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Abstract

Polymer therapeutics are often designed for lysosomotropic, endosomotropic
or transcellular delivery. Thus routing to a specific intracellular compartment can be
vital. For example, polymeric non-viral vectors for protein and gene delivery will
never promote cytosolic access if they are rapidly trafficked to lysosomes, and |
polymer-drug conjugates designed for lysosomal activation will never deliver the
drug payload unless they meet the appropriate enzyme. Therefore the first aim of this
study was to establish a subcellular fractionation method to quantify intracellular
trafficking of a polymeric anticancer conjugate (HPMA copolymer doxorubicin-
PK1). B16F10 murine melanoma cells were chosen for this study as they have been
widely used in vitro and in vivo to study the antitumour activity of PK1 and other
polymer-drug conjugates. In the second part of this study the endocytic properties of
polycations were studied.

It was first necessary to define a cell breakage assay. The cell cracker
achieved a 90 % cell breakage efficiency which ensured that subsequent subcellular
fractionation experiments were representative for the cell population. Next, markers
for nuclei (DNA), mitochondria (succinate dehydrogenase), lysosomes (N-acetyl-(3-
glucosaminidase), plasma membrané (alkaline phosphatase) and cytosol (lactate
dehydrogenase) were validated and used in due course for the quantitative
characterisation of subcellular fractions. Finally, a differential centrifugation method
was devised to separate and enrich nuclei (2.2 fold), mitochondria (4.1 fold),
lysosomes (3.7 fold) and cytosol (2.5 fold). The intracellular trafficking of PK1 was
studied by differential centrifugation and time-dependent accumulation in lysosomes
was confirmed, in contrast to free doxorubicin which accumulated in the nucleus.
Live cell fluorescence microscopy and confocal co-localisation studies corroborated
these results.

In the second part of this study the endocytic properties of polycations used
as non-viral vectors for gene delivery were examined. Linear and branched
polyethylenimine (PEI, Mw = 25,000 g/mol) and polyamidoamine dendrimers
(PAMAM) of generaiions (G) 2 — 4 were studied by flow cytometry using Oregon
Green functionalised polymers. At non-toxic concentrations maximum
internalisation was observed for PAMAM G4, followed by linear and branched PEI
achieving 27 — 36 % of the maximum respectively. Lowest uptake was observed for
PAMAM G2 and G3. Overall extent of extracellular binding was highest for
branched PEI (58 % of total cell-association). For all dendrimers extracellular
binding was between 16 — 26 % of total cell-association (G2 > G3 > G4). In
preliminary studies PAMAM G4 and branched PEI were predominately internalised
via cholesterol-dependent pathways, whereas internalisation of linear PEI appeared
to be independent of clathrin and cholesterol.
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Chapter 1 General Introduction

1.1 Introduction

The quest to improve health with the use of nano-sized (1 — 100 nm)
medicinal products might seem like science fiction (LaVan et al., 2003; Whitesides,
2003), though research into “nanomedicines” (Duncan, 2004) has a long-standing
history. In 1975 Ringsdorf proposed the concept of attaching a drug to a water-
soluble polymer via a biodegradable linker and an optional targeting group (figure
1.1) (Ringsdorf, 1975). Since then a number of other polymer-based therapeutics
have emerged, and Duncan coined the term polymer therapeutics to describe this
family of nano-sized therapeutics (Duncan et al., 1996). The term polymer
therapeutics encompasses polymer-protein conjugates and cationic polymer-based
non-viral vectors, in addition to polymeric drugs, polymer-drug conjugates, and
polymeric micelles where the drug is covalently linked to the polymer (figure 1.1)
(Duncan, 2003a). Since the visionary proposal by Ringsdorf, a number of polymer
therapeutics are now appearing in the marketplace and entering clinical trials
(Duncan, 2003a; Harris & Chess, 2003). Polymers have been particularly successful
for the delivery of proteins to extracellular targets, though intracellular delivery has
proven more difficult (Brown et al., 2001). The intracellular delivery of small
molecular weight drugs (Thanou & Duncan, 2003) is currently widely investigated
with a number of compounds advancing towards the market (table 1.1). Intracellular
delivery of biotechnology products, in particular oligonucleotides (ONDs), however

is still a major challenge.

For both polymer-OND complexes (polyplexes) (Felgner et al., 1997) and
polymer-drug conjugates, the process of “endocytosis” (see section 1.2) is the
gateway into the cell (Duncan, 2000; Garnett, 1999). From the outset it has been
known that routing of these polymer therapeutics to a specific intracellular
compartment is vital (Duncan & Kopecek, 1984; Jones et al., 2003). For example,
polymeric vectors for protein and gene delivery will never promote cytosolic access

if rapidly trafficked to lysosomes and polymer-drug conjugates designed for
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Polymer backbone

Targeting residue

Polymer

<+ > < >

5-15nm

~2
Polymer drug conjugates i

Polymer protein conjugates

e
Mw = 5000 - 4 x 10* g/mol
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DNA

Cationic block
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Polymer-DNA complex
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Hydrophilic block

)

60 - 100 nm
Polymeric micelle

Figure 1.1 Schematic representation of polymer therapeutics. The multi-component

nature of the constructs is clearly visible. Adapted from Duncan, 2003.
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Table 1.1 Examples of polymer-drug conjugates and polymeric micelles in clinical trials
as anticancer agents unless otherwise indicated. All conjugates are comprised of a linear
polymer backbone with a covalently attached drug payload unless otherwise indicated.

Compound Status of development Reference
HPMA copolymer-doxorubicin Phase I1 (Vasey et al., 1999)
HPMA copolymer-doxorubicin-  Phase I/II (Duncan et al., 1986;
galactosamine Seymour et al., 2002)
HPMA copolymer-paclitaxel Phase I (Terwogt et al., 2001)
HPMA copolymer-camptothecin  Phase I' (Schoemaker et al., 2002)
HPMA copolymer-platinate Phase I (Gianasi et al., 2002)
Polyglutamic acid-paclitaxel Phase IIT* (Kudelka et al., 2002; Li et

al., 1998; Sabbatini et al.,
2002; Schulz et al., 2002;
Singer, 2004; Sludden et al.,

2001)
Polyglutamate-camptothecin Phase I (De Vries et al., 2001)
PEG-camptothecin Phase 11 (Shaffer et al., 2002)
PEG-aspartic acid-doxorubicin Phase I* (Kataoka et al., 1993;
micelle Nakanishi et al., 2001)
PEG-paclitaxel Phase I (Greenwald et al., 1994)
Dextran-doxorubicin Phase I' (Danhauser-Reidl et al.,
1993)
Polysaccharide camptothecin Phase I' (Kumazawa & Ochi, 2004)
(Suzuki et al., 2004)
Poly(L-lysine) generation 3 Phase I’ (McCarthy et al., 2004)
dendrimer with a (Bernstein et al., 2003)
benhydrylamine core and 32
naphthalene disodium
disulfonate surface groups
T Trial closed due to toxicity
tf Trial closed due to lack of tumour targeting
# Accelerated approval designation by United States Food and Drug
Administration
¢ Contains 45 % polymer bound doxorubicin, remainder is free drug (for all other
conjugates free is usually < 2 %)
* First topical dendrimer based pharmaceutical product in clinical trials for the

prevention of HIV and sexual transmitted infections
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lysosomal activation (see section 1.4.4) will hever deliver the drug payload unless

they meet the appropriate enzyme (Duncan, 2003a).

However, there have been relatively few studies that have set out to design
polymer therapeutics based on a biological rationale, which include systematic
studies designed to quantify endocytosis and intracellular trafficking. Therefore the
aim of this thesis was to quantify endocytosis and intracellular trafficking of polymer
therapeutics in B16F10 mouse melanoma cells using both cell fractionation,
fluorescence microscopy and flow cytometry-based techniques. With knowledge of
the intracellular fate of different polymers and existing polymer therapeutics, it
should be possible to aid the design of improved carriers for specific therapeutic
applications. To understand the scope of this project it is important to have
background knowledge of “endocytosis” (the many different uptake pathways and

vesicular trafficking) which is described in the following section.

1.2 Endocytosis

The term “endocytosis” describes the mechanisms by which cells internalise
macromolecules to control normal cell physiology and function (figure 1.2).
Materials endocytosed include low-density lipoprotein (LDL) (Anderson et al.,
1977), transferrin (Watts, 1985), membrane lipids and other substrates essential for
cell function, but also xenobiotics such as polymer therapeutics (Duncan & Kopecek,
1984). Endocytosis describes the processes of phagocytosis (cell eating, i.e.
internalisation of solid particles) and pinocytosis (cell drinking, i.e. internalisation of
solutes) with the latter process occurring continuously in all cells (Cardelli, 2001;
Mukherjee et al., 1997). Endocytosis is a highly dynamic process as demonstrated by
macrophages and fibroblasts where more then 200 % of their entire surface is
internalised every hour, and individual cell surface receptors mediate as much as 10
rounds of ligand uptake and recycling each hour (Steinman et al., 1983). To maintain

cell function an elaborate endocytic machinery is required regulating cell surface
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Figure 1.2 Endocyiic traificking in non-polarised ceils of several membrane proteins which clusier
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lipoprotein receptor (LDLR) binds low-density lipoprotein {LDL); transferrin receptor binds
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other ligands, transferrin is not released from its receptor in the acidic environment of the SE,
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Maxfield & McGraw, 2004.



Chapter 1 General Introduction

homeostasis, receptor recycling or receptor down regulation. For cells to maintain a
constant cell volume internalised fluid is returned to the extracellular space by
default. For the purpose of this thesis this process will be referred to as exocytosis.
However, in specialised cells, such as neuronal cells, the process of “endocytosis” is
complemented by the retrograde process of exocytosis in response to an action
potential. Exocytosis in specialised cells will not be discussed here and has been
reviewed elsewhere (Grundelfinger et al., 2003). First, the different portals into cells
will be discussed (figure 1.3), followed by the intracellular machinery required to

process the internalised cargo.

1.2.1 Pinocytosis: Gateway for cell uptake of polymer therapeutics

The rationale for the design of polymer-drug conjugates was to create a
macromolecular prodrug that would be exclusively taken up by the process of
pinocytosis unlike low molecular wéight drugs, where transmembrane passage
usually accounts for intracytoplasmic accumulation (Duncan & Pratten, 1985). The
process of pinocytosis can be further classified into fluid-phase and adsorptive
pinocytosis (figure 1.4). Fluid-phase pinocytosis of macromolecules is due to the
capture of solubilised macromolecules and examples include N-(2-
hydroxypropyl)methacrylamide (HPMA) copolymers (Duncan et al., 1981b), dextran
(Ohkuma & Poole, 1978) and poly(vinylpyrrolidone) (PVP) (Williams et al., 1975).
The degree of internalisation of those markers is directly proportional to their

concentration in the medium and the internalised volume.

In the case of adsorptive pinocytosis two further possible mechanisms can be
identified namely “non-specific” membrane interaction and receptor-mediated
internalisation (figure 1.4). The former process leads to increased accumulation of
solutes relative to fluid-phase pinocytosis, though receptor-mediated pinocytosis is
the most efficient process of all, due to the ability to capture dilute solutes with high

affinity receptors. So far indiscriminate electrostatic or hydrophobic interactions of
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polymers with the plasma membrane have been regarded as “non-specific”
(Besterman & Low, 1983; Duncan & Kopecek, 1984; Pratten et al., 1980). In the
early 1990s spontaneous “zipper” pinocytosis has been proposed for the
internalisation of plasma membrane bound cationic non-viral vectors (Behr, 1993;
Behr, 1994). However, recent evidence suggests that polycation interaction with the
plasma membrane is more specific than previously anticipated (Ruponen et al.,

2003), and may even trigger internalisation of the polymer.

Interaction at the plasma membrane: Adsorptive pinocytosis

Proteoglycans appear to be major players in polycation internalisation
(Ruponen et al., 2003). The mechanism of polycation interaction with the plasma
membrane has been attributed to proteoglycan binding and subsequent internalisation
both in vitro (Mislick & Bladeschwieler, 1996; Mounkes et al., 1998) and in vivo
(Mounkes et al., 1998; Sakharov et al., 2003). Proteoglycans contain a core protein to
which one or more highly anionic glycosaminoglycan (GAG) chains are covalently
attached (Bernfield et al., 1992) providing a suitable site for electrostatic interactions
with polycations. Proteoglycans are distinguished from other glycoproteins by the
nature, quantity and arrangement of their sugar side chains. GAGs are long, linear
polysaccharides containing a repeating pair of sugars, one of which is always an
amino sugar (i.e. N-acetylglucosamine or N-acetylgalactosamine). In contrast,
glycoproteins contain comparatively few sugar side chains, which most commonly
are branched oligosaccharides (Couchman, 2003). In recent years, membrane-
associated proteoglycans have been found to be one of the main biological factors
that affect gene delivery (Mislick & Bladeschwieler, 1996; Mounkes et al., 1998;
Ruponen et al.,, 2001; Ruponen et al.,, 1999). Cell membrane-associated
proteoglycans have been proposed as central binding sites for gene delivery
complexes (Ruponen et al., 2001) and have been positively correlated to gene
expression (Belting & Petersson, 1999; Kopatz et al., 2004; Mislick &
Bladeschwieler, 1996). However, extracellular proteoglycans in the plasma (i.e. not

membrane-associated) limit gene transfer of cationic lipids and polymers (Mislick &
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Bladeschwieler, 1996; Mounkes et al., 1998; Ruponen et al., 2001; Ruponen et al.,
1999). Ruponen and co-workers proposed altered cellular trafficking and cellular
uptake for this phenomenon (Ruponen et al., 2001). Though GAGs function as
membrane receptors, to date no polymer-based systems have been specifically
designed to target them and only “classical” examples of receptor-targeted systems

are described in the literature.

Interaction at the plasma membrane: Classical receptor-mediated pinocytosis

Cell surface receptors promote selective uptake of ligands and this is known
as receptor-mediated pinocytosis. Unlike fluid-phase pinocytosis, receptor-mediated
pinocytic uptake is a concentration-dependent process, which is saturable at high
ligand concentrations (Mukherjee et al., 1997). Receptor-mediated uptake results in a
rapid accumulation of the ligand leading to significant intracellular concentrations
(Mukherjee et al., 1997). Much of the eérly work involving polyplexes utilised the
concept of receptor-mediated pinocytic uptake by coupling a ligand to the polymer.
A number of ligands such as asialoorosomucoid (Wu & Wu, 1987), transferrin
(Cotten et al., 1990), folate (Mislick et al., 1995), monoclonal antibodies (Chen et al.,
1994) and basic fibroblast growth factor (Sosnowski et al., 1996) have been
conjugated to poly-L-lysine (PLL) to enhance the transfection ability of the polymer.
Receptor-mediated uptake has also been exploited for the design of polymer-drug
conjugates such as PK2, an HPMA copolymer doxorubicin-galactosamine conjugate
designed to target the asialoglycoprotein receptor of hepatocytes (see section 1.5.1)
(Duncan et al., 2001). PK2 is the only example to date of a targeted polymer-drug
conjugate that has progressed to clinical trial (Seymour et al., 2002). Before
harnessing pinocytosis for intracellular drug delivery, it is essential to examine

pinocytosis with its underlying intracellular trafficking in greater detail.

1.3 Pinocytic portals of entry into cells
So far 6 different pinocytic pathways into cells have been identified which

are diagrammatically represented in figure 1.3 (Conner & Schmid, 2003). Formation
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of plasma membrane invaginations and subsequent internalisation uses a plethora of
molecular components, though for the purpose of this thesis only a selected few will
be considered and related to drug delivery. For comprehensive reviews on this topic
see (Engqvist-Goldstein & Drubin, 2003; Mellman, 1996; Mukherjee et al., 1997;
Pfeffer, 1996; Vale, 2003). The first intracellular compartments encountered by these
vesicles are also presented, though to appreciate the versatility of this process figure

1.2 should serve as an example.

1.3.1 Coated vesicle-mediated pinocytosis

The formation of a morphologically characteristic bristle-coat around
pinocytic vesicles was first observed by Roth and Porter in 1964 (Roth & Porter,
1964). Clathrin was subsequently identified as the major coat protein of coated
vesicles, which are also referred to as clathrin-coated vesicles (CCVs) (Pearse,
1975). In cultured cells as much as half of membrane and fluid internalisation
proceeds by this process (Maxfield & McGraw, 2004). Internalisation through a
CCVs is a multi-step process occurring constitutively in all mammalian cells and it is
tightly controlled by a number of cellular proteins. Recruitment of cytosolic coat
proteins to the plasma membrane leads to the formation of a coated pit, which can
concentrate receptors. For nutritive receptors, such as low-density lipoprotein
receptor (LDLR) (Anderson et al., 1977) or transferrin (Watts, 1985), ligand binding
is not a prerequisite for receptor clustering and internalisation. Epidermal growth
factor receptor however, only clusters in coated pits when exposed to low
concentrations of epidermal growth factor (Aguilar & Wendland, 2005; Sigismund et
al., 2005). With continuing recruitment of coat proteins and the assembly of a
“polygonal cage” (i.e. clathrin coat) (Fotin et al., 2004), the pit invaginates and
eventually pinches off the plasma membrane mediated by dynamin and other effector
proteins and rapidly loses its coat (Liu et al., 2001). Recently, lipoplex-mediated
transfection in COS 7 cells (human pancreatic epitheloid) has been attributed to the
internalisation through a cholesterol-dependent clathrin-mediated pathway (Zuhorn

et al., 2002). Though the involvement of clathrin has here been discussed with
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respect to plasma membrane-derived CCVs, clathrin is also used for the formation of
transport vesicles at the trans Golgi network (TGN) and other intracellular sites

(Schmid, 1997).

