dried residue obtained from the conjugation reactions
was dissolved in HPLC grade CH,Cl; and all remaining
precipitate was filtered off. AGM is completely soluble
in CH,Cl,. The solvent was evaporated under reduced
pressure and MeOH (5 ml) was added to make the stock
solution. Aliquots (3 X 100 ul) were placed into
polypropylene tubes, the pH of the samples was
adjusted to 8.5 with ammonium formate buffer
(100 ul, 1 M, pH 8.5) and Dnm was added as internal
reference standard (100 pl of a 1 pg/ml stock aqueous
solution), then the volume was made up to 1 ml with
ddH,0. A mixture of chloroform-propan-2-ol at aratio
of 4:1 (5 ml) was added. Samples were then thoroughly
extracted by vortexing (3 X 10s). The upper aqueous
layer was carefully removed and the organic phase was
evaporated under N,. The dry residue was dissolved in
100 pl of HPLC grade methanol.

In parallel, the same procedure was carried out for
the free AGM (using 100l of a 1mg/ml stock
aqueous solution). Addition of 1 ml of methanol to re-
dissolve the product gave a 100 pg/ml stock from
which a range of concentrations were prepared
(2-60 pg/ml). AGM was quantified by HPLC using
a Bondapak C18 (150 X 3.9 mm) column. Flow rate
1 mI/min and a gradient elution was used (solvent A:
isopropanol-H,0O 12:88 (v/v), solvent B: isopropa-
nol-H,0 29:71 (v/v) adjusted to at pH 3.2 with o-
phosphoric acid. Total run time was 20 min and the
gradient profile was: t = 5min A 100%, t=9min A
0%, t= 14min A 0%, t = 16 min A 50%, t = 18 min
A 100% and r = 20 min A 100%). The retention time
was equal to 5.18 min for AGM. To monitor AGM an
UV detector (Spectroflow 783 Kratos analytical) with
a fixed-wavelength filter (254nm) was used and a
Fluoromonitor III fitted with interference filters at
485 nm for excitation and 560 nm for emission was
used to monitor the Dnm standard.

Determination of free AGM content by HPLC. Aqueous
solutions of HPMA copolymer—-AGM conjugates
(1 mg/ml) were prepared. Aliquots (3 X 100 ul)
were then taken and extracted as described above.
The AGM content was assessed by HPLC as
previously described for total AGM content.

Preparation of SFCS. Five hundred millilitres of FCS
was adjusted to a pH of 4.2 adding HC] 5M and
equilibrated to a temperature of 4°C. A charcoal

solution was prepared adding 18 ml of ddH,0, 0.2 g of
Norit A charcoal and 0.01 g of dextran T-70. Twenty-
five millilitres of the charcoal solution were added to
the acidic FCS and the suspension was stirred for 16 h
at 4°C. Then, the suspension was centrifuged (40 min
at 12,000¢) and coarsely filtrated with celite to remove
the charcoal. The pH was adjusted to 7.2 with NaOH
5 M, the suspension was filtered with millipore filters
0.2 pm and stored in appropriate containers at —20°C

Cytotoxiciry of HPMA copolymer conjugates

Cytotoxicity was evaluated using the MT T assay (72 h
incubation) against MCF-7 and MCF-7ca cells as
described by Sgouras and Duncan (1990) with
modifications. The protocol for this experiment is
shown in Figure 2a. Cells were seeded in sterile 96-
well microtitre plates at a seeding density 4 x 10*
cells/ml in WRPMI 1640 with 5.0 mM L-glutamine
and 5% (v/v) charcoal-stripped (steroid-depleted)
foetal calf serum plus additional geneticin (1 mM) in
MCF-7ca cell line. After 24h the medium was
replaced by media with or without oestradiol
(107?M), and the plates were then incubated for 4
days. On day 5, compounds (0.2 pm filter sterilised)
were added at the given concentrations. After 67 h of
incubation (day 8), MTT (20 ul of a sterile-filtered
5 mg/ml solution in PBS) was added to each well, and
the cells were incubated for a further 5h. After
removal of the medium, the precipitated formazan
crystals were dissolved in optical grade DMSO
(100 wl, 30 min at 37°C), and the plates were read
spectrophotometrically at 550 nm using a microtitre
plate reader. Cell viability was expressed as a
percentage of the viability of untreated control cells.

Effect of AGM and HPMA copolymer—AGM on the
growth of MCF-7 and MCF-7ca cells in the presence of
androstenedione

The protocol for this experiment is shown in
Figure 2b. To establish the assay, MCF-7 and MCF-
7ca were seeded in 96-well plates (~4 x 10*
cells/ml). As phenol red is mitogenic in these cell-
lines (Devleeschouwer et al. 1992), RPMI phenol red-
free (WRPMI) supplemented with 5% of charcoal-
stripped FCS was used. After 24h the medium was
removed, then replaced with fresh medium containing
androstenedione (107''~107°M) or testosterone
(107"'-107* M). The final concentration of EtOH
in all the samples was 0.01%. The medium was also
changed on day 4 and 8. The number of cells present
was estimated at day 11 using an MT T-assay (Sgouras
and Duncan 1990). Briefly, 20 ul of sterile-filtered
MTT solution (5 mg/ml in PBS) were added to each
well. After 5h the medium was removed and the blue-
formazan crystals were dissolved in 100 pl of DMSO
per well. Absorbance at 550nm was read on a
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(a) Cytotoxicity assay
Day0 —» Day1 ——» Day5 —» Day 8
Seeding cells in Medium replacement Medium replaced and Cell growth
medium without with fresh medium the compounds added assessed by
steroids (£ 107° M oestradiol) MTT