1.3.2 Caveolae-dependent pinocytosis

Caveolae-dependent uptake is not a universal process although seen in a
number of cells types, most notably in capillary endothelial cells, lung epithelial
cells, smooth muscle and adipocytes (Johannes & Lamaze, 2002). Electron
microscopy reveals that caveolae are small (~ 50 nm ) flask shaped invaginations
of the plasma membrane, which can constitute up to 10 — 20 % of cell surface in
endothelial cells (Conner & Schmid, 2003). Formation of caveolae requires the
cholesterol-binding protein caveolin, which is associated with glycolipid rich
domains of the plasma membrane (i.e. lipid rafts) (Nichols, 2003). Interestingly,
recent evidence suggests that caveolin might negatively regulate caveolae-dependent
pinocytosis although further studies are needed to validate these findings (Le et al.,
2002). In contrast to clathrin-mediated pinocytosis, the internalisation via caveolae is
a triggered event (Pelkmans et al., 2002). For example the entry of the simian virus
40 (SV 40) and transcytosis (see below) of serum albumin is associated with
caveolin-mediated uptake (Dautry-Varsat, 2001). In contrast to CCV, caveolae-
derived vesicles do not lose the stabilising coat implicated in the selective delivery of
cargo to other intracellular compartments (Pelkmans et al., 2004). For inhalation
delivery of therapeutic proteins for systemic drug delivery caveolae-mediated uptake
appears to be of critical importance. However, an inverse correlation between
molecular size and rate of transport across lung epithelium could limit proteins
delivered by this mechanism (Gumbleton, 2001; Patton, 1996). Although kinetics
and contribution to total endocytic activity remains to be established, caveolae are
only slowly internalised (e.g. 20 min — 3 h after SV 40 adsorption on the cell surface)
(Pelkmans et al., 2002). Due to the low fluid-phase volume of caveolae, and the slow
kinetics of the process, it is unlikely that this process contributes significantly to bulk

fluid-phase uptake in non-endothelial cells (Conner & Schmid, 2003). Nonetheless,
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caveolae-mediated uptake can have significant pharmacological effects as suggested
by studies with cholera toxin (Nichols & Lippincott-Schwartz, 2001). Here, cell
entry through the caveolae pathway was associated with toxicity due to Golgi
trafficking of the toxin, which was not seen when taken up by CCVs (Orlandi &

Fishman, 1998).

1.3.3 Clathrin- and caveolae-independent pinocytosis

Caveolae represents just one type of cholesterol rich micro-domain on the
plasma membrane, and other ones are generally referred to as “lipid rafts” due to the
lack of identified markers (Munro, 2003; Simons & Ikonen, 1997). However, due to
the dependence of this uptake route on both lipid rafts and dynamin, the descriptor
“caveolar” has been proposed to link this “lipid-mediated” mechanism with the
caveolae-dependent uptake route (Nabi & Le, 2003). Nonetheless, for the purpose of
this thesis this descriptor will not be used, and the processes will be differentiated
and referred to as (a) caveolae- and (b) raft-mediated processes. Lipid rafts (~ 40 —
50 nm &) commonly contain cholesterol, sphingolipids and lipid anchored proteins
(Anderson & Jacobson, 2002). Rafts freely diffuse on the cell surface and account for
10 — 15 % of the cell surface in macrophages (Gaus et al., 2003). Due to their
specific lipid composition, rafts regulate protein sorting and internalisation (Edidin,
2001). Lymphocytes, which are naturally devoid of caveolae and caveolin,
demonstrated constitutive interleukin-2 (IL-2) receptor internalisation by lipid rafts.
The process is independent of caveolae and CCVs, but dependent on dynamin
activity (Lamaze et al., 2001). Evidence from dominant-negative dynamin mutants
points towards an alternative pinocytic mechanism independent from CCVs, caveolin
or IL-2 containing lipid rafts, due to continuous fluid-phase internalisation (Damke et
al., 1995). To date clathrin- and caveolae-independent pathways are only starting to
emerge, and only with the availability of specific markers and ligands will it be
possible to study them in greater detail. Identification of ligands could open new

possibilities for directing ligand-targeted polymers via these routes.
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1.3.4 Macropinocytosis

Macropinocytosis is accompanied by the formation of membrane ruffles,
which collapse onto the plasma membrane and thereby internalise large volumes of
extracellular solutes (Maniak, 2001). Macropinocytosis can occur constitutively in
some tumour cells (Johannes & Lamaze, 2002), though in most cultured cells it is a
triggered event, most notably following stimulation by epidermal growth factor or
certain bacterial pathogens like Salmonella (Cardelli, 2001). Formation and collapse
of membrane ruffles is an actin-dependent process and tightly controlled by a
number of proteins (Engqvist-Goldstein & Drubin, 2003). Recent evidence suggests
that dynamin is also involved in macropinocytosis, though its exact role remains to

be elucidated (Cardelli, 2001).

1.3.5 Transcytosis: Transport across biological barriers

Certain vesicles forming at either the apical or basolateral domain
subsequently carry material across the cell. This process is referred to as transcytosis
(Mostov & Simister, 1985) and provides a means to overcome biological barriers.
Transcytosis is of particular importance for the delivery of peptides and polymer
therapeutics to the brain, lung, across capillary endothelial walls (Bickel et al., 2001;
Schnitzer, 2001) and across the gut (Swaan, 1998). Pathogens such as HIV and HSV
use the process of transcytosis to overcome the epithelial barrier to infect the host
organism (Bomsel & Alfsen, 2003). The intracellular machinery used for vesicle
internalisation and trafficking is reminiscent to the one seen in non-polarised cells

and will not be discussed here. The process of transcytosis has recently been

reviewed elsewhere (Apodaca, 2001; Mostov et al., 2000; Tuma & Hubbard, 2003).

1.4 The intracellular endocytic pathways

Once vesicles are formed from the plasma membrane, they mature and
undergo fusion with other intracellular vesicles of the endocytic pathway (table 1.2);
a process orchestrated by a number of proteins and membrane domains. The first

compartment(s) these membrane-derived vesicles fuse with are shown in figure 1.3.
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Table 1.2 Characteristics of acidic endocytic compartments*

SE ERC LE Lysosome
Half-life (min) 2-8 12 8 >15
Morphology Tubulo-vesicular Tubular Pleomorphic Spherical
Dimensions® 250 — 400 nm vesicles 50 — 70 nm tubules 250 — 500 nm 500 — 2000 nm

50 — 60 nm tubules
Localisation Peripheral Variable Perinuclear Perinuclear
Markers Rab 5, LDL, transferrin ~ Rab 4/11, LDL, Rab 7/9 LAMP 1/2
transferrin lysobisphosphatidic  lysobisphosphatidic
| acid acid
Total surface area per — 430 £ 105 > 370 £113
cell (um?*°

Volume per cell (um®) ° 6.8+1.6 36.8+11.2
pH range (approximate) 59-6.0 6.4-6.5 5.0-6.0 45-55

Compiled from (Clague, 1998; Griffiths et al., 1989; Mukherjee et al., 1997; Seaman & Luzio, 2001)
* Values are cell type dependent and, where appropriate, reference to the cell line is made
# Plasma membrane surface 2,200 um’ £ 470, coated pits 35 um*+ 6
° Baby hamster kidney cells, cytoplasmic volume 1,050 um’

1 421dvy)
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However, to illustrate intracellular trafficking pathways in more detail, only well-
characterised ligands for clathrin-mediated pinocytosis are discussed (figure 1.2).
Where appropriate, reference to analogous structures involved in non-clathrin-
mediated pinocytosis is made. For the purpose of this thesis this rather simplified
view will serve as a basis. However, to appreciate the versatility and complexity the
reader is referred to comprehensive reviews on this topic (Clague, 1998; Luzio et al.,

2000; Pfeffer, 2003; Rodman & Wandinger-Ness, 2000).

1.4.1 Early endosomes

The first compartments entered are the early endosomes (EEs) (Helenius et
al., 1983). Internalised macromolecules appear in EEs within 1 — 5 min and are
exposed to the organelle’s mildly acidic (~ pH 6.5) environment (figure 1.2, table
1.2) (Seaman & Luzio, 2001). EEs are viewed as sorting organelles which select
components for recycling to the cell surféce or for delivery to other organelles such
as late endosomes (see below) via endocytic carrier vesicles (also known as
multivesicular bodies) (Gruenberg & Stenmark, 2004). EEs are not homogenous
organelles but comprise at least two sub-units with sorting and recycling functions.
For the purpose of this discussion, EEs will encompass both sorting endosomes (SEs)
and the endocytic recycling compartments (ERCs). The small GTPases (essential for
fusion of early endosomes with internalised vesicles (Tuvim et al., 2001) rab11 and
rab5 are markers for ERC and SE, respectively (Clague, 1998). Recycling receptors
such as transferrin and LDL are established markers for both ERC and SEs. Plasma
membrane clustering of these receptors in coated pits is regulated by specific
cytoplasmic motifs, though their recycling from EEs to the plasma membrane is a
geometry-based process (Mukherjee et al., 1997). Following the fusion of the
incoming vesicle with SEs, membrane is continuously removed from SEs by the
formation of narrow-diameter tubules. Since the surface-area-to-volume ratio of
tubules is greater than that of the vesicular portion of SEs, tubule formation
preferentially sorts membrane associated components (e.g. receptors) from soluble

molecules (Maxfield & McGraw, 2004). Therefore macromolecules, including
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polymers, which do not interact with membrane components, could be expected to
preferentially accumulate in SEs. Nonetheless, receptors destined for down-
regulation (i.e. degradation) are also retained in SEs and are efficiently trafficked to
late endosomes (see below) together with soluble macromolecules (Gruenberg &
Stenmark, 2004, Conibear, 2002). Macromolecules internalised through caveolae-
mediated pinocytosis are however trafficked differently. Studies with SV40 revealed
delivery to specific early endosomes of neutral pH and devoid of the all typical EEs
markers these were coined caveosomes (CE) (Pelkmans et al., 2001). Following the
accumulation of SV40 in CEs over several hours, the virus was trafficked to the
endoplasmic reticulum. Similarly, cholera toxin internalised via the caveolae-
dependent pathway was also shown to pass through CE with subsequent Golgi
trafficking (Nichols, 2002). Again, different trafficking is seen when
macromolecules are internalised by the mechanism of macropinocytosis. With the
collapse and fusion of the membrane fuffles, vesicles are formed at the plasma
membrane termed macropinosome (MP). The intracellular fate of the MP is cell
type-dependent and in macrophages, they move towafds the centre of the cell, shrink
and acidify all within 15 min. During this time, they change from a early-endosome-
like organelle to a late endosome (see below), then merge completely with the
lysosomal compartment (see below) (Swanson & Watts, 1995). In other cell types,
the content of MPs is recycled back to the cell surface (Maniak, 2001). The

implications of MP maturation on polymer trafficking is discussed in section 1.5.1.

1.4.2 Late endosomes

Late endosomes (LEs) (~ pH 5.5) are usually loaded within 4 — 30 min of
uptake and receive material from EEs. The TGN also trafficks macromolecules to the
endosome, namely proteins (e.g. endoprotease furin) and hydrolases bound to the
cation-independent manose-6-phosphate receptor (ci-MPR) (figure 1.2) (Seaman &
Luzio, 2001). LEs are viewed as the final sorting station of the endocytic pathway.
At the LEs endocytosed materials are either recycled (e.g. ci-MPR), directed to

lysosomes for degradation or of course function (e.g. cathepsin B) (Maxfield &
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McGraw, 2004). Due to the enrichment of ci-MPR in late endosomes, the receptor is
an established marker for this organelle in addition to rab7 and rab9 (Clague, 1998).
Uptake into the LEs and formation of transport vesicles are an integral part of the
sorting events. Escape of polymer therapeutics from these compartments into the
cytosol is called endosomotropic delivery (see section 1.4.5) (Richardson et al.,

1999a).

1.4.3 Lysosomes

Macromolecules destined for degradation from the endocytic pathway are
directed from late endosome to lysosomes. By convention lysosomes are
distinguished from late endosomes by virtue of their higher density on a Percoll
gradient, the absence of ci-MPR and they are often the final site of accumulation of
internalised macromolecules (Helenius et al., 1983; Mellman, 1996). Lysosomes are
acidic (~ pH 4.8) organelles of vacuol;ar appearance (0.5 — 2.0 um) and are
characterised by a high concentrations of lysosomal membrane proteins (e.g.
lysosomal membrane-associated glycoproteins, LAMP) and lysosomal hydrolases
(e.g. cathepsins) (Sarafian et al., 1997; Seaman & Luzio, 2001). Though lysosomes
are frequently regarded as the final endocytic compartment, they are dynamic
structures as they interact and fuse with other cellular structures (e.g. endosomes,
plasma membrane), and provide the cell with amino acids and oligosaccharides
produced by the action of lysosomal hydrolases on internalised macromolecules
(Luzio et al., 2000; Seaman & Luzio, 2001). Lysosomes, which serve both roles as
secretory and degradative compartment, are known as secretory lysosomes. For a
review see (Bainton, 1981; Blott & Griffiths, 2002). Delivery of polymer
therapeutics via the lysosomal compartment has been coined lysosomotropic delivery

(De Duve et al., 1974).

1.4.4 Lysosomotropic drug delivery
De Duve and co-workers introduced the term lysosomotropic delivery (De

Duve et al., 1974) to describe compounds, which accumulate in the lysosomal
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compartment of the cell with subsequent release of the drug to provoke a
pharmacological response (Trouet et al., 1972). Polymer-drug conjugates designed
for lysosomotropic drug delivery have been designed to include polymer-drug linkers
that are substrates for specific lysosomal hydrolyses ensuring the release of drug only
in the presence of these specific enzymes (figure 1.5). An example is the HPMA
copolymer doxorubicin conjugate (PK1) and PK2 bearing the tetrapeptide drug-
linker —glycine-phenylalanine-leucine-glycine (GFLG) which is susceptible to
cleavage by the specific lysosomal hydrolase cathepsin B (Brocchini & Duncan,
1999; Duncan et al., 1996; Duncan & Kopecek, 1984). As the polymer-drug
conjugate accumulates in lysosomes, liberated doxorubicin in its unprotonated form
can then pass readily through the lysosomal membrane (Lloyd, 2000) and exhibit its
pharmacological effect. Also pH-dependent linkers have been used as an alternative

to peptide-based ones (Ulbrich & Subr, 2004).

1.4.5 Endosomotropic drug delivery

Endosomotropic delivery is particularly desirable when the drug payload (e.g.
protein, OND) is sensitive to degradation by the hydrolytic enzymes and/or low pH
present in lysosomes (figure 1.5). To achieve endosomotropic delivery, efforts have
been made to design pH-responsive polymers that would permeabilise the endosomal
membrane to permit cytosolic access. Examples of endosomolytic polymers and their
intracellular trafficking is described in section 1.5.2 — 1.5.4. The ideal endosomolytic
polymer for routine clinical use has so far not been found. Possibly the combination
of membrane translocation features of natural macromolecules (e.g. toxins, transport
- proteins) with polymers could yield the ideal vector (Duncan, 2000; Wagner, 1999).
Thus today’s challenge is to mimic mother-nature with specifically designed
polymers to produce purpose build biomimetics. To understand the scope of the
project it is also essential to review the current undérstanding of polymer

(therapeutic) trafficking in eukaryotic cells.
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Figure 1.5 Schematic representation of endo- and lysosomotropic drug delivery.
Desired route of delivery is dependent on drug-payload and requires the polymer
therapeutic to response to intracellular stimulus.
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1.5 Polymer therapeutics: Implications for intracellular trafficking

The pioneering work of Hermann Staudinger in the early part of the 20"
century has firmly established polymer chemistry as an independent discipline
(Ringsdorf, 2004). To date numerous different polymers have been described, with a
plethora of macromolecular architectures ranging from linear to “tree-like’’ polymers
(dendrimers) (Esfand & Tomalia, 2001). Combination polymers (i.e. hybrids)
employing linear and dendritic components have also been described (Grayson &
Frechet, 2001) (examples are depicted in figure 1.6). Indeed numerous naturally
occurring products are (bio)polymers (Elias, 1997) for example deoxyribonucleic
acid (DNA) (Watson & Crick, 1953). Nature can often serve as an inspiration to
produce new macromolecular assemblies as exemplified by the synthesis of “tree-
like” DNA (Li et al., 2004). Over the past 30 years polymers have increasingly been
used in the development of controlled drug delivery systems (Langer, 1998). Seminal
studies by Duncan, Kopecek and co-\;vorkers on the systematic development of
anticancer polymer-drug conjugates has firmly established the field of polymer
therapeutics (Duncan, 2003a). These early studies and some of the fundamental
requirements to design polymer anticancer conjugates have been reviewed elsewhere

(Duncan, 2003b; Duncan & Kopecek, 1984).

When examining the literature on intracellular trafficking of polymers,
extracting the desired information can be difficult. The use of polymers for gene
therapy is a rapidly expanding area of interest, where “polymer trafficking” is often
only addressed by determining final gene expression. However, gene expression only
indicates that some of the payload has successfully reached its intracellular target,
but does not provide direct evidence for the trafficking of the polymeric vector.
Therefore for the purpose of this introduction only studies monitoring intracellular
trafficking of polymers/polyplexes directly will be considered. To provide a
background for the work presented in this thesis the focus of this introduction will be
on the intracellular trafficking of dextran, HPMA copolymers, PElIs and PAMAM

dendrimers. Linear, non-ionic polymers will be considered first.
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S e

Dendrimer Dendritic hybrid Star polymer
Dendronised polymer Comb polymer
Hyperbranched Linear polymer

polymer

Figure 1.6 Schematic representation of some polymer architectures. Architectures
resemble water-soluble polymers in an aqueous solvent. The multi-component nature of
dendronised, grafted and star polymers is visible. Polymers are not drawn to scale.
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1.5.1 Linear, non-ionic polymers
Intracellular trafficking of PVP and dextran

Experiments by Duncan et al. highlighted the importance of polymer size on
pinocytosis as ['*I]iodide-labelled PVP of weight average molecular weight (Mw)
50,000 - 7,000,000 g/mol was pinocytosed by visceral yolk sacs and macrophages in
a Mw-dependent manner (chemical structure of PVP depicted in figure 1.7) (Duncan
et al., 1981a). In the yolk sacs, rate of PVP internalisation decreased with increasing
Mw. The PVP polymer with a Mw of 7,000,000 g/mol was not accumulated by the
yolk sacs with an observed molecular cut-off of approximately 100,000 g/mol. In
contrast macrophages took up the polymer across the whole Mw range with the
highest rate of capture for the 7,000,000 g/mol polymer. More recently, murine bone
marrow-derived macrophages were shown to fractionate different sized dextrans
during pinocytosis (Berthiaume et al., 1995). Following pinocytosis of fluorescein-
labelled dextran (4,000 — 150,000 g/mol)', recycling to the extracellular medium was
more efficient for the 4,000 g/mol polymer than for the larger dextran, which
preferentially accumulated in lysosomes. Induction of macropinocytosis and pulse
labelling of MPs with dextran demonstrated optimal exchange of polymer between
organelles of similar age (Berthiaume et al., 1995). The process was more efficient
for small dextran than large dextran. Trafficking of polymers from the plasma
membrane to lysosomes was also size-dependent, and occurred through the same
endocytic vesicles as the efferent movement. Most strikingly, uniform mixtures of
different-sized dextrans delivered into lysosomes separated into distinct organelles
containing only one type of dextran. Differences in endosome and lysosome
dynamics was proposed to segregate the dextrans (Berthiaume et al., 1995). Mw-
dependent exocytosis/recycling via intermediate vesicles has also been reported for
dextran in Chinese hamster ovary (CHO) cells, with highest rates of exocytosis for
the low Mw dextran (4,200 = 9,100 >> 17,000 > 42,000 g/mol) (Buckmaster et al.,
1987). Recycling of dextran has also been reported in L929 cells (mouse fibroblasts),
which accounted for ~ 50 % of pinocytosed dextran (Mw = 68,500 g/mol) to be

delivered to the extracellular fluid within 15 — 30 min (Van Deurs et al., 1984). The
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Figure 1.7 Chemical structures of fluid-phase markers and HPMA copolymer drug
conjugates.

25



Chapter 1 General Introduction

remaining dextran was trafficked into lysosomes (Van Deurs et al., 1984) as

previously reported in mouse peritoneal macrophages (Ohkuma & Poole, 1978).

Intracellular trafficking of HPMA copolymers and polymer-drug conjugates

Linear HPMA copolymers have been the most widely studied polymers as a
platform for polymer-drug conjugation. Though they are comprised of a linear
polymeric backbone, the presence of hydrophobic groups, most notably doxorubicin,
confers a unimolecular micellar conformation (Kean, 2002; Uchegbu et al., 1996).
Polymer-drug conjugates with increasing doxorubicin loading (1, 5 and 10 mol%)
exhibited a more condensed unimolecular conformation. The inclusion of the
targeting ligand galactosamine increased the hydrophilicity of the conjugate which

resulted in a more open polymeric coil (Vicent et al., 2004).

Whereas PK1 was devised for thé uptake by fluid-phase pinocytosis (Duncan
et al., 1981b), PK2 was designed for receptor-mediated uptake (figure 1.4 and 1.7)
(Duncan & Kopecek, 1984; Duncan et al., 1986). High hepatic asialoglycoprotein
receptor affinity was demonstrated for galactosamine (4 — 11.6 mol%) substituted
HPMA copolymers, which were predominately internalised into hepatocytes and
trafficked into lysosomes within 1 h of administration in vivo (Duncan et al., 1986).
Also daunomycin bound to galactosamine-targeted HPMA copolymers demonstrated
a 3 fold greater liver accumulation compared to free drug. Over the course of the
experiment (48 h) subcellular fractionation experiments suggested lysosomotropic
delivery of the conjugate (Wedge et al.,, 1991). Although these experiments
demonstrated receptor-mediated uptake, no attention has been paid to the possible
involvement of asialoglycoprotein receptor subclasses (Regoeczi et al., 1982).
Subclasses display either delivery of the payload to lysosomes with receptor
recycling to the plasma membrane (i.e. analogous to LDL trafficking, figure 1.2), or
recycling of the intact receptor-ligand complex between endocytic compartments and
the plasma membrane (Schwartz, 1991; Stockert, 1995). In rat liver a large fraction

of receptor-bound ligand has been attributed to the latter process (~ 75 % of
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internalised asialotransferrin type 3) (Regoeczi et al., 1982; Tolleshaug et al., 1981).
Thus it remains to be seen if galactosamine-targeted HPMA copolymers provide the
best way to maximise lysosomotropic delivery since it is not known what fraction of
internalised polymer-drug conjugate participated in recycling. However, in ex vivo
experiments lysosomes preloaded with the HPMA copolymer [**Iliodo-L-tyrosine
conjugate released 50 — 60 % of the conjugate associated radioactivity over 3 — 4 h.
Thus HPMA copolymers reaching their intracellular target were able to liberate their
payload due to cleavage of the model drug from the tetrapeptide linker (Duncan et
al., 1986). The effectiveness of receptor-mediated pinocytosis has also been studied
for galactosamine-targeted HPMA copolymers in vitro (Jensen et al., 2001).
Although the study by Duncan et al. (Duncan et al., 1986) unequivocally
demonstrated the lysosomotropic delivery of the linear polymer, recent evidence
from fluorescence microscopy studies suggests that in particular conjugation of
doxorubicin to the copolymer can have a significant effect on the intracellular

distribution (see below) (Hovorka et al., 2002).

The intracellular distribution of PK1 and targeted with anti-Thy1.2 or anti-
CD71 monoclonal antibodies have been investigated by fluorescence microscopy in
EL-4 mouse T-cell lymphoma, SW620 human colorectal carcinoma and OVCAR-3
human ovarian adenocarcinoma cell lines. Here targeted and non-targeted polymer
conjugates were only detectable in cytoplasmic structures even after 72 h of
incubation, whereas doxorubicin control was always only detectable in the nucleus
(Hovorka et al., 2002). Thus observations made by Omelyanenko with PK2, where
intracellular distribution in endocytic vesicles, cytosol and the nucleus was reported
could possibly be accounted for by (a) different cell lines, (b) different incubation
times, (c) variable use of doxorubicin-equivalence, (d) use of a asialoglycoprotein-
targeted polymer-drug conjugate and (e) fixed cells (Omelyanenko et al., 1998).
Different intracellular distribution of PK1 and HPMA copolymer Texas red
conjugates were observed following cell fixation, with diffuse cytoplasmic and

typical endocytic labelling respectively (Hovorka et al., 2002). Possibly different
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membrane affinities could be responsible for this behaviour. In live cells however,
PK1 and the respective Texas red conjugate accumulate in vesicular structures
(though less prominent for PK1). Overall these studies concluded that fixation lead to
a re-distribution of the doxorubicin conjugate (Hovorka et al., 2002). Other studies
describing HPMA copolymers are summarised in table 1.3. For a comprehensive
summary of HPMA copolymers in drug delivery see recent review by Duncan

(Duncan, 2005).

1.5.2 Cationic polymers for gene and drug delivery
Examples of linear, cationic polymers used for gene and drug delivery are

summarised in table 1.4.

Linear amino acid polymers for gene delivery

PLL was one of the first cationic polymers studied as a gene delivery system
(Wu 1987) (chemical structure of PLL depicted in figure 1.8), and is currently in a
Phase 1 clinical trial to treat the monogenetic Canavan disease (i.e. inherited,
degenerative brain disease) (OBA & RAC, 2004). Subcellular fractionation of rat
liver by differential and isopycnic centrifugation has been used to follow the
trafficking of polylysine complexed with [**SIDNA. The different rate of trafficking
of the PLL-DNA and poly-D-lysine-DNA (PDL-DNA) complexes was attributed to
their different stereochemistries. Though both complexes were taken up to the same
extent into Kupffer cells, intracellular degradation of the PLL-DNA complex was
found to be markedly quicker than that of the PDL-DNA complex which was
attributed to the susceptibility of the L-stereoisomer to peptidases (Laurent et al.,
1999). Results indicated that DNA was more slowly transferred to lysosomes when
complexed with PDL than with PLL. Therefore it has been suggested that digestion
of the vector in the pre-lysosomal compartment is required for rapid DNA trafficking

to lysosomes (Laurent et al., 1999).
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Table 1.3 Subcellular distribution of HPMA conjugates in vitro and vivo

Polymer Model Probe Methodology Findings Comment Reference
system used

HPMA daunomycin Rat liver *H DNM Subcellular Demonstrated receptor- Demonstrated (Wedge et
(DNM) conjugate with fractionation mediated uptake of conjugate.  lysosomotropic drug al., 1991)
pendent galactosamine Prolonged retention of delivery. No evidence

conjugate in hepatocytes with  of nuclear

62 % of the 1 h value at 48 h accumulation.

and lysosomal accumulation

and release of drug.
HPMA copolymer Human Mce, Subcellular Lysosomal delivery and release Poor characterisation (Tijerina et
mesochlorin e ovarian fractionation  of Mce, form tetrapeptide and validation of al., 2001)
monethylenediamine carcinoma linker. fractionation method.
(Mcey) (A2780)
HPMA copolymer A2780 FITC Confocal Enhance uptake for targeted Fixed cell fluorescence  (Tijerina et
Mce, conjugated targeted Texasred,  microscopy, conjugate compared to microscopy prone to al., 2003)
with nuclear localisation Mce, subcellular untargeted conjugate. artefacts (Hovorka et
sequence (NLS) fractionation al., 2002).
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Table 1.3 Continued

Polymer Model Probe Methodology Findings Comment Reference
system used

HPMA copolymer A2780 FITC Confocal Uptake and intracellular Typical vesicular (Nori et al.,
doxorubicin conjugate Doxorubicin  microscopy,  distribution attributed to non-  labelling evident, flow  2001; Nori et
with :.m,:m-moﬂ?mm:m Texas red flow endocytic uptake mechanism,  cytometry did not al., 2003b)
factor (TAT) FITC cytometry, subcellular fractionation by include trypsin

subcellular Tijerina et al., (2001) showed  digestion invalidating

fractionation  some cytosolic accumulation.  the results (Richard et

al., 2003).

HPMA copolymer Mouse Doxorubicin  Epi- Uptake of hydrazone Contradicts results (Hovorka et
doxorubicin conjugates ~ 3T3 fibro- fluorescence  conjugates attributed to reported previously on  al., 2004)
with sarcoma, microscopy pinocytosis, uptake of other fixing artefacts.
polymer-drug linker: OVCAR-3 conjugates by translocating Possible use of epi-

hydrazone/GFLG/GG/LL

plasma membrane and
localisation in major cellular
organelles. Highest rate of
uptake for GFLG conjugates
(in seconds). No apparent
differences of fixed and live
cells.

fluorescence limits
study.
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Table 1.4 Examples of cationic polymers for gene and drug delivery and their effect on pinocytosis
Polymer Model Probe Methodology Findings Comment Reference
system used
PLL, polyornithin Sarcoma- 151 Uptake of All cationic polymers First study to show that (Ryser &
arginine-rich or lysine- 180 labelled stimulated albumin uptake in cationic polymers can Hancock,
rich histone albumin by the rank order of ornithin > stimulate pinocytic 1965)
S180 cells arginine-rich histone > PLL >  uptake of
lysine-rich histone. Uptake macromolecules.
rates of polycations were up to
1000 fold greater than for
albumin.
Polyornithin Sarcoma- 151 Uptake of Linear correlation between First study to report (Ryser,
PLL 180 labelled albumin uptake and Mw, Mw-dependent 1967)
PDL albumin by minimum Mw of 900 g/mol pinocytic stimulation.
S180 cells required for stimulation.
PLL methotrexate CHO *H MTX Uptake of *"H- Increased uptake of conjugate ~ Demonstrated increased (Ryser &
(MTX) conjugate (Mw = MTX into by drug-resistant cells intracellular Shen, 1978)
cells accumulation of

70,000 g/mol)

conjugate .
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Table 1.4 Continued
Polymer Model Probe Methodology Findings Comment Reference
system used
PLL (Mw = 6,700 L929 12 Uptake of Increased uptake of proteins by Conjugation (Shen &
g/mol) albumin mouse labelled 11 to 200 fold. significantly increased  Ryser,
conjugate fibroblasts albumin or uptake above levels 1978)
horseradish seen with mixtures of
peroxidase cationic polymers and
into cells probes.
HPMA copolymer with  Rat 157 Pinocytic In yolk sacs extensive binding  Transfer rate in liver (McCormick
cationic monomer at visceral uptake in of polymer to cellular surface ~ much slower compared et al., 1986)
12.5 wt% (Mw = 15,000 yolk sacs yolk sacs which did not influence the to galactosamine
g/mol) and rat rat liver basal rate of pinocytosis. In targeted polymer where
liver subcellular rats most of polymer accumulation in
fractionation  accumulated in the liver and lysosomes was

over 60 min was slowly
transferred to lysosomes.

completed at 1 h.
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Table 1.4 Continued

Polymer Model Probe Methodology Findings Comment Reference
system used |
Polyarginine Human T- FITC Flow D- and L-polyarginine showed Results suggest (Mitchell et
Polyornithine cells cytometry optimum uptake, which was pinocytosis-mediated al., 2000)
Polyhistine (Jurkat) confocal energy dependent but binding  uptake.
PLL microscopy was not, polypeptide mimicked
TAT.

Octaarginine-triclosan Toxoplasm FITC Flow Demonstrated effective Uptake mediated by (Samuel et
conjugate a gondii cytometry delivery into the cytoplasm and number of processes al., 2003)

confocal nucleus of parasite. but not characterised.

microscopy “
Tertiary amine Hep G2 YOYO Transfection  Positive correlation between Study does not address  (Deshpande
methacrylate A549 efficiency uptake and transfection possibly limitations of et al., 2004)
homopolymers, tertiary  COS 7 flow (homopolymers > block flow cytometry for
amine methacrylate- cytometry copolymers > comb-like quantification. Comb-
ethylene glycol confocal copolymers). like polymer 3 x Mw
copolymers (block and microscopy than other ones.

comb-like)

Homopolymer-DNA
complexes >> larger
than others.
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Figure 1.8 Chemical structure of cationic polymers used for gene and drug delivery.
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Using ratiometric measurements of fluorophores, the intracellular journey of
PLL polyplexes has been traced by monitoring changes in pH encountered during
pinocytosis. In Hep G2 (human hepatocellular carcinoma) and HEK293 (human
embryonic kidney) cells complexes remained in a mildly acidic compartment (pH ~
6.0) over the course of the experiment (Forrest & Pack, 2002). Only in C2C12 cells
(mouse myocytes) delivery of complexes to acidic organelles (pH < 5.0) was evident
after 5 h. Nonetheless, transfection experiments with the polyplex did not show a
correlation between trafficking and protein expression. Although trafficking of the
polyplex was discussed, only the polymeric carrier was labelled with the fluorescent
dyes (Forrest & Pack, 2002). Thus only the trafficking of the polymeric carrier was
monitored. In a similar study by Akinc and Langer, both DNA and PLL were
labelled. Here complexes were shown to reach lysosomal compartments in NIH 3T3

cells (pH ~ 4.5) within 2 h (Akinc & Langer, 2002).