L

Compounds present for 72 h

(b) Cell-based assay to determine effect on steroid stimulated growth
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(c) Radiometric assay used to assess cell-associated aromatase
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Figure 2. Schematic representation of the in vitro methods used showing the duration of exposure of the compounds to: Panels (a-c) MCF-7

or MCF-7ca cells and panel (d) enzyme.

microtiter plate reader. Both androstenedione and
testosterone stimulated cell growth, but androstene-
dione had a more pronounced effect over a broader
range of concentration. Therefore, MCF-7ca cells
exposed to androstenedione (5 X 10 ®M) were
chosen as the best model to explore further aromatase
inhibition. MCF-7ca cells were seeded in 96-well
plates as described above. After 24 h the medium was
removed and replaced with medium containing
androstenedione (5 X 10"®M) and the test com-
pounds; AGM (0.8, 0.4, 0.2, 0.1 mg/ml), or HPMA
copolymer-GFLG-AGM (0.8, 0.4, 0.2mg/ml
AGM-equiv.). Medium containing 0.01% EtOH
(* androstenedione) were used as controls. The
medium was changed on days 4 and 8 and cell

numbers were measured at day 11 using the MTT
assay as described above.

Effect of AGM and HPMA copolymer— AGM on
aromatase activity assessed using [PHJandrostenedione

The method of Long et al. (2002) was adapted for this
experiment and the protocol is shown in Figure 2c.
MCF-7 and MCF-7ca were cultured in steroid-free
medium for 3 days prior to the beginning of the
experiment. The [*H)androstenedione solution was
prepared as follows; 50 ul of 0.5 mM androstenedione
in EtOH was diluted to 1 ml with isopropanol-EtOH
(1:1 v/v) to give 0.025 mM stock solution. To 1 ml of
this solution 35 wl of [°H]androstenedione (1 mCi/ml)
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were added, leading to the working solution. Both cell
lines were seeded in 6-well plates (~3 X 10° cells/ml)
in WRPMI supplemented with 5% of charcoal-
stripped serum and left to attach for 24h. Then,
cells were incubated with fresh medium containing
[’H}androstenedione (15 ul of the working solution;
0.5 nCi) and free AGM or HPMA copolymer-AGM
conjugate for 2 h. The medium was collected in a glass
tube and formic acid (300nl) was added. Excess
[’H]androstenedione was first removed by extraction
into chloroform (2ml) with thorough mixing. The
aqueous phase (1 ml) was transferred to another glass
tube and aqueous charcoal suspension (1%; 1 ml) was
then added before thoroughly vortexing again. This
mixture was centrifuged for 15min at 1638¢. The
aromatase activity in test samples, and in MCF-7 cells
(used as a control) was expressed as a percentage of
the activity of the MCF-7ca cells incubated with
[’H]}androstenedione in the absence of inhibitors.
After centrifugation 1 ml of the supernatant was added
to scintillation vials containing 4ml of liquid
scintillation cocktail and thoroughly vortexed. The
[’HJH,O content was quantified using a § counter.

Evaluation of aromatase activiry using isolated human
placental microsomes

The protocol is outlined in Figure 2d. Frozen human
placental microsomes were thawed under cold
running water and kept on ice until use. An aliquot
(10 ul) of the working solution of [*H]androstene-
dione (described in the previous paragraph) was
placed in a glass tube and phosphate buffer (400 ul)
was added. Then, an ethanolic solution containing
AGM (just ethanol for the control) was also added
(10 ul). Finally, the enzyme (30pl) and NADPH
solution in PBS (50 ul, 0.16 mmol/L) were added to
start the reaction and the incubation was carried out in
a shaking water bath at 37°C. For practical reasons,
the polymer was dissolved directly in the phosphate
buffer (10 pl of EtOH were added for consistency with
the free AGM sample). The reaction was terminated
after 15min by addition of a solution of mercuric
chloride (0.1 mM, 300 pl). Activated charcoal (1%)
was added to each tube to remove excess [’H]andros-
tenedione, and it was separated by centrifugation (as
described above) to leave [P’HJH,O in the super-
natant. An aliquot (1ml) of the supernatant was
processed for B counting as described above and the
enzyme activity determined by measuring the liber-
ation of the [PHJH,O. Results are expressed as a
percentage of the control, i.e. aromatase activity
without addition of inhibitor.

Statistical analysis

Statistical significance was estimated using ANOVA
single factor followed by Bonferroni post hoc test. The
« value was set at 0.05.

Results

A series of HPMA copolymer—AGM conjugates were
synthesised (Figure 3). Three batches of HPMA
copolymer—-GFLG-AGM were prepared and the
synthesis showed good batch-to-batch reproducibility.
The total and free drug content in the conjugate was
carefully determined by HPLC (Figure 3b). The total
AGM loading was ~ 6 wt%, and the free AGM content
was always <1.2 (% total drug bound). One-dimen-
sional nuclear Overhouser effect (NOE) 'H-NMR
spectroscopy confirmed covalent linkage of AGM to the
polymer (Figure 3c). Experiments investigating the
cytotoxicity of conjugates in MCF-7 and MCF-7ca cells
both in the presence and the absence of oestradiol
showed that HPMA copolymer—-AGM was not cyto-
toxic. Even when HPMA copolymer—AGM was added
as a combination with HPMA copolymer—Dox little
toxicity was observed. In contrast, addition of a polymer
bearing both AGM and Dox caused greater cytotoxicity
which in the case of MCF-7ca cells was equivalent to
that observed for free Dox. The cytotoxicity of this
conjugate was observed in both the presence and
absence of oestradiol (Figure 4).