Linear and branched amino acid copolymers for gene delivery

Studies with linear and branched histidine and lysine copolymers of different
size and monomer arrangements were carried out in three different breast cancer cell
lines, where highest transfection efficiency was observed for the branched copolymer
(Chen et al., 2001). Recently, the same group found that optimal transfection efficacy
was correlated to the degree of branching of the carrier and the pH of the
encountered endocytic vesicle rather than the uptake of the complex per se (Chen et
al., 2002). Optimum transfection levels of branched polymers were only observed in
cell lines with a mildly acidic endocytic pH (6.2 — 6.9) where dissociation of DNA
from the polymer was favoured. In turn, the highest transfection efficiency for linear
polymers were observed in cell lines with low endocytic pHs, as the DNA was

readily dissociated from the complex over the 6.5 — 4.5 pH range (Chen et al., 2002).

1.5.3 Linear and branched PEI for intracytoplasmic drug delivery
PEI is a cationic polymer synthesised in the linear and the branched form

(Dermer & Ham, 1969). PEI has attracted considerable attention due to
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unprecedented transfection levels with respect to other polymeric vectors (Boussif et
al., 1995). It has been claimed that PEI exposure to the acidic environment allows for
protonation of the polymer backbone resulting in an osmotic imbalance and
subsequent bursting of the vesicle (i.e. proton sponge hypothesis) (Behr, 1997).
However, recent evidence from other cationic polymers suggests endosomal escape
due to polymer coil expansion leading to direct vesicle perturbation (Funhoff et al.,
2004; Griffiths et al., 2004). Thus further studies are required to elucidate the precise
mechanism of action of PEI. Since the focus of this introduction is on intracellular
trafficking, the mechanism of endosomolytic polymers will not be discussed further.
Despite the success of PEI as a vector, toxicity limits its use both in vitro (Boussif et
al., 1995; Fischer et al., 1999; Godbey et al., 2001) and in vivo (Boussif et al., 1995;
Wightman et al., 2001). A recent study by Wightman carefully compared the
transfection efficiency of branched PEI (Mw = 25,000 g/mol and 899,000 g/mol) to
linear PEI (Mw = 22,000 g/mol), with the linear form showing greater transfection

efficiency and no toxicity in vivo (Wightman et al., 2001).

Despite the wealth of literature on PEI relatively little is known about the
intracellular distribution and trafficking of the polymer. PEI (branched, Mw = 25,000
g/mol) complexed with DNA (120 nm * 30) at a charge ratio of 10 : 1 was shown by
live cell fluorescence microscopy to be pinocytosed into synchronised L929 cells
(mouse fibroblasts) in less than 10 min. No signs of the formation of micrometric
fluorescent clumps were observed on the outer surface of the plasma membrane, and
uptake of PEI complexes was attributed to fluid-phase pinocytosis (Remy-Kristensen
et al., 2001). PEI-DNA complexes localised in perinuclear vesicles and fusion
occurred between these complex-loaded late endosomes. However, escape of the
complex from endosomes was a major barrier to transfection. This limited the
number of transfected cells to a few percent, despite the presence of pinocytosed
PEI-DNA complexes within most cells. Entry of the complex into the nucleus for
transfection was proposed to be dependent on mitosis (Remy-Kristensen et al.,

2001). In contrast to the fluid-phase pinocytic uptake of PEI complexes in L929
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cells, Godbey et al. reported the migration of PEI (branched, Mw = 25,000 g/mol)
and PEI-DNA (7.5 : 1) complexes into clumps on the cell surface of live EA.hy929
cells (human endothelial hybridoma) 30 min post transfection, followed by the
internalisation of the polyplex (Godbey et al., 1999b). Binding and subsequent
clustering of the polymer was proposed to occur at discrete sites of the plasma
membrane (Godbey et al., 1999b) and could thus involve cell surface proteoglycans.
Adsorptive pinocytosis of PEI has also been suggested by others (Klemm et al.,
1998). Thus observed differences could be related to the variable expression of cell-
surface GAGs in L929 and EA.hy929 cells. Following pinocytosis of polyplexes by
EA.hy929 cells, polymer loaded vesicles grew in size and occasionally lysed.
Interestingly both PEI and PEI-DNA complexes underwent nuclear localisation in an
ordered manner (Godbey et al., 1999b). Nuclear localisation of the polymer and
polyplex is also supported by studies conducted by Pollard and co-workers (Pollard
et al., 1998). Here, PEI (Mw = 25,000 g/mol, not specified if branched or linear)
promoted gene trafficking from the cytoplasm to the nucleus followed by nuclear

trans-gene expression (Pollard et al., 1998).

Nuclear localisation of PEI complexes (Mw = 25,000 g/mol at 6 : 1 polymer
to DNA ratio) has also been demonstrated in COS 7 cells using live cell real-time
multiple particle tracking (Suh et al., 2003). With this technique it was demonstrated
that complexes were taken up by pinocytosis, and efficiently transported along
microtubules towards the nucleus by a motor-driven process within minutes.
Perinuclear localisation of complexes coincided with the intracellular localisation of
the microtubule organisation centre. After 30 min, efferent polyplex movement was
observed which was in equilibrium with the afferent transport processes. Stationary
vesicles closest to the nucleus showed a change in movement from a sub-diffusive to
diffusive transport following 1 — 4 h post-transfection. This transition may be caused
by the escape of the polyplex from stationary endosomal carriers (Suh et al., 2003).
Results reported by Clamme et al. support the notion of complexes diffusing out

from late endosomes into the nucleus (Clamme et al., 2003b).
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Direct experimental evidence for the escape of PEI-nucleic acid complexes
(PEI Mw = 25,000 g/mol, not specified if branched or linear) from the
endosomal/lysosomal compartments of SW 13 cells (adrenal gland carcinoma cells)
was obtained with the aid of live cell confocal laser scanning microscopy (Merdan et
al., 2001). Co-localisation of the lysosomal marker lysotracker blue and of the
Oregon Green (OG) PEI conjugate indicated that the PEI complexes were directed to
the lysosomal compartment. The confocal study revealed that release of the complex
as a sudden event, suggesting bursting of the vesicle (Merdan et al., 2001). No
lysosomal escape was observed with PEI polyplexes in the presence of bafilomycin
Al, a drug which suppresses acidification of the lysosomal compartment. PEI
polyplexes exhibited a high luciferase expression, which was reduced approximately

200 fold in the presence of bafilomycin A1 (Merdan et al., 2001).

Similar to the studies performed with PLL, Forrest and Pack demonstrated
that branched PEI (Mw = 25,000 g/mol) was trafficked into acidic compartments in
C2C12 cells (pH ~ 6.2), Hep G2 cells (pH ~ 4.5) and in HEK293 cells (pH ~ 5.0) in
1 — 5 h, though kinetics were highly cell type-dependent and no correlation between
pH and transfection efficiency was evident (Forrest & Pack, 2002). The study by
Akinc and Langer demonstrated in NIH 3T3 cells (murine fibroblasts) that linear PEI
(Mw = 25,000 g/mol) and branched PEI (Mw = 25,000 g/mol) were exposed to pH
values of 5.0 and 5.9 respectively, with a correlation between high pH values and

increased transfection (Akinc & Langer, 2002).

Only one study has investigated the uptake and intracellular fate of PEI
(branched, Mw = 25,000 g/mol) in vivo by differential and isopycnic centrifugation
of rat liver (Lecocq et al.,, 2000). PEI was labelled with ['®I}iodide-tyramine
cellobiose and injected intravenously into rats. In the liver, PEI accumulated
predominately in hepatocytes (79.8 %) and to a lesser extent in endothelial and
Kupffer cells (10.3 % and 9.9 % respectively). Early after injection (5 min),

radioactivity exhibited a distribution pattern similar to that of the plasma membrane
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marker. Thus it was concluded that PEI was internalised via adsorptive pinocytosis
due to electrostatic interaction of the polymer with the plasma membrane, results
which are in accordance with the fluorescence microscopy study by Godbey and co-
workers (Godbey et al., 1999b; Lecocq et al., 2000). After 4 h and for up to 96 h, the
distribution pattern was similar to that of cathepsin C, a lysosomal enzyme.
Radioactivity and hydrolase distribution in a sucrose gradient were similarly
modified by a pre-treatment of the rat with Triton-WR1339, a specific perturbant of
lysosomes. These results indicated that PEI was pinocytosed, and most of the
polymer was trafficked to lysosomes. Subcellular fractionation studies by the same
group demonstrated that PEI (branched, Mw = 25,000 g/mol) complexed with DNA
did not localise in the lysosomes 1 h after injection, whereas naked DNA did
(Wattiaux et al., 2000). A similar phenomenon has been observed with 1,2-diacyl-3-
trimethylammonium propane (DOTAP) lipoplexes (Wattiaux et al., 1996). The rate
of polyplex transfer into lysosomes was attributed to size, thus explaining the
different observations made in the two subcellular fractionation studies using PEI

and PEI complexes (Wattiaux et al., 2000).

1.5.4 Dendritic polymers

Since the first report of dendritic polymer synthesis (Buhleier et al., 1978),
there has been an increased interest in these structures due to their uniform Mw, large
number of controllable peripheral functional groups for drug delivery applications
and unique physico chemical characteristics (Bosman et al., 1999). There is a
growing pipeline of therapeutics and diagnostic agents in pre-clinical and clinical
development based on dendrimers (Aulenta et al., 2003; Stiriba et al., 2002). Most
notably are a PLL dendrimer used for magnetic resonance imaging (Gadomer-17,
Shering AG) (Herborn et al., 2003), and a modified PLL dendrimer with 32
naphthalene disodium disulfonate surface groups being explored as a vaginal
(topical) virucide for prevention of HIV and sexual transmitted infections (Bernstein

et al., 2003; McCarthy et al., 2004).
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The intracellular trafficking of dendrimers has most widely been investigated
in the context of gene delivery, due to their ability to condense DNA (table 1.5).
However, increasingly dendrimers are also being investigated as potential drug
carriers (for most recent examples see Chapter 6 table 6.1). The commercial
availability of cationic polyamidoamine dendrimers (PAMAMs) (figure 1.9 and table
1.6), polypropylenimine diaminobutane dendrimers (DABs) and partially degraded
or “fractured” PAMAM dendrimers (Superfect and Polyfect) has accelerated this
field. Excellent transfection efficiency observed with “fractured” PAMAM
dendrimers was attributed to the greater flexibility of the dendrons (Tang et al.,
1996). Although, cationic dendrimers are cytotoxic in a generation-dependent
manner (Brazeau et al., 1998; Malik et al., 2000; Roberts et al., 1996), dendrimers
with carboxylate and malonate surface functionalities are less cytotoxic (Malik et al.,
2000). Due to the highly defined architecture of these polymers, dendrimers are ideal
tools to investigate the influence of fopology on intracellular trafficking and

distribution.

Antisense OND delivery by a fluorophore-conjugated PAMAM dendrimer
generation (G) 5 was used to study the subcellular distribution of the construct in
HeLa cells (human epitheloid carcinoma) (Yoo & Juliano, 2000). Surprisingly, the
conjugation of the hydrophobic OG fluorophore to the dendrimer dramatically
enhanced transfection efficiency of the construct to levels comparable to Lipofectin,
Lipofectamine and Superfect. Dendrimer without OG showed only moderate activity
and it was proposed that the presence of a hydrophobic small molecule like OG
could possibly facilitate endosomal escape. Using an uncharacterised fractionation
method approximately 5 % of functionally active dendriplexes were recovered in the
“nuclear fraction” (Yoo & Juliano, 2000). The intracellular delivery of PAMAM
dendriplexes (G3) were also investigated using flow cytometry and confocal
microscopy. Intracellular delivery was enhanced (50 fold) with the use of PAMAM
dendrimers compared to uncomplexed OND (De Long et al., 1997). Confocal

analysis of live cells revealed primarily intra-cytoplasmic and nuclear accumulation,
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Table 1.5 Examples of dendrimer-based drug delivery: transport and subcellular distribution

Polymer Model Probe Methodology Findings Comment Reference
system used
PAMAMG2,4and5 CHO FITC Flow Concentration (2.5 - 20 uM) No evaluation of (Poxon et
cytometry and generation-dependent possible cell al., 1996)
uptake of dendrimers, toxicity. Uptake
dendriplex uptake was only determined at
generation independent. 24 h.
“Fractured” PAMAM Hela FITC Flow Plasma membrane and Only study (Helin et
NIH 3T3 cytometry intracellular labelling at 1 h,  addressing effect of al., 1999a)
confocal after 16 h chase only cell cycle on
microscopy intracellular labelling, dendrimer
intracellular distribution was intracellular
cell cycle-dependent with distribution.
nuclear localisation for cells
in the G2/M phase.
“Fractured” PAMAM HelLa FITC Flow At 4 h, 80 % of cells were Limited (Helin et
NIH 3T3 cytometry fluorescent, perinuclear and information on al., 1999b)
confocal nuclear localisation of methodologies
MiCroscopy dendriplexes at 1 — 24 h, used.
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Figure 1.9 Chemical structure of PAMAM dendrimer G3 (NH, core).

Table 1.6 Physical chemical characteristics for PAMAM dendrimers (Eichman et al.,
2000; Tomalia et al., 1990)

PAMAM PAMAM
(Ethylenediamine core) (NH; core)

G Mw 1° amine G Mw 1° amine
0 517 4 0 359 3

1 1,430 8 1 1,043 6

2 3,256 16 2 2,411 12

3 6,909 32 3 5,147 24

4 14,215 64 4 10,619 48

5 28,826 128 5 21,563 96
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and the extent of delivery of PAMAM dendrimers was comparable to that seen using

Lipofectamine (De Long et al., 1997).

One of the first studies to investigate PAMAM dendrimers as potential oral
drug delivery systems was reported by Wiwattananpatapee and co-workers
(Wiwattanapatapee et al., 2000). In this study the rate of transcytosis of different
PAMAM dendrimers across the rat intestine using the inverted gut sac technique was
evaluated. The study quantified the serosal transfer in vitro of ['*I]iodide-labelled
PAMAM dendrimers (G 2.5, 3, 3.5, 4 and 5.5) in relation to dendrimer size and
charge (Wiwattanapatapee et al., 2000). Fluid-phase pinocytosis has been suggested
for the high serosal transfer rates (endocytic index (EI) of 3.4 — 4.4 ul/mg protein/h)
observed for all investigated anionic dendrimers. Cationic dendrimers showed lower
transfer rates (EI of 2.3 — 2.7 ul/mg protein/h) and extensive tissue binding.
However, serosal transfer rates were still ‘significantly greater than for fluid-phase
markers PVP or HPMA (EI of 0.1 — 0.3 pl/mg protein/h) (Wiwattanapatapee et al.,
2000). The defined molecular architecture of dendrimers could possibly play an
important role for the rate of serosal transfer, although further studies are needed to

substantiate these findings (Florence & Hussain, 2001).

1.6 Aims of this thesis

There have been relatively few studies that have set out to design polymer
therapeutics based on a biological rationale, which include systematic studies
designed to quantify pinocytosis and intracellular trafficking. Therefore the aim of
this thesis was to establish a subcellular fractionation method in B16F10 mouse
melanoma cells to quantify intracellular trafficking of polymer therapeutics and to
systematically investigate the effect of selected polycations on pinocytosis. Due to
the routine use of B16F10 cells in the development of polymer anticancer conjugates,

quantitative methods in this cell line were of particular interest.
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The first part of this thesis set out to establish a quantitative subcellular
fractionation method in B16F10 mouse melanoma cells. First, it was necessary to
select appropriate organelle markers, optimise and validate assays to allow their
quantitative analysis in the respective subcellular fractions. Furthermore cell
homogenisation and centrifugation conditions were tailored to maximise cell
breakage and to achieve separation and enrichment of major cellular
organelles/components (Chapter 3). The established fractionation method was then
used to study the subcellular distribution of PK1 and doxorubicin which in part
served to (a) validate the method due to the well documented subcellular distribution
of doxorubicin, (b) enhance the current understanding of PK1 trafficking in B16F10

cells (Chapter 4).

However, it is clear that more studies are needed to define the endocytic and
intracellular trafficking properties of pblymers undergoing design as second-
generation polymer therapeutics. Therefore a series of linear and branched PEI and
PAMAM dendrimers (G2 — 4) were chosen which are commonly used as non-viral
vectors for gene delivery. Polymer probes were labelled with OG, characterised and
subjected to a cellular pharmacokinetics screen by flow cytometry (Chapter 5). The
aim of the study was to identify polymers with favourable pharmacokinetics
characteristics for gene delivery and to short list compounds for future fractionation

studies.
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2.1 Materials
2.1.1 Linear, branched and dendritic polymers

PAMAM dendrimers G2 — 4 (ethylenediamine core), dextran (Mw = 10,000
g/mol), fluorescein isothiocyanate (FITC)-dextran (Mw 10,000 g/mol), branched PEI
(Mw = 25,000 g/mol) and PVP (Mw = 1.3 x 10° g/mol) were from Sigma-Aldrich,
UK. Linear PEI (Mw = 25,000 g/mol) was purchased from Polysciences Inc, UK.
Polysaccharide standards (Mw = 738 — 47,300 g/mol) and PK1 (Mw = 30,000 g/mol;
total doxorubicin loading 6.6 wt% containing 0.39 % free doxorubicin) were
purchased from Polymer Laboratories, UK. (For details of the polymer

characteristics see table 5.3 in Chapter 5).