To establish a cell-based model cell growth was
purposely stimulated by addition of the aromatase
substrates testosterone and androstenedione. Testo-
sterone showed mitogenic activity in MCF-7ca cells at
a concentration of 107°-10"7M, while lower
concentrations had no effect. Neither testosterone
(data not shown) nor androstenedione had an effect
on the growth of MCF-7 cells (Figure 5a). Andros-
tenedione also had a mitogenic effect on MCF-7ca
cells, but this was more marked than what seen for
testosterone and occurred across a broader range of
concentrations (10_8—10_6M). Therefore, an
androstenedione concentration of 5 X 1078M was
chosen for further experiments. A time-dependant
study showed that growth stimulation was only seen
after day 8, and began to plateau at day 11 (Figure 5d).
Therefore, MCF-7ca cells and an incubation time of
11 days were selected for further studies.

Addition of AGM to the MCF-7ca cells incubated in
the presence of androstenedione showed concentration-
dependant reduction in growth (Figure 6a), and at
0.2mg/ml AGM completely inhibited the androstene-
dione-mediated growth stimulation. Similarly, HPMA
copolymer—GLFG-AGM caused concentration-depen-
dant growth inhibition (Figure 6b). At higher concen-
trations, both free and polymer-bound AGM decreased
cell viability to a level that was lower than seen for the
controls with or without androstenedione (Figure 6).

When the MCF-7ca aromatase activity was further
investigated using a radiometric assay, free AGM
(Figure 7a) decreased enzyme activity to give a
maximum inhibition of (~25%) and HPMA copoly-
mer—AGM showed similar results at 0.2-0.4 mg/ml
AGM-equiv. However, surprisingly at the highest
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(b) shows a typical HPLC chromatogram of free AGM after extraction from HPMA copolymer-GFLG-AGM conjugate; and panel (c) the

NOE spectrum of HPMA copolymer-GFLG-AGM.
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(a) MCF-7 with oestradiol; panel (b) MCF-7ca with oestradiol; and panel (c) MCF-7 without addition and panel (d) MCF-7ca without

addition. Data shown represent mean * SEM; where n = 3.

HPMA copolymer—-AGM concentrations (0.8 mg/ml
AGM-equiv.) aromatase inhibition was lost. Interest-
ingly, the maximum inhibition caused by AGM and
HPMA-AGM was equivalent to the baseline activity
seen in MCF-7 cells. Whilst, free AGM inhibited
isolated microsomal aromatase in a dose-dependent
manner (Figure 8a), the HPMA copolymer—-AGM
conjugate did not. Indeed no inhibition occurred even
at 10-fold higher concentration used for free AGM
(Figure 8b).

Discussion

Aromatase inhibitors such as anastrozole and letrozole
are becoming a preferred treatment for certain breast
cancers. These agents are usually taken orally and
sometimes over relatively long periods. Thus the
rationale for synthesis polymer conjugates proposed
here requires some justification. Perceived disadvan-
tages would be the fact that macromolecular
conjugates require intravenous administration,

aromatase inhibitors are relatively non-cytotoxic, and
oestrogen production can occur at many sites
throughout the body. However, two important
observations suggest the design of the HPMA
copolymer-bound aromatase inhibitor conjugates
will be worthwhile (Vicent et al. 2005). First, there
is evidence that local production of oestrogens in the
breast tumour tissue, particularly in post-menopausal
women, plays an important role in tumour growth
(Goss and Strasser 2002). This suggests that tumour
targeting by the EPR effect should be beneficial.
Furthermore, aromatase inhibitors are also able to
induce apoptosis, and they can potentiate the anti-
tumour effects of chemotherapy (Johnston and
Dowsett 2003). Therefore, here it was hoped to
build on past experience HPMA copolymer conju-
gates containing a lysosomally degradable -GFLG-
linker and Dox which have already shown activity
clinically in breast cancer patients (Duncan 2005;
Greco et al. 2005). Whilst aminolysis of HPMA
copolymer—ONp intermediates is routinely used for
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drug conjugation (Rejmanova et al. 1977; Duncan 1 vivo candidate selection. This is due to the profoundly
et al, 1088; Searle et al. 2001), here the DCC-me- different cellular pharmacokinetics of the low melecular
diated coupling gave improved AGM leading weight and macromolecular compounds (Duncan et al.
{~6wi%). Aminolysis is poorly efficient in this case 1992, 2003b). Drugs such as Dox and AGM rapidly
{(~3wi% AGM) due to the lower reactivity of the enter all cells by passive diffusion, hence their poor

aromatic amine (Vicent et ai. 2005). tumour selectivity In co'm-"ct, macromolecular con-
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Conclusions

Like free AGM, the HPMA copolymer—-GFLG-
AGM conjugate demonstrated the capacity to inhibit
androstendione-stimulated growil of MCF-7ca cells,
and a radiometric assay also confirmed its ability to
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Abstract

The last decade has seen successful clinical application of polymer—protein conjugates
(e.g. Oncaspar, Neulasta) and promising results in clinical trials with polymer—anticancer drug
conjugates. This, together with the realisation that nanomedicines may play an important future role
in cancer diagnosis and treatment, has increased interest in this emerging field. More than 10
anticancer conjugates have now entered clinical development. Phase /Il clinical trials involving
N-(2-hydroxypropyl)methacrylamide (HPMA) copolymer-doxorubicin (PK1; FCE28068) showed a
four- to fivefold reduction in anthracycline-related toxicity, and, despite cumulative doses up to
1680mg/m? (doxorubicin equivalent), no cardiotoxicity was observed. Antitumour activity in
chemotherapy-resistant/refractory patients (including breast cancer) was also seen at doxorubicin
doses of 80-320mg/m?, consistent with tumour targeting by the enhanced permeability (EPR)
effect. Hints, preclinical and clinical, that polymer anthracycline conjugation can bypass multidrug
resistance (MDR) reinforce our hope that polymer drugs will prove useful in improving treatment of
endocrine-related cancers. These promising early clinical results open the possibility of using the
water-soluble polymers as platforms for delivery of a cocktail of pendant drugs. In particular, we
have recently described the first conjugates to combine endocrine therapy and chemotherapy. Their
markedly enhanced in vitro activity encourages further development of such novel, polymer-based
combination therapies. This review briefly describes the current status of polymer therapeutics as
anticancer agents, and discusses the opportunities for design of second-generation, polymer-based
combination therapy, including the cocktail of agents that will be needed to treat resistant metastatic
cancer.
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Endocrine-Related Cancer (2005) 12 S189-S199

Introduction

The search continues for more selective therapies that
will destroy either tumour cells or angiogenic tumour
vasculature without harming normal tissue. Although
the last two decades have seen successes, including
introduction of new chemotherapy (e.g. taxanes
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the publication of these proceedings.
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(Jordan & Wilson 2004), tamoxifen (Jordan 2003)
second- and third-generation aromatase inhibitors
(Brodie & Njar 2000), Herceptin (Harries & Smith
2002), Gleevec (Atkins & Gershell 2002) and Avastin
(Ferrara et al. 2004)), improvement in terms of tumour
response or increased patient survival has largely relied
on a combination of these new agents with existing
chemotherapy, leading to incremental benefit in
survival. Emergence of drug resistance remains a
significant problem in the treatment of breast and
prostate cancer. In the case of breast cancer, arrival
of the selective oestrogen receptor (ER) antagonist
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tamoxifen contributed to a 28% reduction in mortality
at 5 years (Jordan 2003). Even so, the prognosis for
patients with metastatic breast cancer is still poor, the
survival rate at 5 years being under 20%. The mixed
antagonist/agonist activity of tamoxifen and the
acquired resistance that can develop in the long term
limit its therapeutic potential (Coleman 1999, Cum-
mings 2002). To circumvent this problem, there has
been growing interest in the use of aromatase
inhibitors (Brodie & Njar 2000, Lenning 2004), and
recent clinical trials indicate that letrozole and
anastrozole are more effective in treating ER-positive
breast cancer than tamoxifen (Goss & Strasser
2002, Howell er al. 2005). The challenge of finding
‘breakthrough’ therapeutics able significantly to pro-
long the survival of patients with resistant metastatic
breast and prostate cancer remains.

Two distinct research approaches are being pursued
in the hunt for improved therapy. First, and by far
the largest area reviewed in the literature (Chabner &
Roberts 2005), is the use of low-molecular-weight
chemotherapy and the search for novel, tumour-
specific molecular targets. Of particular interest in
relation to endocrine-related cancer are agents designed
to interrupt the signal transduction pathways and/or
stimulate apoptosis, such as epidermal growth factor
receptor inhibitors (Atalay et al. 2003, Haran 2004),
tyrosine kinase inhibitors (Daub et al. 2004, Singer
et al. 2004) and modulators of apoptosis (Igney &
Krammer 2002). In theory, new targets should allow
design of ‘perfect’ drug molecules with exquisite
therapeutic activity and no side effects. In reality, with
the exception of Gleevec, which is used for the
treatment of chronic myelogenous leukaemia and
gastrointestinal tumours, this has proved difficult to
achieve, and even in this case acquired resistance is a
problem. With the explosion of molecular mechanism
information from genomics and proteomics research,
global oncology research is largely focusing on the
search for the ‘perfect’, low-molecular-weight anti-
cancer agent. Approaches include screening of natural
product molecules, and modelling-driven synthesis of
synthetic low-molecular-weight drugs. Recent successes
with monoclonal antibodies have also popularised the
search for natural macromolecules, including anti-
bodies, proteins and oligonucleotides, that might have
the required antitumour biological activity. Evolving in
parallel, and, indeed, as a complementary approach, is
the design of novel drug delivery systems (DDS) as
cancer treatments (recently reviewed in Duncan 20055).
DDS have been designed for controlled release of endo-
crine therapy, such as Zoladex and Leupron depot,
formulations which have proved so important in the
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treatment of endocrine-related cancers, for local
delivery of chemotherapy (e.g. Gliadel for treatment
of glioblastoma multiforme), and to improve tumour
drug targeting (e.g. the antibody conjugate Mylotarg
and the polymer conjugate Xyotax). In the context of
cancer therapeutics, the current and potential con-
tribution of DDS is often overlooked (Chabner &
Roberts 2005). Over the last 10-15 years, systemically
administered DDS and monoclonal antibody thera-
peutics have come of age. Entry of a growing number
of products into routine clinical use is giving credibility
to this field (reviewed in Duncan 20034, 2005b)
(Table 1). These nanosized hybrid systems often
combine a drug, protein or antibody with a polymer
or polymer-coated liposome and they can rightly be
viewed as the first ‘nanomedicines’ (Fig. 1) (Allen 2002,
Duncan 2003q, Torchillin 2005). Although the con-
tribution of DDS as cancer therapeutics is still over-
looked by many, there is a growing realisation that
nanotechnology, as applied to medicine, has the
potential to bring significant advances in the diagnosis
and treatment of cancer (Ferrari 2005). See also the
following reports for an introduction to this field:
Editorial 2003 ‘Nanomedicine: grounds for optimism’.
Lancet, 362; 673; NIH Roadmap for Nanomedicines,
May 2004 http://nihroadmap.nih.gov/; Commission of
the European Communities Communication: Towards
a European Strategy for Nanotechnology, Brussels,
COM 338, May 2004; UK; the European Science
Foundation’s ‘Forward Look on Nanomedicines’,
February 2005 (http://www.esf.org/newsrelease
/83/SPB23Nanomedicine.pdf) and the NIH/NCI
‘Cancer Nanotechnology Plan’ July 2004 (http://nano.
cancer.gov/alliance_cancer_nanotechnology_plan.pdf).
In 2003, an amazing milestone was reached when
the US Federal Drug Administration approved more
biotech products (defined in the broadest sense and
including DDS) as new medicines than more conven-
tional, low-molecular-weight drugs.