2.1.2 General chemicals and reagents

‘Methanol (MeOH), ethanol, acetone, ethyl acetate, hydrochloric acid, glacial
acetic acid, boric acid, triethylamine, magnesium chloride, calcium chloride and
paraformaldehyde were obtained from Fisher Scientific, UK. Deuteriumoxide (D,0)
was from Sigma-Aldrich, UK and 2,4,6-trinitrobenzensulfonic acid (TNBS) was
obtained from Pierce, USA. Sodium chloride, sodium hydrogen carbonate, sodium
carbonate, sucrose, sodium acetate, di-sodium hydrogen orthophosphate
dodecahydrate and sodium dihydrogen orthophosphate monohydrate were obtained
from BDH, Germany. Anhydrous dimethyl sulfoxide (DMSO) and diemthyiformide
(DMF) were from Sigma-Aldrich, UK, as were Triton X-100, lithium acetate,
ninhydrin, hydrindantin, 4 %w/v copper (II) sulphate, bicinchoninic acid (BCA)
solution, pentahydrate, 3-amino-1-propanol, sodium nitrate, succinic acid,
ethylenediaminetetraacetic acid (EDTA), tris(hydroxymethyl)aminomethane
hydrochloride (Tris-HCI), tris(hydroxymethyl)aminomethane (Tris-Base) and citric
acid monohydrate. Sodium hydroxide pellets, N-2-hydroxyethylpiperazine-N’-
ethanesulphonic acid (HEPES), 2-p-iodonitrotetrazolium violet (INT), 4’,6-diamino-
2-phenylindole (DAPI), calf thymus DNA, pyruvic acid (crystallised mono sodium

salt), p-nitrophenyl. phosphate, sodium borate, 3-nicotinamide adenine dinucleotide

46



Chapter 2 Materials and Methods

reduced disodium salt (NADH), 4-methylumbelliferyl, 4-methylumbelliferyl-N-
acetamido-f3-D-glucosaminide, leupeptin, aprotinin, pepstatin, chlorpromazine,
wortmannin, methyl-B-cyclodextrin (MBCD), bovine serum albumin (BSA), BSA
protein standards and phenylmethylsulfonyl fluoride (PMSF) were from Sigma-

Aldrich, UK. Glycine and sodium metaborate were from ICN, USA.

2.1.3 Chemicals and reagents for fluorescence microscopy and flow cytometry

The 5’-isomer of the dye Oregon Green 488 succinimidyl ester (OG-SE) was
obtained from Molecular Probes Inc, USA. Frosted microscope slides and & 16 mm
coverslips were purchased from Menzel, Germany and Chance Propper, UK
respectively. Glass bottom culture dishes (& 35 mm) for live cell imaging were
obtained from Matteck Co-operation, USA. Dako and Vectashield mounting medium
with DAPI stain were obtained from Dakocytomation and Vector, USA respectively.
Imﬁersion oil with a 1.518 refractive index was obtained from Leica, Germany and
clear nail polish from Number 17, UK. Fluorescein diacetate (FDA), fluorescein, and
propidium iodide (PI) were purchased from Sigma-Aldrich, UK. FACS flow, -safe, -

clean and Falcon tubes were purchased from Becton Dickinson, UK.

2.1.4 Cell culture

B16F10 murine melanoma cells were purchased from ATCC, USA. RPMI
1640 (L-glutamine) in the presence or absence of the pH indicator phenol red was
obtained from Invitrogen Life Technologies, UK. Foetal bovine serum (FBS), and
0.05 %w/v trypsin/0.53 mM EDTA without magnesium and calcium chloride were
obtained from Invitrogen Life Technologies, UK. Medical grade CO,, N, (all 95
%v/v) and liquid nitrogen were supplied by BOC, UK. Trypan blue solution (0.4
%w/v), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-terazoliumbromide (MTT) and
sterile DMSO were obtained from Sigma-Aldrich, UK and copper 1I sulphate from
BDH, Germany.
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2.2 Equipment
2.2.1 Analytical

Ultraviolet (UV) absorbance was measured with a Sunrise UV absorbance
plate reader from Tecan, Austria, and a Cary 1G UV-visible spectrophotometer from
Varian, Australia. Where indicated a Cary Win UV software package was used for
data acquisition and analysis. Fluorescence was detected with an Aminco-Bowman
Series 2 luminescence spectrophotometer from Spectronic Instruments, USA, and a
Fluostar Optima fluorescence plate reader from BMG Labtechnologies, Germany.
BC spectra were recorded either with a Brucker DPX 300 nuclear magnetic
resonance (NMR) spectrometer at 75 MHz, and subsequently analysed with 3.6
XWin NMR software, or a Brucker Advanced 500 NMR spectrometer at 126 MHz
and subsequently analysed with Topspin 1.3b software. Thin layer chromatography
(TLC) silica plates coated with Alugram SIL-G/UV,,, were from Macherey-Nagel,
Germany and visualised under multiband UV lamp (254/365 nm) from Upland,
USA. A Toledo 320 pH meter from Mettler Toledo, Switzerland or Hydrion pH

indicator paper (Sigma-Aldrich, UK) were used for pH measurements.

Gel permeation chromatography (GPC) was carried out with Waters
Ultrahydrogel 1000 and 250 columns (7.8 x 300 mm) in series, using a Gilson 133
refractive index (RI) detector (Gilson Inc, USA) and a Jasco PU-980 high-
performance liquid chromatography pump (Jasco UK Ltd, UK). Samples were
analysed with Caliber software (version 7.0.4) provided by Polymer Laboratories,
UK. Gravitational GPC was performed with Sephadex G25 from Amersham
Biosciences (Sweden) with PD10 columns or a 25 cm column with an internal
diameter of 1 cm. Likewise Sephadex LH20 from Amersham Biosciences (Sweden)
was used for gravitational GPC employing a 25 cm column with a 1.5 cm internal

diameter.

Spectra/Pore 7-regenerated cellulose dialysis membrane (Mw cut-off 2,000
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g/mol) was obtained from Spectrum Laboratories Inc, USA. Samples were freeze-
dried with a Flexi Dry FD-1.540 freeze-dryer from FTS Systems, USA connected to

a DD75 double stage, high vacuum pump from Javac, Australia.

2.2.2 Cell culture and subcellular fractionation

Costar cell culture consumables were purchased exclusively from Corning Inc,
USA with the exception of serological pipettes, bejous and universal containers
which were from Elkay, Ireland and 150 cm’petri dishes which were purchased from
Nagel Nuc Inc, Denmark. Galaxy S incubators and a Procell incubator were supplied
by Wolf Laboratories and Jencons-PLS, UK respectively whilst Bioair and
Microflow class II laminar flow hoods were from Bioair (Italy) and Servicecare, UK
respectively. For routine cell culture work an inverted DM IL Leica bright-field
microscope was used (Leica, Germany), and a silver-stained Neubauer
haemocytometer (Marienfeld, Germany) was used for cell counting. For cell scraping
and homogenisation a tailor-made rubber policeman and a cell cracker with precision
ball bearings were used, both from the European Molecular Biology Laboratory,
Germany. A Varifuge 3.0 RS with swing out rotor buckets (type 8080, r,,,, 21.1 cm)
and the Eppendorf 5417 R bench-top centrifuge with standard fixed angle rotor
(model 5417 C/R) were from Heraeus Instruments and Eppendorf, Germany
respectively. For ultracentrifugation studies thick-walled 6.5 ml polycarbonate

9.64 cm, r,,;, 6.57

max

centrifugation tubes were used in a Ti 50.4 fixed angel rotor (r
cm), both supplied by Beckman, USA. Samples were ultracentrifuged with an

Optima LE-80K centrifuge from Beckman Coulter, USA.

2.2.3 Flow cytometry, bright-field and fluorescence microscopy

A FACSCalibur flow cytometer (Becton Dickinson, UK) equipped with a
single argon laser (excitation wavelength 486 nm) was used for all flow cytometry
studies. Logarithmic-transformed data were acquired in 1024 channels with band

pass filters FL-1 (530 nm £ 30 nm), FL2 (585 nm % 42 nm) and FL-3 (670 nm long
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pass filter) and subsequently processed with Cell Quest software (version 3.3).
Epifluorescent images were viewed with an inverted Leica DM IRB fluorescence
microscope (Germany) with an incident 450 nm — 490 nm and long pass filter 515
nm (i.e. for doxorubicin-associated fluorescence) and captured with a 12-bit cooled
monochrome Retiga 1300 camera from Qimaging, Canada. Images were collected
and handled using Openlab software (version 3.0.9) from Improvision, UK. The
inverted Leica DM IRB microscope was also used to acquire bright-field images.
Images were processed as described. For confocal fluorescence microscopy, images
were captured with an inverted DM IRE2 microscope equipped with a A-blue 60 x
oil immersion objective and handled with a TCS SP2 system. Confocal images were
acquired at a 0.33 pm or 0.84 um section thickness for fixed and live cell images
respectively. Fluorophores were excited with an argon laser (488 nm) and blue diode
(405 nm) and emission wavelengths were collected at 425 nm — 473 nm (DAPI), 500
nm — 535 nm (OG/FITC) and 555 nm — 620 nm (doxorubicin). Each recorded image
consisted of 4 line scans to improve image quality. Images were captured at an 8-bit
grey scale and processed with LCS software (version 2.5.1347a, Leica Germany)
containing multicolour, macro and 3D components. Stacked images were maximum

projections composed of 10 — 16 single confocal slices.

2.3 Methods

Methods used in this thesis are described below, though where necessary
specific details are given in the related experimental chapters. Where appropriate,
buffers were made up in double distilled water as detailed in the Data for

Biochemical Research reference book (Dawson et al., 1986).

2.3.1 General cell culture procedures
Cell culture was carried out according to guidelines by The United Kingdom
Co-ordinating Committee on Cancer Research (UKCCCR, 2000), and all

manipulations with the exception of the centrifugation step, were performed in a
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class II laminar flow hood using sterilised consumables that had been
decontaminated with 70 %v/v ethanol. Cells were incubated and maintained in
incubators at 37 °C/5 % CO, with water humidifying trays containing copper II
sulphate unless otherwise stated. Cell-culture techniques described here are for

adherent cells.

Defrosting

Cells were obtained as a cryopreserved cell suspension from the supplier or
from personal stocks. Cells were rapidly thawed at 37 °C and then placed in a
universal container and centrifuged at 600 g for 4 min to remove the
cryopreservative. After centrifugation, the supernatant was decanted and replaced
with fresh medium containing 20 %v/v FBS (5 ml). The cell pellet was gently re-
suspended and centrifuged as described above. After the centrifugation, the
supernatant was decanted and the cells re-suspended by two passes through a 23
gauged needle in complete medium containing 10 %v/v FBS. The resulting cell
suspension was placed in a flask (25 cm®) and allowed to grow for 24 h. Cells were
then washed and supplemented with fresh medium and maintained as described

below.

Maintenance

Cells were maintained, subcultured and cryopreserved as summarised in table
2.1. Cells were subcultured twice weekly when they were > 70 % confluent by
removing the culture medium from the flask, washing the cells twice with phosphate
buffered saline (PBS 0.1 M; pH 7.4), and trypsinising the cells. Medium was added
to the cells, and the cell suspension was centrifuged at 600 g for 4 min. The
supernatant was decanted and the cells re-suspended in 10 ml of complete medium
with a 23 gauged needle and syringe. The resulting cell suspension was then used to
subculture the cells at the appropriate split ratio. Cell lines were kept for a maximum

of 30 passages before starting up a new batch of cells to assure that the cells were
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Table 2.1 Summary of culture conditions for B16F10 cells

Cell line  Origin Medium* Seeding Split ratio  Freezing
density Medium
(cells/ml)
B16F10 Mouse RPMI 1640 1x10* 1:10 90 % FBS
~ melanoma 10%FBS - 1x10° 10 % DMSO

# FBS sterilised by filtration
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always within the same passage range for all studies.

Counting

Cells were washed, trypsinised, and re-suspended in a known volume of
medium to form a cell suspension as described above. From this cell suspension, an
aliquot (100 pl) was removed and diluted by half with a 0.2 %w/v trypan blue
solution in PBS, mixed and allowed to stand for 1 min to stain dead cells. A
coverslip was placed onto the haemocytometer. Following the appearance of
Newtonian rings, the counting chamber was filled with the cell suspension and a total
of eight 0.1 mm’ squares were counted according to the manufacturers instructions
excluding any non-viable cells stained with trypan blue. Taking into account the

dilution factor, cell concentrations were determined.

Freezing

Cells were regularly frozen to maintain adequate stocks. The freezing medium
used is specified in table 2.1. Following the cell count, cells were re-centrifuged and
the resulting pellet was reconstituted as described above in freezing medium at 10°
cells/ml. Then 1 ml of cell suspension was added to a cryogenic vial, wrapped in
tissue paper and placed in a polystyrene box which was maintained at - 20 °C for 1 h,

then at - 80 °C overnight, and finally in liquid nitrogen the next day.

2.3.2 Growth curves using the MTT assay

Before testing cellular cytotoxicity of polymers and drug(s), it was important to
establish the growth rate of the cells to assure that studies were carried out during the
exponential growth phase. Cell proliferation was assessed by monitoring the
conversion of MTT to formazan. The reduction of MTT is catalysed by
mitochondrial dehydrogenase enzymes and hence a measure for cell viability (figure
2.1) (Mosmann, 1983). Briefly, cells (100 ul/well) were seeded into 96 well

microtitre plates and allowed to adhere for 24 h. Thereafter cellular viability was
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Figure 2.1 Outline of the reduction of MTT. Reduction of MTT to formazan is
irreversible and catalysed by enzymes of the respiratory chain and thus an indicator
for mitochondrial activity.
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assessed on a daily basis by adding 20 pl of filter sterilised MTT (5 mg/ml in PBS)
to a single row of six wells. Following a 5 h incubation period with MTT, wells were
drained and the blue formazan crystals dissolved in sterile DMSO (100 pl) by
incubating for 30 min and measuring the absorbance at 550 nm with an UV
absorbance plate reader. Only the inner rows of the microtitre plate were used for
these studies to minimise cell growth variations due to different medium evaporation
rates. Growth curves were constructed by plotting absorbance, blanked with DMSO,

against time. Typical growth curves for B16F10 cells are shown in figure 2.2.

2.3.3 Cytotoxicity assessment using the MTT assay

The previously described MTT assay for the in vitro screening of polymers and
cytotoxic agents was used in Chapters 4 and 5 to evaluate cytotoxicity of polymers
and drug(s) (Sgouras & Duncan, 1990). In brief, Cells (100 pl either 1 x 10° or 1 x
10*) were seeded into 96 well microtitre plates as before and left to adhere for 24 h.
The next day, the medium was removed from the wells and replaced with filter
sterilised complete medium containing polymer or drug. The plates were then
incubated with polymer solutions for either 67 h or 5 h. In the latter case medium
was removed following the incubation period and replaced with medium only and
further incubated. At 67 h, MTT (20 pl) was added to each of the wells and plates
were incubated for a further 5 h. Then all the medium was removed and replaced
with DMSO (100 pl), incubated for 30 min and read at 550 nm. Absorbance values
were blanked with DMSO and cells exposed to medium only were taken as 100 %

cell viability (i.e. control).

2.3.4 Cytotoxicity assessment using bright-field microscopy

Qualitative assessment of polymer cytotoxicity was made by bright-field
microscopy at selected concentrations as described in Chapters 4 (section 4.2) and 5
(section 5.2.3). In brief, B16F10 cells were seeded (1 x 10°) in glass bottom culture

dishes and allowed to attach for 24 h. Cells were then washed 3 times with PBS (pH
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Figure 2.2 Cell proliferation of B16F10 cells measured with the MTT assay. Cells
were seeded at a density of 1 x 10° cells/ml (@), and 1 x 10* cells/ml (O). (Data
represents mean * SEM n = 3, error bars are within plot symbols when not visible).
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7.4) and 1 ml of clear complete medium was added containing polymer. Cells were
incubated with polymer for 3 — 5 h under cell culture conditions and then visualised

for a maximum of 10 min.