Polymer conjugates: rationale for design

Although many are aware of the emergence of
liposomal and antibody-based products, there is still
little appreciation of the growing list of polymer
therapeutics used as medicines. Commercialisation of
polymer—protein conjugates (such as polyethylenegly-
col (PEG)-Lasparaginase (Oncaspar) and PEGylated-
recombinant methionyl human granulocyte colony
stimulating factor (G-CSF) (Neulasta) in the USA
(Harris & Chess 2003), coupled with the transfer of
the N-(2-hydroxypropyl)methacrylamide (HPMA)
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Table 1 Examples of antibodies and drug delivery systems used in cancer therapy

Product Status Payload Indication
Therapeutic antibodies
Rituxan® Market - Non-Hodgkin's Lymphoma CD20 +ve
Herceptin®™ Market - HER2 + ve breast cancer
Campath Market - B-cell Chronic Lymphocytic
Avastin Market - Leukaemia
Antibody-drug conjugates
Mylotarg® Market calicheamicin Acute Myeloid Leukaemia CD33 +ve
Radioimmunotherapeutics
Tositumomab® CD20 Market [*3"lJiodide Non-Hodgkin's Lymphoma
Zevalin® CD20 Market [*°V]ttrium Non-Hodgkin's Lymphoma
Liposomes
Daunoxome® Market daunorubicin Kaposi's Sarcoma
Doxil®/Caelyx® Market doxorubicin Kaposi's Sarcoma, Ovarian cancer
Depocyt-lipidic formulation Market cytarabine Intrathecal therapy of lymphomatous meningitis
Polymer-protein conjugates
Zinostatin Stimalmer® (SMANCS) Market neocarzinostatin Local administration — hepatocellular carcinoma
Oncaspar® PEG-L-asparaginase Market asparaginase Acute Lymphoblastic Leukaemia
PEG-intron™ Market a-interferon 2b Hepatitis C, also in clinical development
PEG-a-interferon 2b in cancer, muitiple sclerosis, HIV/AIDS
Neulasta™ Market GCSF Neutropenia associated with
PEG-GCSF cancer chemotherapy
Polymer-drug conjugates
CT-2103, XYOTAX™ Phase 1I/111 paclitaxel Particularly lung and ovarian cancer
Polyglutamate-paclitaxel
PK1; FCE28068 Phase Il doxorubicin Particularly lung and breast cancer
HPMA copolymer-doxorubicin
PK2; FCE28069 Phase /1l doxorubicin Hepatocellular carcinoma
HPMA copolymer-

doxorubicin-galactosamine
AP5280 Phase Il platinate Cancer
HPMA copolymer platinate
AP5346 Phase | platinate Cancer
HPMA copolymer platinate
CT-2106 Polyglutamate- Phase | camptothecin Cancer

camptothecin
PROTHECAN™ Phase I camptothecin Cancer
PEG-camptothecin
Polymeric micelles
NK911 PEG-aspartic Phase | doxorubicin Cancer

acid-doxorubicin micelle

copolymer—doxorubicin conjugate (PK1, FCE28068)
into clinical trials in Europe in 1994 (Duncan 2003,
2005a), has been the breakthrough that led to the
exponential growth of interest in this field. The term
‘polymer therapeutics’ describes several distinct classes
of agent, including polymeric drugs, polymer—drug
conjugates, polymer—protein conjugates, polymeric
micelles to which drug is covalently bound, and the
multicomponent polyplexes that are now being
developed as non-viral vectors (reviewed in Duncan
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2003a). They are all considered ‘new chemical entities’
by regulatory authorities, more like therapeutic anti-
bodies and their conjugates than DDS, which simply
non-covalently entrap their drug payload. Over the last
decade, more than 10 water-soluble polymer-drug
conjugates (sometimes best visualised as macromole-
cular prodrugs) have entered phase I/II clinical trials as
i.v. administered anticancer agents. These include six
conjugates based on N-(2-hydroxypropyl)methacryl-
amide (HPMA) copolymers and, more recently, a
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Figure 1 Schematic illustration of the therapeutics and technologies in clinical development and/or on the market as treatment

for cancer that can be viewed as nanomedicines.

seriecs of PEG and polyglutamic acid conjugates
(Table 1). The evolution of this field has been reviewed
in Duncan (2003a,b, 20054,b).

Polymer—drug conjugates: rationale
for design

The concept of polymer — anticancer conjugates was
first proposed in 1975 (Ringsdorf 1975), and the
biological rationale for their design (Duncan &
Kopecek 1984, Duncan 1992) and current understand-
ing of the mechanism of action is well documented
(Duncan 2003b, 20054). Briefly, these macromolecular
prodrugs comprise a minimum of three components,
as shown schematically in Fig. 2a): a natural or
synthetic, water-soluble polymeric carrier (usually of
10000-100000 Da), a biodegradable polymer—drug
linkage (often a peptidyl or ester linkage) and a
bioactive antitumour agent. Not surprisingly, the first
conjugates synthesised in the 1970s and early 1980s
incorporated the most important anticancer agents
of that era, particularly anthracycline antibiotics
(daunorubicin and doxorubicin), alkylating agents
(cyclophosphamide and melphalan) and antimeta-
bolites (methotrexate and S-fluorouracil).
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Normally polymer—drug conjugates achieve tumour-
specific targeting by the enhanced permeability and
retention (EPR) effect (Matsumura & Maeda 1986).
Hyperpermeable angiogenic tumour vessels allow pre-
ferential extravasation of circulating macromolecules
and liposomes, and once in the interstitium they are
retained there by lack of intratumoural lymphatic
drainage. This leads to significant tumour targeting
(>10-100-fold compared to free drug) and levels up
to 20% dose/g have been reported for HPMA
copolymer—doxorubicin conjugates, depending on
tumour size. Both polymer- and tumour-related
characteristics govern the extent of EPR-mediated
targeting. Smaller tumours exhibit the highest concen-
tration of polymer—-drug. Using HPMA copolymer
fractions in the range 10000-800000 Da as probes
(Seymour et al. 1995, Noguchi et al. 1998), we found
that tumour uptake of polymers (usual molecular
diameter 5-20 nm) had broad size tolerance and good
intratumoural penetration compared with that
reported for liposomes and nanoparticles. Conjugates
have also been synthesised to contain ligands that
might promote receptor-mediated targeting (including
antibodies, peptides and saccharides) (reviewed in
Duncan 2005a,b). Although this is an attractive
possibility, and proof of concept can easily be verified
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Figure 2 Schematic diagram showing the structure of polymer—drug conjugates (panel a) and the mechanisms of action of

polymer conjugates (panel b).

in vitro, so far only one such conjugate has progressed
into phase 1 trial, and this was HPMA copolymer-
doxorubicin-galactosamine, which was designed as a
treatment for hepatocellular carcinoma or secondary
liver disease (PK2, FCE28069) (Seymour et al. 2002).

The growing database of in vitro, in vivo and clinical
data allows reappraisal of our current understanding
of the mechanism of action of HPMA copolymer-
anticancer conjugates (Duncan 2005a4). The mecha-
nism of action is complex, and it is clear that many
factors act in concert to produce the antitumour effect
observed in vive (Fig. 2b). Drug pharmacokinetics are
profoundly changed after polymer conjugation. After
1.v. administration, the conjugate is initially retained in
the vascular compartment, so that drug f, is increased
and the levels of free drug detected in plasma are very

www.endocrinology-joumnals.org

low (>100-1000 times less than seen for the conjugated
drug). Preclinical rodent pharmacokinetic studies and
clinical pharmacokinetics correlate well (reviewed in
Duncan 200354, 2005a). The plasma half-life of HPMA
copolymer anticancer conjugates is typically 1-6 h, and
elimination occurs predominantly via the kidney; over
50% of conjugated drug is excreted within 24 h. Only
in the case of the hepatocyte-targeted conjugate PK2
does hepatobiliary elimination play a major role after
liver targeting. This altered biodistribution reduces
drug access to potential sites of toxicity, including the
heart and bone marrow. This, together with the
enhanced elimination of inactive, conjugated drug via
the kidney (when the polymer—drug linker is stable),
explains the significant reduction in toxicity of antic-
ancer conjugates such as PK1 and PK2 in man (Vasey
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et al. 1999, Seymour et al. 2002). Gamma camera
imaging has shown some evidence to support EPR174-
mediated tumour localisation in patients (Vasey et al.
1999). However, when colorectal cancer patients were
given HPMA copolymer—camptothecin (MAG-CPT)
24 h before surgical removal of the tumour, the levels
of conjugate measured in tumour tissue did not show
preferential localisation compared to normal tissue
(Sarapa et al. 2003). Further studies are needed in the
clinical setting to clarify the clinical significance of the
EPR effect in human tumours of different tissue origin
and the extent of targeting at different stages of
tumour development (primary, metastatic, postsur-
gery, etc.). Not least, we need to understand more
about the effect of different dosing protocols and
combinations with drug and/or radiotherapy on
clinically related, EPR-mediated targeting.

Observations made in preclinical and clinical studies
underline the need for careful design of the polymer
drug linker so that it is stable in transit and degraded at
a suitable rate intratumourally (reviewed in Duncan
2003b, 2005a). With HPMA copolymer conjugates, the
lysosomally degradable peptidyl linkers (activated by
thiol-dependant proteases) have shown the most
promise. Hydrolytically labile terminal ester bonds
have also been used to prepare conjugates of paclitaxel
and camptothecin, and pH-sensitive hydrazone or cis-
aconityl linkers are also currently being explored
preclinically. A variety of terminal ligands have been
used to synthesise HPMA copolymer-platinates with
cisplatin-‘like’ (Gianasi et al. 1999), carboplatin-‘like’
(Gianasi et al. 2002) and oxaliplatin-‘like’ structure.
Whichever linking chemistry is used, it is important to
note that there is a clear influence of drug loading on
conjugate conformation in solution. This in turn
governs drug release rate and consequently therapeutic
index. High loading with hydrophobic drugs can
reduce the rate of prodrug activation, and solution
conformation determines rates of both hydrolytic and
enzymatic degradation.

Not only does drug conjugation affect whole-body
pharmacokinetics, but it also changes fate at the
cellular level. While many low-molecular-weight com-
pounds enter tumour cells rapidly (within minutes) by
passage across the plasma membrane, polymer con-
jugates are taken into cells much more slowly by
endocytosis (reviewed in Duncan 2005a4,6). This
frequently makes comparative in vitro screening of
activity almost meaningless. Conjugates containing
free drug as a contaminant or that rapidly off-load
drug in the tissue culture medium appear most potent.
These conjugates, however, are often the least likely to
exhibit a good therapeutic index in vivo. Endocytic
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internalisation of conjugates has been verified with a
variety of cell lines, using '*’I-labelled probes, HPLC
assay of drug, and both epifluorescence and confocal
microscopy. This route of cellular entry appears to
enable agents to bypass eflux pump-mediated MDR.

There is growing evidence to support an immuno-
stimulatory action of HPMA copolymer anticancer
conjugates (reviewed in Duncan 2005a). Rihova has
postulated that the early antitumour activity in vivo
occurs via cytotoxic or cytostatic action, but that
secondary immunostimulatory action of circulating
low levels of conjugate supplement this effect (Rihova
et al. 2003). This hypothesis is supported by the
following evidence:

1 It is observed that pretreatment of animals with
immunosuppressive agents (such as doxorubicin and
cyclosporine A) accelerates the growth of subse-
quently implanted tumour, whereas pretreatment
with HPMA copolymer-doxorubicin does not.