2.3.5 Optimisation of the cell breakage efficiency of B16F10 cells

Cell breakage was quantified first to ensure that most cells (> 80 %) had been
homogenised in a controlled, uniform and reproducible manner (Chapter 3 section
3.2). Cells (1 x 10% were seeded in 150 cm? petri dishes and allowed to reach a ~ 80
— 90 % confluency over 2 — 3 days. (Cells were subsequently used for experiments as
indicated). Cells were then washed three times with PBS and in the presence of 5 ml
of fresh PBS cells were scraped off each petri dish. Cells were pooled and
centrifuged at 600 g for 4 min and the pellet was washed with 10 ml of PBS and
centrifuging again at 600 g for 4 min. The pellet was then washed with 5 ml of
homogenisation buffer composed of 250. mM sucrose, 10 mM HEPES, 1 mM EDTA
pH 7.4 and protease cocktail containing aprotinin (2 pg/ml), leupeptin (2 ug/ml),
pepstatin A (1 mg/ml) and PMSF (1 mM). Cells were pelleted by centrifugation at
1000 g for 6 min. The resulting pellet was re-suspended in homogenisation buffer at
2.5 fold the wet cell weight. The resulting cell suspension was subjected to passes
through the homogeniser (either syringe with 25 gauged needle or cell cracker with
ball bearings of different diameters) (figure 2.3). After each pass a 5 ul sample was
added to 1 pul of trypan blue and nuclei integrity assessed by bright-field microscopy.
To quantify cell breakage, 50 ul of sample was added to 250 pl of 250 mM sucrose,
vortexed for 30 s and centrifuged for 10 min at 2,000 g. To determine lactate
dehydrogenase activity which served as the reference value for 100 % breakage
efficiency, cells were vortexed and centrifuged in the presence of 0.1 %v/v Triton X-
100. After centrifugation 50 pl of supernatant was used to determine lactate
dehydrogenase activity as described (section 2.3.7). Determining the enzymatic

activity of B16F10 post nuclear supernatant (PNS) in the presence and absence of 0.1
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Il suspension

Figure 2.3 A cell cracker in its dismantled and assembled state.
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%v/v Triton X-100 assessed the effect of surfactant on lactate dehydrogenase

activity.

2.3.6 Differential centrifugation of BI16F10 cell homogenate

The fractionation procedure is described below together with the marker
assays used to characterise subcellular fractionations (figure 2.4). Details on the
validation of the marker assays can be found in Chapter 3 section 3.2. The protein
concentration of each fraction was between 0.11 — 1.79 mg/ml, with percentage

distributions listed in table 3.4 in Chapter 3.

Cells were grown, washed, harvested and re-suspended in homogenisation
buffer as described above. For fractionation studies 15 petri dishes (150 cm?) were
routinely used providing a total wet cell weight of 0.819 — 1.049 g. The pellet was re-
suspended in homogenisation buffer at 2.5 fold the wet cell weight. After gentle
homogenisation by 7 passes in a cell cracker (clearance 6 um), the cell suspension
was diluted with homogenisation buffer (4.2 fold original wet cell weight) (figure
2.4). From this homogenate, a small sample (~ 300 ul) was retained and used to
estimate the biochemical activity of the homogenate. To allow for the calculation of
enzyme marker recoveries in the factions, the homogenate was then weighed and the
total volume was calculated by using the density of the suspension (detailed below).
Next, the homogenate was centrifuged at 1,500 g for 2 min, the pellet was then
washed in homogenisation buffer (2 fold pellet weight) and centrifuged again to
obtain a nuclear pellet. The combined PNSs were subjected to a 3,000 g spin for 15
min. Again the pellet was washed with homogenisation buffer (2 fold pellet weight)
and subjected to a further 15 min spin at 3,000 g and denoted the mitochondrial
fraction. The combined supernatants were further centrifuged in sequence, first at
22,000 g for 10 min to obtain the lysosomal pellet, then at 100,000 g for 30 min to
obtain the microsomal pellet and the soluble fraction. (N.B. The microsomal pellet

commonly refers to vesiculated endoplasmic reticulum fragments and other pelleting
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Cells harvested by scraping in the presence of 5 ml PBS
Cell suspension washed with 10 ml PBS (spin for 4 min at 600 g)
PBS replaced and cells washed with 5 ml of homogenisation buffer
(spin for 6 min at 1000 g)

Add homogenisation buffer to cells
(2.5 x wet cell weight)

Break cells
(by 7 passage through cel cracker with 6 um clearance, then add

homogenisation buffer 4.5 x original wet cell weight)

Homogenate
L » Spin for 2min at
Wash pellet with ¢ 1,500 g Pellet:
homogenisation buffer Nuclear fraction

(2 x pellet weight) _
Combine supernatants

!

»  Spin for 15 min
at3,000g Pellet:

Mitochondrial fraction
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homogenisation buffer
(2 x peliet weight)
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v

Spin supernatant for 10 min at 22,000 g Pellet:
l Lysosomal fraction
Spin supernatant Microsomal and

for 30 min at 100,000 g soluble fractions

Figure 2.4 Fractionation scheme for B16F10 cells.
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vesicles of variable origin). Using pre-weighed tubes, all pellets were re-suspended
in homogenisation buffer, and subsequently analysed for marker assays described in
2.3.7. The final volume was calculated by dividing the total sample weight by 1.05,
which is the estimated density of such suspensions in 250 mM sucrose (De Duve et
al., 1955). All homogenisation, fractionation and washing procedures were carried

out at 4 °C.

2.3.7 Marker assays for characterising subcellular fractions
Protein assay: bicinchoninic acid (BCA)

The protein content of cell homogenates was determined to establish the
specific catalytic activity of enzyme markers and to estimate the recovery of protein
in subcellular fractions. Furthermore the protein content of subcellular fractions
served as an indicator to estimate the enrichment of markers in subcellular fractions.
The BCA procedure reported previously was used and scaled accordingly (Smith et
al., 1985). BCA reagent was added to a CuSO, pentahydride solution (4 %w/v) at a
ratio of 1 : 50 respectively, and 200 pl of this reagent was added to 20 ul of sample
(5 pl of fraction and 15 pl of homogenisation buffer) and incubated at 37 °C for 25
min. The absorbance of the copper-I-BCA complex was measured at 550 nm.
Calibration standards of BSA in homogenisation buffer treated identical to samples
were used to quantify the amount of protein in the fractions. The concentration range

test can be deduced from the calibration curve shown in figure 2.5 (panel a).

Nuclear marker DNA

DAPI binding to DNA was used to establish the subcellular distribution of
nuclei. Upon DAPI binding to A-T base pairs of DNA the fluorescence is enhanced
about 20 fold as compared with the fluorescence of the dye alone. The method
developed by Kapuscinski was used (Kapuscinski & Skoczylast, 1977) and scaled
accordingly. Briefly, 50 pl of DAPI (20 pg/ml in 250 mM sucrose) was added to

each fraction (25 pl) and the mixture diluted to 3 ml with 12 mM NaCl containing 5
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Figure 2.5 Calibration curves for the protein assay, DNA assay, plasma membrane
assay and lysosomal assay. (Data represents mean + SEM n=3, error bars are within
plot symbols when not visible).
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mM HEPES (pH 7.0). Fluorescence was excited at 358 nm and detected at 454 nm.
The amount of DNA was estimated with the calibration curve shown in figure 2.5

(panel b) using calf thymus DNA.

Plasma membrane marker alkaline phosphatase (EC 3.1.3.1)

Alkaline phosphatase activity was used to establish the subcellular distribution
of plasma membrane fragments. The substrate nitrophenyl phosphate is hydrolysed at
alkaline pH to nitrophenol which gives an intense absorption signal at 410 nm
(Bretaudiere & Spillman, 1984). The method described previously was used and
scaled accordingly (Graham, 1993). Briefly, to each 5 ml of p-nitrophenyl phosphate
(16 mM) and sodium borate-NaOH (50 mM; pH 9.8) 20 ul of MgCl, (1 M) was
added. To 200 pl of this assay mixture 25 pl of sample was added and incubated at
37 °C for exactly 30 min and stopped with 1 ml of NaOH (250 mM). Samples were
centrifuged at 8,000 g for 2 min and the absorbance of the supernatant was measured
at 410 nm. The amount of nitrophenol produced was calculated with the calibration
curve shown in figure 2.5 (panel c). For enzyme kinetics experiments, the amount of
p-nitrophenyl produced was monitored over fixed time points at 5 — 70 min at a
(homogenate) protein content of 0.04 — 0.17 mg. For each amount of protein, the
enzyme activity was calculated in milli-Units (nmol of substrate transformed per
min). All determined activities have then been plotted against protein content and a
straight line of best fit was applied. From this line the slope was determined, which

represented the specific enzyme activity (expressed as milli-Units per mg of protein).

Lysosomal marker N-acetyl-[3-glucosaminidase (EC 3.2.1.30)
N-acetyl-(-glucosaminidase activity was used to establish the subcellular
distribution of lysosomes. The substrate 4-methylumbelliferyl-N-acetamido-3-D-
glucosaminide is hydrolysed by the enzyme to yield highly fluorescent 4-
methylumbelliferone, which can readily be quantified (Stirling, 1983). The assay

described previously (Klemm et al., 1998) was slightly modified. To 50 ul of each
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fraction 250 ul of citrate phosphate buffer (200 mM; pH 5.0) was added followed by
75 ul of 250 mM sucrose containing 0.1 %v/v Triton X-100. To this 100 pl of 4-
methylumbelliferyl-N-acetamido-3-D-glucosaminide (5 mM) in 250 mM sucrose
was added and the solution was incubated for 1 min exactly. Following the
incubation period, 2.5 ml of glycine-NaOH (0.25 M; pH 10.4) was added to stop the
reaction. Liberated 4-methylumbelliferyl was quantified by exciting the fluorophore
at 357 nm and measuring the emission at 444 nm. Fluorescence values were blanked
with control samples containing either no biological material or substrate. The
amount of 4-methylumbelliferyl produced was calculated with the calibration curve
shown in figure 2.5 (panel d). For enzyme kinetics experiments the amount of 4-
methylumbelliferone produced was monitored over fixed time points at 0.25 — 2 min
at a (homogenate) protein content of 0.09 mg, 0.17 mg and 0.35 mg. The specific
enzymatic activity was calculated from the activity associated with 0.17 mg of
protein. This was done by fitting a straight line of best fit to the data points (product
formed vs. time). From this line the slope was taken as the specific enzyme activity
(expressed as milli-Units per mg of protein). For completeness, the enzyme activities
were also calculated at a 0.09 mg and 0.35 mg protein content and also included in

the plot.

Mitochondrial marker succinate dehydrogenase (EC 1.3.99.1)

Succinate dehydrogenase activity was used to establish the subcellular
distribution of mitochondria. The reduction of INT to formazan is catalysed by
mitochondrial dehydrogenase enzymes present at the inner mitochondrial membrane
(Schomburg et al., 1993). The basis of the tetrazolium-based assay is analogues to
MTT assay depicted in (figure 2.4). The assay described previously (Rickwood,
1992) was used and scaled accordingly. Briefly, to 250 ul of 20 mM Tris-HCI
containing 100 uM EDTA (pH 7.4), 50 ul of 200 mM succinic acid (adjusted to pH
7.4 with 5 M NaOH) was added, followed by 50 pl of freshly prepared INT (2.5

mg/ml in DMF). Finally 50 ul of each fraction was added and incubated at 37 °C for
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exactly 25 min. The reaction was stopped with the addition of 1 ml of ethyl
acetate/ethanol/trichloroacetic acid (5 : 5 : 1 v/v). Samples were centrifuged for 2
min at 8,000 g and the absorbance of the pink supernatant was measured at 490 nm.
Product concentration was determined by using the extinction coefficient for INT
derived formazan (g = 1.941 | x mmol™ x mm™) (Méllering et al., 1978). For enzyme
kinetics experiments, the amount of formazan produced was monitored over fixed
time points at 5 — 40 min at a (homogenate) protein content of 0.10 — 0.38 mg. Data

were analysed as detailed for alkaline phosphatase.

Cytosolic marker lactate dehydrogenase (EC 1.1.1.27)

Lactate dehydrogenase activity was used to establish the subcellular
distribution of cytosol. The assay also formed the basis to quantify cell breakage by
monitoring lactate dehydrogenase leakage. Lactate dehydrogenase catalyses the
oxidation of NADH to NAD"* by consuming pyruvate, which is converted to lactate.
The enzymatic reaction can thus be followed by monitoring the disappearance of
NADH at 339 nm (Schomburg & Stephen, 1995). The procedure described
previously was used (Vassault, 1984). A freshly prepared solution containing 81 mM
Tris-NaOH (pH 7.2), 203 mM NaCl, 244 uM NADH and 10 mM pyruvate (pyruvic
acid sodium salt) was allowed to equilibrate at 30 °C. Next, 3 ml of this solution was
added to a thermostatically controlled cuvette (30 °C) followed by 50 ul of sample.
The solution was mixed and the decrease in absorbance was continuously recorded
over 1 min at 339 nm. The decrease in absorbance over the linear region of the curve
(0 — 25 s) was used to determine breakage efficiency (section 2.3.5), lactate
dehydrogenase activity in the fractions and specific enzyme activity. The specific
enzyme activity was assessed as detailed for alkaline phosphatase at a 0.04 — 0.25 mg
(homogenate) protein concentration range (expressed as milli-Units per mg of
protein) and the amount of NADH consumed was calculated by using the extinction

coefficient for NADH (e = 0.631 1 x mmol”' x mm™).
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Presenting marker distribution in fractions

Histograms were plotted with the five fractions presented on the abscissa in the
order they were isolated with the length of the blocks proportional to their protein
content. The ordinate displayed the enrichment of the respective marker, which was
expressed as the relative specific activity (RSA). RSA is the percentage of
activity/content recovered in the fraction over the percentage of protein of the same

fraction. Enrichment of the marker is indicated by a RSA > 1.

2.3.8 Measurement of PK1 and doxorubicin in subcellular fractionations
Direct measurements of doxorubicin-associated fluorescence

These experiments aimed at investigating fluorescence quenching in
subcellular fractions and are detailed in Chapter 4 section 4.2. B16F10 cells were
grown as described in section 2.3.5. Culture medium was aspirated and replaced with
10 ml of fresh medium containing PK1 at 0.1 mg/ml (6.6 x 10° mg/ml of
doxorubicin-equivalence) and incubated for either 15 min or 5 h. Following the
incubation period, cells were placed on ice and processed as described in 2.3.6.
Fractions were analysed for doxorubicin-associated fluorescence by direct
measurements and by serial dilutions of subcellular fractions in PBS (pH 7.4).
Measurements were performed with a fluorescence plate reader with an excitation set

at 480 nm and emission at 590 nm.

Quantification of doxorubicin-associated fluorescence by extraction

A previously described extraction procedure for doxorubicin (Bachur et al.,
1970) was employed to estimate drug concentrations in subcellular fractions
(Chapter 4, section 4.2). Cells were cultured, incubated with drug (6.6 x 10~ mg/ml
doxorubicin-equivalence), and subsequently processed as described above. Drug was
extracted from fractions using a 0.3 N HCI 50 %v/v ethanolic solution ata 1 : 2 v/v
sample : buffer ratio, samples were vortexed for 20 s and centrifuged at 10,000 g for

5 min. The supernatant was aspirated and the biological sample was subjected to a
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second extraction procedure using the same volume of extraction buffer as before.
The supernatants were combined and measurements were performed with a
fluorescence plate reader with an expitation set at 480 nm and emission at 590 nm.
Drug content was estimated by constructing appropriate calibration curves using the
same buffer composition as for biological samples (figure 2.6). Recovery was
calculated by analysing the amount of drug in the homogenate and in the fractions.
To determine the suitability of the method to quantify doxorubicin-associated
fluorescence, B16F10 cell homogenate was spiked with doxorubicin or PK1 to a
final concentration of 0.2 — 212 pg doxorubicin-equivalence/mg protein. From this
homogenate samples were subsequently extracted as detailed above. Recovery was
estimated using standards prepared in homogenisation buffer, which were subjected

to same extraction procedure.

2.3.9 Confocal and epifluorescence microscopy

The subcellular distribution of fluorescently labelled polymers was
qualitatively assessed in Chapter 4 (section 4.2) and Chapter 5 (section 5.3.2), where
specific experimental conditions can be found. Autoclaved glass coverslips were
flamed and placed into 6 well plates. Cells were then seeded (1 x 10° cells/well) and
left to adhere to the coverslips for 24 h. To assess the subcellular localisation of
polymers, cells were incubated for either 15 min, 1 h or 5 h with 1 ml of clear
complete medium containing the fluorescent probe. Following the incubation period,
cells were placed on ice and washed three times with ice cold PBS (~ 4 ml). Cells
were then fixed for 20 min on ice with 3 %w/v paraformaldehyde in PBS (1 mi).
Following fixation, cells were washed a further three times with PBS (~ 4 ml).
Coverslips were then lifted out of the wells, dipped in PBS and then H,0 and
mounted on microscope slides with 6 ul of Dako mounting medium. To stain nuclei,
Vectashield mounting medium containing DAPI was diluted with Dako mounting
medium at 1 : 10 %v/v ratio. Slides were then sealed with clear nail polish and stored

at 4 — 8 °C and viewed within 24 h. For live cell imagining, 1 x 10° cells were seeded
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Figure 2.6 Standard curves for PK1 and doxorubicin to determine drug
concentrations in biological samples. (Data represents mean + SEM n=3, error bars
are within plot symbols when not visible).
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in glass bottom culture dishes. Cells were treated as described above, though
omitting the fixation steps and performing all washing steps at 25 °C. Finally clear
complete medium was added to the dish and cells were subsequently visualised for a
maximum of 30 min. Cells were viewed with either an inverted epifluorescence
microscope with the appropriate filter settings and by manually adjusting the gain or

by confocal laser scanning microscopy.

2.3.10 Flow cytometry: determination of cell viability using fluorescent probes

To allow for the exclusion of non-viable cells and debris from the analysis by
flow cytometry, the viable cell population had to be determined first. Since viable
cells have different scatter characteristics to non-viable cells, the scatter plot was
used to select the viable cell population. To aid this process, viable and non-viable
cells were labelled with fluorescein and.PI respectively. Following the diffusion of
FDA into cells, non-specific cellular esterases convert the non-fluorescent FDA
substrate into fluorescein (figure 2.7). The green fluorescent fluorescein is charged at
the cytosolic pH and thus trapped and detected within cells containing an intact
plasma membrane (i.e. viable cells). Conversely, PI does not gain access into cells
with an intact plasma membrane and hence is excluded from viable cells. However,
the fragmenting plasma membrane of dead or dying cells allows access of PI, which
upon binding to nucleic acid fluoresces red. The method described by Ormerod
served as a basis to determine viable cells in the scatter plot (Ormerod, 2000).
Briefly, cells were seeded in 6 well plates, allowed to attach and reach a cell density
of 1 x 10%cells/well. Cells were then washed three times with PBS (~ 4 ml), and in
the presence of 1 ml of PBS cells were scraped off each well and placed into Falcon
tubes. Detached cells were centrifuged at 600 g for 4 min and the supernatant was
decanted. To each pellet 100 pl of FDA (stock of 100 pug/ml prepared in acetone and
diluted in PBS pH 7.4 to a working stock of 100 ng/ml) and 100 pl of PI (100 pg/ml
in PBS pH 7.4) was added. The pellet was then gently re-suspended with a pipette

and the cell suspension was incubation for 15 min under cell culture conditions.
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FDA
(non-fluorescent and non-ionic)

Hydrolysis of FDA by
cellular esterases

Fluorescein
(fluorescent, and charged at
cytosolic pH)

Figure 2.7 Hydrolysis of FDA to fluorescein. Fluorescein is charged at the cytosolic
pH and hence retained by viable cells.
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Following the incubation period cells were immediately analysed by flow cytometry.
For B16F10 cells, forward and side scatter was always set to 290 and E-1
respectively and a total of 10* events were counted. Fluorescence emission was
detected at 530 nm (FL-1) and 630 nm (FL-3) for fluorescein and PI cell-associated
fluorescence respectively using logarithmic signal amplification. In the scatter plot,
only viable cells were selected (i.e. gated) to exclude non-viable cells. A plot of
green fluorescence (viable cells) versus red fluorescence (non-viable cells) confirmed
the suitability of the gate to identify viable cells (figure 2.8). This gate was used for

all uptake and exocytosis studies in B16F10 cells.

2.3.11 Uptake of fluorescently labelled polymers

Flow cytometry was used in Chapters 4 and 5 to assess cell-association and
cellular pharmacokinetics of selected -polymers. Incubation times and polymer
concentrations used are detailed in sections 4.2 and 5.2.3 of the respective Chapters.
Cells were always grown in 6 well plates and incubated with 1 ml of medium as
described above. Polymer samples were dissolved in complete medium and allowed
to reach 37 °C or 4 °C for studies under cell culture conditions or ice respectively.
For uptake studies performed at 37 °C, cells were maintained under cell-culture
conditions during the incubation period. To determine external binding, cells were
pre-chilled on ice for 25 min before commencing the study. At the start of the study
cells were then washed with PBS (1 ml) and 1 ml of polymer solution was added per
well. Following the incubation period at either 37 °C or 4 °C, cells were always
maintained at 4 °C for the rest of the experiment. Cells were harvested as described
above (2.3.10) and detached cells were centrifuged at 600 g for 4 min, the
supernatant was decanted, replaced with 200 ul of PBS and the pellet gently re-
suspended with a pipette. Within 30 min of sample preparations cell-associated
fluorescence was measured. Control cells were used each time to account for cell
auto-fluorescence. Besides the inclusion of untreated cells in every experiment,

control experiments for all polymers were carried out with unlabelled polymers (i.e.
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Figure 2.8 Flow cytometry plots of B16F10 cells incubated with FDA and PI to
assess cell viability. Panel (a) dot plot with gates (R1 = non-viable cells; R2 = viable
cells). Panel (b) dot plot of green fluorescein derived fluorescence versus red PI
derived fluorescence (no gate applied). Panel (c) dot plot following gating (R1) of
cells in the scatter plot. Note the disappearance of PI positive cells.
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not fluorescent) to assess possible changes in cell granularity, size and
autofluorescence. Forward and side scatter was set to 290 and E-1 and a total of 10*
events were counted in the viable gate. Fluorescence emission was detected at 530
nm (FL-1) and 590 nm (FL-2) for OG/FITC and doxorubicin cell-associated
fluorescence respectively using logarithmic signal amplification. Data were analysed

as described below.

2.3.12 Analysis of flow cytometry data

For all flow cytometry experiments, cell-associated fluorescence was
acquired using log amplification to improve peak symmetry and to accommodate
large differences in cell-associated fluorescence. Due to log transformation of the
signal, data analysis was also required to be carried out on the transformed data
(Daly & Bourke, 2000). Thus to establish the central location of the population the
geometric mean was used, which equates to the median of the original data
(providing that the distribution of the log-transformed data is perfectly symmetrical)
(Daly & Bourke, 2000). The use of the median as a measure of uptake was
considered preferable to the arithmetic mean, due to its true mid-point measure of the
total population. More specifically, the geometric mean of the viable cell population
exposed to polymer (Gy poyme) Was used to assess uptake/binding. For each
experiment, the geometric mean of viable control cells (Gy ¢y (i-€. NOt exposed to
polymer) was also determined. Therefore by correcting for background fluorescence,
cell-associated fluorescence was determined according to equation (1).

Cell-associated fluorescence (AU)= Gy pgiymer - Gv control Equation (1)

2.3.13 Exocytosis of fluorescently labelled polymers

Exocytosis experiments were used in Chapter 5 to determine the overall
cellular pharmacokinetics of polymers. Briefly, cells were prepared as described, and
incubated with polymers for 2 h. Following the 2 h “loading period”, cells were

rinsed three times with PBS (1 ml) and immediately incubated for 5 — 60 min with
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complete medium only. Cells were then prepared for analysis as described above.

2.3.14 Inhibitor assays for macropinocytosis, clathrin-mediated and cholesterol-
dependent pinocytosis

Preliminary experiments investigating the route(s) of polymer internalisation
into B16F10 cells have been described in Chapter 5 section 5.2.3 and were based on
the method described previously (Manunta et al., 2004). The pharmacological
inhibitors M3CD, chlorpromazine and wortmannin were selected to block mainly
cholesterol-dependent (Rodal et al., 1999), clathrin-mediated (Orlandi & Fishman,
1998; Wang et al., 1993) and phosphoinositide 3-kinase-dependent (Araki et al.,
1996; Shepherd et al., 1995) macropinocytosis respectively. Although MBCD is
commonly used to inhibit cholesterol-dependent uptake (Hailstones et al., 1998;
Orlandi & Fishman, 1998; Puri et al., 2001), inhibition of clathrin-mediated
pinocytosis has also been reported (Rodal et al., 1999; Subtil et al., 1999).
Chlorpromazine is thought to inhibit coated pit assembly at the plasma membrane
(Wang et al., 1993), whereas MBCD selectively extracts cholesterol from the plasma
membrane (Ilangumaran & Hoessli, 1998) and wortmannin by interfering with the
completion of macropinocytosis (Araki et al., 1996). Stocks of wortmannin (1 mM)
were prepared in DMSO and stored at — 20 °C until use, and a fresh stock of
chlorpromazine (1 mg/ml) in MeOH was prepared each time before use. Before each
experiment working stocks (10 ml) were prepared with ice cold, serum-free RPMI
medium at a final concentration of 100 nM for wortmannin (Wang et al., 1993) and
10 ug/ml for chlorpromazine (Goncalves et al., 2004). Serum was not included to
eliminate possible interference with the assays. Likewise MBCD was prepared with
serum-free medium at final concentration of 10 mM (Rodal et al., 1999). B16F10
cells were grown in 6 well plates as described above. To pre-incubated cells with one
of the inhibitors, cells were washed three times with PBS (pH 7.4) and 1 ml of the
respective (working) stock solution was added per well. Plates were transferred to a

37 °C water bath for 30 min. Thereafter cells were washed once with PBS, and 1 ml
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of serum-free medium was added and cells were transferred to an incubator for 30
min. Following the incubation period, medium was replaced with serum free media
(1 ml) containing polymer conjugates. Cells were incubated for 1 h and then
prepared for analysis by flow cytometry as described above. Background
fluorescence was assessed using control cells exposed to inhibitor treatment only and

data were analysed as described in 2.3.12.

2.3.15 Characterisation of polymers

All polymers used in this thesis were subjected to a preliminary
characterisation, which included the determination of the weight and number average
molecular weights (Mn) to estimate polymer polydispersity. Where applicable,
cationic polymers were also assayed for their 1°, 2° and 3° amine content using
invefse-gated BC NMR, and colorimetric tests described below. Further details of the
methods and a summary of polymer characteristics (tables 5.3 and 5.4) can be found

in Chapter 5.

Aqueous GPC for characterisation of polymers

All cationic polymers were analysed using an aqueous 0.5 M acetic acid
(NaOAc/OHAc) mobile phase (pH ~ 4.5). The mobile phase was first filtered
through a 0.22 um Micropore filter and then sonicated for 30 min to remove
dissolved 0,. For dextran, PBS (0.1M; pH 7.4) was used as the mobile phase and
subjected to filtration and sonication as described above. The system was purged
with the appropriate mobile phase and the baseline was allowed to stabilise before
polysaccharide standards (Mw = 738 — 47,300 g/mol), 250 mM sucrose, and samples
(5 mg/ml) were injected through a 20 ul sample loop. All injected materials were
dissolved in the mobile phase, and passed through a 0.22 um filter. The flow rate was
set to 1.0 ml/min and the run time was 30 min. PVP (1.3 x 10° g/mol) and sucrose
were used to identify the void (V,) and bed (V) volumes of the column respectively.

Polysaccharide standards were used to construct a standard curve of Mw against
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retention time and samples were subsequently analysed using Caliber software

(figure 2.9).

Characterisation of cationic polymers with the ninhydrin assay

The ninhydrin reagent reacts with primary amines to produce an aldehyde blue
complex (figure 2.10, panel a) that can be quantified spectrophotometrically (Moore,
1968). Thus the assay has here been used to quantify the amount of primary amine
groups present in commercial PAMAM dendrimers and PEI. In brief, a 4 M aqueous
lithium acetate buffer was freshly prepared and the pH adjusted to 5.2 with glacial
acetic acid. Ninhydrin reagent (ninhydrin 2.0 %w/v, hydrindantin 0.3 %w/v) was
freshly prepared in DMSO/lithium acetate buffer at a 3 : 1 ratio and protected from
light. Aqueous samples and calibration standards (3-amino-1-propanol) were mixed
with the ninhydrin reagent at equivolumes-in glass test tubes and boiled at 100 °C for
15 min. The test tubes were then cooled on ice and 3 ml of an ethanolic solution (50
%v/v) was added to the mixtures and the absorbance measured at 570 nm. Readings
were background corrected with water, which otherwise had been treated identically
to the samples. Using a standard curve of 3-amino-1-propanol (figure 2.10, panel a),
the number of terminal amine groups of polymers and PAMAM dendrimers were

identified and compared with the theoretical number.

Characterisation of cationic polymers with the T NBS assay

TNBS reacts with primary amines to produce a highly chromogenic
derivative that can be readily quantified by measuring its absorbance at 420 nm
(figure 2.10, panel b). In the present study the assay was used to quantify the content
of primary amines of PEI and PAMAM dendrimers using the previously described
method (Snyder & Sobocinski, 1975). Briefly, polymers and 3-amino-1-propanol
calibration standards were dissolved in MeOH and to 20 ul of sample, 10 pl of
TNBS (17 mM) was added followed by 200 ul of borate buffer (0.1 M sodium

tetraborate adjusted to pH 9.3 with boric acid). Samples were incubated at 25 °C for
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Figure 2.9 Typical GPC calibration curves for polysaccharide standards using PBS
and NaOAc/OHAc as mobile phase.
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Figure 2.10 Outline of the ninhydrin and TNBS reaction where primary amines are
detected due to the formation of highly coloured derivatives. Primary amines can
originate form small organic molecules (e.g. 3-amino-1-propanol) or polymers (e.g.
PAMAM G4). Panel (a) ninhydrin reaction, panel (b) TNBS reaction.
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30 min and the absorbance was measured at 420 nm. Readings were background
corrected with MeOH, which otherwise had been treated identically to the samples.
Using the standard curve for 3-amino-1-propanol, the number of primary amine

groups per polymer was estimated (figure 2.10, panel b).

Characterisation of cationic polymers by inverse-gated ’C NMR

Inverse-gated *C NMR was also used to provide quantitative information for
1°, 2° and 3° amines. The experimental conditions chosen were based on those
previously used for branched PEI (Pierre & Geckle, 1985; Von Harpe et al., 2000)
and PAMAM dendrimers (Meltzer et al., 1992). In brief, NMR analysis at 75 MHz
was performed at room temperature using 50 mg of PAMAM G2 and G3 and 25 mg
of PAMAM G4 in D,0. To provide better spectral resolution, branched PEI (100 mg
in DZIO) was analysed at 40 °C at 126 MHz. All samples were subjected to an
inverse-gated *C zgig30 pulse sequence. A spin lattice relaxation time (T,) of 5 s
was used to minimise the nuclear Overhauser effect since the longest T;s were 700
ms and 665 ms for PAMAM G2 and PEI respectively. By doing so, quantitative
signal accumulation was achieved and spectra were recorded with a minimum of
7000 scans. From "*C NMR spectra the content of amine groups for PEI and
PAMAMSs was calculated using signal intensities (A) for the corresponding °C,
according to equation (2) and (3) respectively. (Subscript numbers correspond to the
assigned chemical shifts of the spectrum as shown in the Results section of Chapter
5). It is noteworthy that the two identical carbons bonded to each 2° amine resonate,
raising the intensity to twice that of actual content of 2° amines. Thus the intensity is
corrected by dividing by a factor of 2. Likewise, for 3° amines the direct linkage of
three identical carbons per amine gives a 3 fold rise in signal so values are corrected
by a factor of 3.

1°:2°:3°= (A, + Ap) : [(A, + A, + AJ2] : [(A, + A, + A,)/3] Equation (2)
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For PAMAM dendrimers, the amine ratios were calculated with formula (3) using

signal intensities of the corresponding carbons:

1°:2°:3°=A;:0:[(A,+ A)/3] Equation (3)

2.3.16 Statistics

Statistical significance was assigned to p < 0.1 — 0.01 and calculated using a
two-tailed Student’s t-test (paired/unpaired as indicated) for the comparison of two
samples, and one-way analysis of variance (ANOVA) when more than two samples
were compared followed by Bonferroni post-hoc analysis. Where indicated, standard
error of the mean (SEM) for data points was calculated and the number (n) of

experiments/replicates are given as indicated.
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Chapter 3 Establishing a subcellular fractionation method in BI6F10 cells

3.1 Introduction

Although pioneering work of Trouet and co-workers in the 1970s and ‘80s
employed fractionation methods for murine L1210 leukaemic cells (Zenebergh et al.,
1981) and rat embryo fibroblasts (Tulkens et al., 1974) to quantify intracellular
trafficking of doxorubicin/daunorubicin-DNA complexes for lysosomotropic
delivery (Peterson et al., 1979; Noel & Trouet, 1976) (reviewed in Trouet & Jolles,
1984), subcellular fractionation has rarely been used in drug delivery (table 3.1). To
date most studies investigating the intracellular trafficking of polymers and polymer
therapeutics have used confocal microscopy (table 1.3 and 1.5). Nonetheless,
fluorescence-based microscopy techniques have major limitations. In particular,
quantification is limited by small sample size, optical resolution of the microscope
and not least use of fluorescent probe. This can be subject to photo bleaching,
concentration and pH-dependent fluorescence quenching. In general conventional
confocal microscopy has a resolution limit ~ 180 nm, though new specialised

techniques are providing now a resolution of ~ 28 nm in live cells (Hell, 2003).