2 An increase in circulating natural killer (NK) cell
numbers and anticancer antibodies is seen in animals
treated with conjugate.

3 Increased NK and lymphokine activated killer
(LAK) cells have been seen in breast cancer patients
treated with HPMA copolymer-Dox-IgG (Rihova
et al. 2003).

Clinical status of polymer—drug
conjugates as single agents

In 1994, the first synthetic polymer — anticancer conju-
gate entered clinical trial. This was HPMA copolymer-
Gly-Phe-Leu-Gly-doxorubicin (PK1, FCE28068). It
has a molecular mass of ~30000 Da and a doxorubicin
content of ~8.5 wt% (Vasey et al. 1999). This peptidyl
linker was designed to be hydrolysed by thiol-
dependent proteases (particularly cathepsin B) after
lysosomotropic delivery. In phase I trials, PK1 was
administered as a short infusion every 3 weeks, and it
had a maximum tolerated dose of 320mg/m? (doxo-
rubicin equivalent) (Vasey et al. 1999). This is approxi-
mately fourfold higher than the normal safe clinical
dose of doxorubicin, and a much higher anthracycline
dose than can be safely given in liposomal form. The
FCE28068 dose-limiting toxicities were typical of the
anthracyclines, including febrile neutropenia and
mucositis. Despite cumulative doses up to 1680 mg/m?
(doxorubicin equivalent), no cardiotoxicity was ob-
served. Antitumour activity was seen in patients con-
sidered chemotherapy resistant/refractory (including
breast cancer) and at lower doxorubicin doses
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(80180 mg/mz). Activity at the lower dose was con-
sistent with EPR-mediated targeting.

Despite a large number of research studies exploring
ligand-targeted polymer conjugates (reviewed in Dun-
can 2005a), PK2 (FCE28069) is still the only targeted
conjugate to be tested clinically (Seymour et al. 2002).
It was designed to recognise the hepatocyte asialoglyco-
protein receptor and has been explored as a treat-
ment for hepatocellular carcinoma. In phase I/II, the
maximum tolerated dose of FCE28069 was 160 mg/m?
(doxorubicin equivalent). Gamma camera imaging
confirmed that most of the conjugate localised to
liver. The majority of conjugate was present in normal
liver (after 24 h, 16.9% dose) with lower accumulations
within hepatic tumour (3.2% dose). However, it was
estimated that this hepatoma-associated drug was still
12-50 fold higher than could be achieved with
administration of free doxorubicin. Antitumour activ-
ity was seen in patients with primary hepatocellular
carcinoma in this study.

Clinical studies with an HPMA copolymer-pacli-
taxel conjugate (PNU166945) and HPMA copolymer-
camptothecin (MAG-CPT; PNU 166148) were
disappointing. In both cases, this was probably due
to lack of ester linker stability during transport in
the circulation and/or renal elimination. HPMA
copolymer-paclitaxel showed toxicity consistent with
commonly observed paclitaxel toxicities: flu-like symp-
toms, mild nausea and vomiting, mild haematological
toxicity and neuropathy (Meerum Terwogt ef al. 2001).
Neurotoxicity grade 2 occurred in two patients at a
dose of 140mg/m? (although grade 1 was pre-existing
on their entry), and one patient at 196mg/m? had
grade 3 neuropathy after the fourth cycle. Although no
dose limiting toxicities (DLTs) were reported, dose
escalation was discontinued prematurely due to con-
cerns of potential clinical neurotoxicity. In this small
patient cohort, antitumour activity was also observed.
A paclitaxel-refractory breast cancer patient showed
remission of skin metastasis after two courses at
100 mg/m? (paclitaxel equivalent). Two other patients
had stable disease at a dose of 140 mg/m>. PNU166148
(MAG-CPT) containing Gly-C6-Glycamptothecin
showed severe and unpredictable cystitis in phase I
clinical trials, and cumulative bladder toxicity was dose
limiting. No objective clinical responses were seen;
however, one patient with renal cell carcinoma had
tumour shrinkage and a colon patient had stable
disease (Schoemaker et al. 2002).

HPMA copolymer platinates (Rademaker-Lakhai
et al. 2004), polymeric micelles containing doxorubi-
cin and paclitaxel (Nakanishi e al. 2001), and PEG-
camptothecin and paclitaxel conjugates (Greenwald
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et al. 2003) are also undergoing early clinical evalua-
tion. However, the polymer conjugate most advanced
in clinical development is a polyglutamate-paclitaxel
conjugate (Li et al. 1998, Auzenne et al. 2002) called
Xyotax, which is being developed by Cell Therapeu-
tics (Seattle, WA, USA). An extensive phase II/III
evaluation is under way, focusing on non small cell
lung cancer (NSCLC) patients being treated with
Xyotax as either a single agent (compared with
paclitaxel, gemcitabine or vinorelbine) or in combina-
tion with carboplatin. Earlier phase I/II studies have
reported very interesting activity in NSCLC and also
relapsed ovarian cancer. Several phase 111 clinical trials
are currently concluding (see latest abstracts at
American Society for Clinical Oncology 2005, www.
asco.org), and the Gynecologic Oncology Group
(GOG) in the USA has recently initiated a phase III
clinical trial involving Xyotax in ovarian cancer
patients.

Novel polymeric anticancer agents and
polymer—drug combinations

Conjugates tested clinically so far have incorporated
only established chemotherapeutic agents, including
doxorubicin, paclitaxel, camptothecins and platinates.
Clinical proof of the concept is now paving the way for
synthesis of second-generation conjugates containing
experimental chemotherapy and novel polymer-based
combinations. The approaches under investigation are
shown schematically in Fig. 3, and all are based on the
premise that the EPR effect will promote tumour
selective delivery of polymeric anticancer conjugates to
tumour tissue in humans (acting as a gateway for both
passive and, in future, receptor-mediated targeting).
Recently synthesised conjugates designed for lyso-
somotropic delivery contain novel antitumour agents,
such as compounds that have failed in early clinical
development due to unacceptable toxicity (e.g. ellipti-
cines (Searle et al. 2001) and TNP-470 (Satchi-Fainaro
et al. 2004)), or interesting novel natural product
antitumour agents (e.g. geldanamycin derivatives
(Nishiyama et al. 2003), 1,5-diazaanthraquinones
(Vicent et al. 2004a) and wortmannin (Varticovski et al.
2001)). In all cases, HPMA copolymers of traditional
structure (molecular weight characteristics and a Gly-
Phe-Leu Gly linker) have been used as a platform, with
the terminal linker dependent on compound chemistry.
HPMA copolymer-TNP470 (Satchi-Fainaro et al. 2004)
is the first polymer-based antiangiogenic agent, and it
shows considerable promise in vivo.

While many are beginning to explore novel polymer
architectures, including dendrimers as carriers of
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Figure 3 Schematic diagram showing the polymer anticancer drugs, polymer—drug conjugates and polymer—drug combinations

currently under study.

anticancer agents (Malik ez al. 1999), the most pressing
need is design of new biodegradable polymeric carriers
that can be used at relatively high molecular weight to
promote greater EPR-mediated targeting and then
safely eliminated. Our recent studies have explored
dextrin, a natural polymer degraded by amylase
(Hreczuk-Hirst et al. 2001), and pendant chain
functionalised polyacetals that display pH-dependent
degradation after internalisation into the endosomal
or lysosomal compartment (Tomlinson et al. 2002,
2003). These polymers can incorporate the drug
(e.g. doxorubicin) via pendant linkage or as a com-
ponent of the polymer main chain (Vicent et al. 2004b).
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In the context of endocrine-related cancer, we have
recently described diethylstilboestrol (DES) conjugate
with DES as a component of the polymer backbone.
Although this relatively old agent was used as a model
compound, a new concept of anticancer drug delivery
was established (Vicent et al. 2004b). These polymeric
prodrugs incorporate DES into the polymer main
chain in such a way that after endocytic internalisation
the conjugates undergo pH-dependent degradation
(much faster rates of DES release are seen at acidic
pH) to liberate principally the bioactive trans-DES
form. Polyacetal DES showed enhanced in vitro cyto-
toxicity compared to free DES, indicating potential for
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further evaluation in vivo where EPR-mediated target-
ing can be exploited to deliver higher tumour DES
concentrations selectively.

Two-step anticancer treatments, such as polymer
enzyme polymer prodrug therapy (PDEPT), have also
been developed with the advantage of a burst of drug
release in the tumour interstitium. In this case, a
polymer — enzyme conjugate is prepared (PEGylated
enzymes are already in routine clinical use (Table 1))
that will hydrolyse selectively a polymer drug linker
within the tumour interstitium. The concept of PDEPT
was exemplified first by an HPMA copolymer cathe-
psin B-PK1 combination (Satchi et al. 2001), and
subsequently a non-mammalian enzyme linker combi-
nation HPMA copolymer-B-lactamase combined with
HPMA-copolymer-glycine-glycine-cephalosporin-
doxorubicin (Satchi-Fainaro et al. 2003). We have also
shown that HPMA copolymer-bound phospholipases
can also be used to modulate drug liberation from
liposomes (Duncan et al. 2001). This strategy has been
called polymer-enzyme liposome therapy (PELT).

Polymer conjugates containing
endocrine and chemotherapy
combinations

The polymeric carrier provides an ideal platform for
delivery of a cocktail of drugs simultaneously. We have
recently reported the first endocrine-chemotherapy
combination in the form of the model compound
HPMA-copolymer-aminoglutethimide-doxorubicin
(Vicent et al. 2005). Here it was hypothesised that
combination of endocrine therapy and chemotherapy
by simultaneous attachment to the same polymer
would bring significant advantages. The combination
can be administered as a single dose, leading to the
benefits of manufacture of a single conjugate and
improved patience compliance. After EPR-mediated
targeting, arrival of both pendant drugs within the
tumour cells at the same time is guaranteed. It also
provides the opportunity to tailor polymer—drug
linkers to impart different rates of drug release for
each compound, allowing agents to act synergistically.
In in vitro experiments using MCF-7 cells and an
aromatase-transfected cell line MCF-7Ca, it was found
that conjugates containing both drugs (aminoglutethi-
mide and doxorubicin) showed markedly enhanced
cytotoxicity compared to PK1 (the conjugate that has
already shown activity in breast cancer patients
clinically), while mixtures of polymer conjugates con-
taining only aminoglutethimide or only doxorubicin
did not show synergistic benefit. These observations
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underline the possibility of designing polymer-drug
combinations for improved treatment of breast and
prostate cancer.

Conclusions

Enormous progress is being made in understanding
the molecular basis of endocrine-related cancer, and
this brings great potential to design improved ther-
apeutic strategies (Sledge & Miller 2003). Although the
pharmaceutical industry prefers to develop small-
molecule anticancer agents that can be administered
to patients orally (very convenient to use), macro-
molecular drugs and delivery systems, including
antibodies, proteins and polymer conjugates, are estab-
lishing their niche in modern chemotherapy. It is now
universally agreed that combination approaches, per-
haps involving small molecules (endocrine and chemo-
therapy), macromolecular drugs such as antibodies,
and DDS, including polymer therapeutics, will prob-
ably be required to increase therapeutic index and
circumvent all routes to resistance.
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