The simplicity and quantitative nature of subcellular fraction by differential
centrifugation makes it an ideal tool to monitor the intracellular trafficking of
polymer therapeutics since it can overcome the limitations associated with
fluorescence microscopy. However, the main disadvantages of the technique include
the need to tailor and characterise the method to each cell line. Furthermore detailed
kinetic analysis of polymer therapeutics are laborious due to the discontinuous nature
of the method and the need for large cell numbers. Despite the disadvantages
associated with fractionation studies, it was considered important to establish a
method for the subcellular quantification of polymer therapeutics. Key points to a
meaningful fractionation method in B16F10 cells are considered below. However,
the rationale for selecting B16F10 murine melanoma cells for these studies is

considered first (Fidler, 1973; Fidler, 1975).
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Table 3.1 Summary of subcellular fractionation studies used to monitor the trafficking of macromolecular drug delivery systems

Monitoring Fractionation methodology Cell line/organ Findings & Comment Reference
trafficking of
HPMA copolymer Percoll” density A2780 Enhance uptake for targeted conjugate (Tijerina et al., 2003)
Mce, conjugated centrifugation compared to untargeted conjugate.
targeted with NLS
HPMA copolymer Percoll” density A2780 There appears to be a cytoplasmic and (Nori et al., 2003b)
with TAT centrifugation nuclear accumulation of polymer conjugate,

though study does not take into account

possible re-distribution of probe during

subcellular fractionation. Method reported

by Zaro & Shen (2003) would be more

appropriate.
HPMA copolymer Percoll® density A2780 No specific data presented in paper (Nori et al., 2003a)
with TAT centrifugation
HPMA copolymer Percoll® density A2780 Lysosomal delivery and release of Mce, (Tijerina et al., 2001)
Mce; centrifugation form tetrapeptide linker. Poor

characterisation and validation of
fractionation method, since used in a
number of additional studies.

£ 421dpy>
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Table 3.1 Continued

Monitoring
trafficking of

Fractionation methodology

Cell line/organ

Findings & Comment

Reference

Polyamidoamine
(ISA 1 and 4)

Branched
(Mw = 25,000 g/mol)
PEI-*S-DNA

Branched PEI
(Mw = 25,000 g/mol)

Differential pelleting

Sucrose gradient”
centrifugation

Differential and sucrose
gradient’ centrifugation

Rat liver

Rat liver

Rat liver

Time (30 — 60 min) and dose-dependent
disruption of lysosomes.

Lysosomal transfer reduced by complexing
DNA with PEI. Smaller complexes more
rapidly trafficked to lysosomes than larger
ones.

Early after injection (5 min) PEI exhibits
distribution pattern similar to plasma
membrane, later (4 h — 4 days) there is
lysosomal accumulation. First study to
investigate subcellular distribution of PEI by
isopycnic and differential centrifugation.

(Pattrick et al., 2001)

(Wattiaux et al., 2000)

(Lecocq et al., 2000)

£ 421dvy)
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Table 3.1 Continued

Monitoring
trafficking of

Fractionation methodology Cell line/organ

Findings & Comment

Reference

S-DNA + PDL or
PLL (Mw = 75,000 —
150,000 g/mot)

3S-DNA = 6 different
lipids*

%S-DNA + DOTAP

Differential and sucrose Rat liver
gradient® centrifugation
Differential and sucrose Rat liver
gradient® centrifugation
Differential and sucrose Rat liver

gradient* centrifugation

Same extent of polyplex uptake of D- and L-
stereoisomers into Kupffer cells. Retention
of D-polyplex in non-lysosomal
compartment for longer (4 — 14 h) than L-
polyplexes, where significant degradation
occurred after 4 h. First paper to address
importance of stereochemistry for polymer
therapeutics and intracellular trafficking.

Intracellular trafficking of all lipoplexes to
lysosomes significantly reduced over 1 -5 h
time course when compared to **S-DNA
only. At 14 h, lipoplexes exhibited similar
profile as **S-DNA.

No differences in uptake of **S-DNA +
DOTAP; intracellular trafficking of
lipoplexes to lysosomes significantly
reduced over experimental time course (60
min) when compared to *>S-DNA only.

(Laurent et al., 1999)

(Wattiaux et al., 1996)

(Wattiaux et al., 1995)

£ 421doy)
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Table 3.1 Continued

Monitoring
trafficking of

Fractionation methodology

Cell line/organ

Findings & Comment

Reference

Free and polymer
(HPMA) bound

daunomycin

HPMA copolymers
with pendent
galactosamine
residues (1.0 - 11.6
mol%)

Cationic HPMA
copolymer

Daunorubicin,
doxorubicin and
respective DNA
complexes

Differential centrifugation

Percoll” density
centrifugation

Percoll” density

centrifugation

Differential and sucrose
gradient® centrifugation

Rat liver

Rat liver

Rat liver

Rat ventricles

Demonstrated lysosomal accumulation of
polymer drug conjugate.

The most highly substituted polymer (11.6
mol%) accumulated in the liver (80 — 90 %
of initial dose) and was trafficked into
lysosomes within 60 min.

Extensive accumulation in the liver with a
slow transfer to lysosomes (58 % over 60
min).

Accumulation of free and DNA complexed
daunorubicin in nucleus and to a lesser
extent in lysosomes. Free or DNA
complexed doxorubicin only found in the
nucleus. Study does not differentiate
between free and complexed drug.

(Wedge et al., 1991)

(Duncan et al., 1986)

(McCormick et al.,
1986)

(Blanchard et al., 1981)

£ 421dvy>H
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Table 3.1 Continued

Monitoring
trafficking of

Fractionation methodology Cell line/organ

Findings & Comment

Reference

Daunorubicin-DNA
complexes

Differential pelleting and  Cultured rat
sucrose gradient® embryo
centrifugation fibroblasts

Localisation of daunorubicin in lysosomes
and nuclei, though no differentiation
between free and complexed drug.

(Peterson et al., 1979)
(Noel & Trouet, 1976)

* Percoll used for isopycnic gradient centrifugation.
# Isopycnic equilibrium centrifugation where separation is dependant on the buoyant densities of the particles.

¢ Perfect transfection kit, nature of lipids not given by Invitrogen.

€ 421doy)
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Chapter 3 Establishing a subcellular fractionation method in BI16F10 cells

Rationale for selecting BI16F10 cells

B16F10 cells have been used over the last 20 years in our laboratory as an in
vitro and in vivo model to study the anticancer effects of a large number of polymer
anticancer conjugates. For example, this was one of the preclinical screening models
used to determined the in vivo antitumour activity and pharmacokinetics of PK1
(Duncan et al., 1992; Seymour et al., 1994), and the characteristics of the enhanced
permeation and retention (EPR) effect with tumour size (Sat, 1999) and Mw
(Seymour et al., 1995). PK1 subsequently progressed into clinical trial (Vasey et al.,
1999). This murine melanoma model was also used to evaluate HPMA copolymer
platinates, assisting the selection of 2 compounds (Gianasi et al., 2002; Gianasi et al.,
1999) for Phase I clinical testing (Nowotnik, 2004), and the first dendrimer
anticancer agent, a PAMAM G 3.5 — platinate (Malik et al., 1999). B16F10 cells are
currently also used to elucidate the subcellular distribution and activity of poly-L-
glutamic acid paclitaxel (Shaffer & Singer, 2004), which is destined to be the first
polymer-drug conjugate to reach the market. In addition to the strong track record of
B16F10 cells in the development of clinical candidates, they have also been used to
study polymer cytotoxicity (Malik et al., 2000), transfection efficiency (Mounkes et
al., 1998; Ogris et al., 1998; Wightman et al., 2001) and intracellular trafficking in

vitro (Rejman et al., 2004).

Development of a subcellular fractionation method by differential centrifugation

Cell breakage, fractionation and characterisation of subcellular fractions are
three key steps in the development of a subcellular fractionation procedure. Cell
breakage will be considered first. A number of techniques are available to
accomplish cell breakage, which either utilise liquid shear (e.g. Dounce, Potter-
Elvehjem, cell cracker, needle attached to syringe), mechanical shear (e.g. Polytron)
or gaseous shear (e.g. “nitrogen bomb”) (Evans, 1992). Although homogenisation
methods are ultimately dictated by cell type and amount, liquid shear is most

commonly used for homogenisation of cultured cells and “soft” tissues (e.g. liver,
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Chapter 3 Establishing a subcellular fractionation method in BI6F10 cells

brain) (table 3.2) (Graham, 1997). In the present study disruption by liquid shear was
selected, as B16F10 cells have previously been homogenised by this mechanism
(Rozhin et al., 1987; Seiji et al., 1963; Wade et al., 2001). Adequate cell breakage (>
80 %) is an absolute requirement for quantitative studies to provide data
representative for the cell population. However, homogenisation conditions must be
gentle enough to avoid excessive damage to subcellular membranes. Thus
homogenisation conditions need to be standardised and tailored to each cell line to
ensure the reproducibility and suitability of the method (Evans, 1992). Following cell
breakage major cellular components can be readily separated by differential
centrifugation. Both the time and the magnitude of the gravitational force acting on
those particles in suspension dictates whether a stable pellet can be formed (Graham,
1997; Spragg & Steensgaard, 1992). In practice, successively smaller cellular
components are pelleted (nuclei > - mitochondria > lysosomes/endosomes >
microsomes) by increasing the centrifugal force and possibly run times. Examples of
differential centrifugation conditions are summarised in table 3.2 and served as a

basis for the present study.

Following differential centrifugation fractions need to be characterised.
Frequently organelle specific markers, such as enzymes, are used to quantify the
distribution in the fractions (table 3.3). For historic reasons (Bainton, 1981) the
specificity of these enzymes has been well documented in rat liver (Amar-Costesec
et al., 1974b; Appelmans et al., 1955; Beaufay et al., 1974; Beaufay et al., 1964;
Claude, 1946; De Duve et al., 1955; Leighton et al., 1968). However, subcellular
distribution of those markers might be altered in other biological systems, in
particular when dealing with neoplastic tissues. The lysosomal enzyme cathepsin B
for example is also associated with the plasma membrane in human breast
carcinomas (Poole & Tiltman, 1978), colorectal adenoma (Talieri et al., 2004) and
B16 variants (Rozhin et al., 1987; Sloane et al., 1982; Sloane et al., 1986). However,

there appears to be a number of universal markers such as DNA, succinate

90



16

Table 3.2 Examples of homogenisation and differential centrifugation methods reported in literature

Cell line/ Homogenisation Number = Washing Centrifugal forces Method Comment Reference
organ method of of & derived form
fractions* fractions® run times
Rat liver Potter- 5 1-4 1,500 g 4 min* - Basis of numerous (De Duve et
Elvehjem 3,000 g 11 min* subcellular fractionation  al., 1955)
25,000 g 10 min* methods, wide range of
100,000 g 30 min* enzyme assays used.
B16 mouse  Potter- 5 2 700 g 10 min - Separation and (Seiji et al.,
melanoma Elvehjem 11,000 g 10 min characterisation of 1963)
grown in 15,000 g 10 min melanosomes.
C57 mice 105,000 g 60 min
Cultured Dounce 5 1-5 See above (De Duve et  Seminal study for (Lopez-Saura
HTC cells al., 1955) cultured cells. et al., 1978;
Lopez-Saura
et al., 1972)

£ 421dvy)
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Table 3.2 Continued
Cell line/ Homogenisation Number = Washing Centrifugal forces Method Comment Reference
organ method of of & derived form
fractions* fractions® run times
Cultured rat  Dounce 5 1-4 See above (De Duve et  Seminal study for (Tulkens et
embryo al., 1955) cultured cells. In some al., 1974)
fibroblasts experiments only 4
fractions or cytosolic
extract.
EAT cells Dounce tight 5 2-5 See above (De Duve et  Differences in RSA in (Londos-
grown in pestle al., 1955) the two publications. Gagliardi et
CD1 mice Possible indicator for al., 1980;
high inter-experimental Londos-
variation. Gagliardi et
al., 1979)
Murine Dounce with 5 1-4 See above (De Duveet  Seminal study for (Zenebergh et
leukaemia loose pestle al., 1955) cultured cells. al., 1981)
11210 cells

£ 42)doy D)
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Table 3.2 Continued
Cell line/ Homogenisation ~Number = Washing Centrifugal forces Method Comment Reference
organ method of of & derived form

fractions* fractions® run times
Cloudman Tekmar 4 1-3 530 g 11 min - Subcellular fractions (Sloane et al.,
S91 6,800 g 7 min assayed for lysosomal 1986)
melanoma, 15,100 g 19 min and plasma membrane,
B16a mice, enzymes only.
mouse liver
B16-BL6 Potter- 4 1-3 500 g 11 min - Subcellular fractions (Rozhin et
B16-B15b Elvehjem 7,000 g 7 min assayed for lysosomal, al., 1987)
B16-013 15,000 g 19 min plasma membrane, (Rozhin et
Bl6a endoplasmic reticulum,  al., 1989)
B16F1 Golgi apparatus
B16F10 enzymes.
Mouse liver
A2058

£ 4a1doy>
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Table 3.2 Continued

Cell line/ Homogenisation Number = Washing Centrifugal forces Method Comment Reference
organ method of of & derived form
fractions* fractions® run times
Cultured Dounce with 3 - 700 g 10 min - Nuclear, particular and (Aboud-Pirak
MCF-7 tight pestle 150,000 g 30 min soluble fractions only.. et al., 1988)
(human
breast
carcinoma)
Rat liver Potter- 5 2-5 See above (De Duve et  Subcellular distribution ~ (Wedge et
Elvehjem " al., 1955) of PK2 studied. al., 1991)
Rat liver Potter- 5 2-5 See above (De Duve et  Density of lysosomes (Laurent et
Elvehjem al., 1955) perturbed to investigated  al., 1999;
lysosomal transfer. Lecocq et al.,
2000;
Wattiaux et
al., 1995;
Wattiaux et
al., 1996)

€ 42)doy)
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Table 3.2 Continued

Cell line/ Homogenisation Number  Washing Centrifugal forces Method Comment Reference

organ method of of & derived form

fractions* fractions® run times

Cultured Hep Dounce 4 1 See above (De Duve et It appears that Hep G2 (De Diesbach

G2 al., 1955) cells are not easily et al., 2000;
homogenised using a De Diesbach
Dounce homogeniser®. et al., 2002)

No enzymatic
characterisation of
fractions obtained by
differential pelleting.

# Total average centrifugal force in the middle of the centrifuge tube.

& Including final supernatant.

¢ Denotes fractions where pellet has been washed with homogenisation buffer and re-centrifuged to improve purity of fraction.

¥ To produce a nuclear fraction, cells were repeatedly homogenised and subjected to 1000 g for 10 min (once) and 1400 g for 5 min spin (4 x).
At each step the resulting PNS was removed and pooled and the pellet re-homogenised.

£ 421doy)
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Table 3.3 Marker enzymes and biochemical assays used to quantify major cell organelles in subcellular fractions (1)

Organelle/ Enzyme/marker Cell lines/organs studied References

component

Cytosol Lactate Rat liver (Wedge, 1991)

dehydrogenase Rat hepatocytes (Kopitz et al., 1990)

HTB44 (human renal epithelial carcinoma) (Schroter et al., 1999)
HaCaT (human keratinocyte)
Cox (human B cell)
BSM (human B cell)

Nucleus DNA Rat liver (Wedge, 1991)
Ehrlich ascites tumour cells (EAT) (Londos-Gagliardi et al., 1979)
HTC (Lopez-Saura et al., 1978;
L1210 Lopez-Saura et al., 1972)

(Zenebergh et al., 1981)
Lysosomes N-Acetyl-(- Rat liver (De Duve et al., 1955)

glucosaminidase

Cultured rat embryo fibroblasts
HTC

L1210

Murine liver (2)

B16-013 (2)

B16F1 (2)

(Tulkens et al., 1974)
(Lopez-Saura et al., 1978;
Lopez-Saura et al., 1972)
(Zenebergh et al., 1981)
(Rozhin et al., 1987)
(Sloane et al., 1981)
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Table 3.3 Continued

Organelle/ Enzyme/marker Cell lines/organs studied References
component
Lysosomes N-Acetyl-3- B16F10 (2) (Sloane et al., 1981)
glucosaminidase B16B15b (2) (Blanchard et al., 1981)
B16BL6 (2) (Londos-Gagliardi et al., 1980;
B16a (2) Londos-Gagliardi et al., 1979)
Rat heart ventricles
EAT
Mitochondria Succinate HTC (Lopez-Saura et al., 1978;
dehydrogenase/ Cultured rat embryo fibroblasts Lopez-Saura et al., 1972)

cytochrome c oxidase

Rat liver

MCF7

L1210

Rat heart ventricles
EAT cells

(Tulkens et al., 1974)
(Amar-Costesec et al., 1974a)
(De Duve et al., 1955)
(Aboud-Pirak et al., 1988)
(Zenebergh et al., 1981)
(Blanchard et al., 1981)
(Londos-Gagliardi et al., 1980;
Londos-Gagliardi et al., 1979)
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Table 3.3 Continued

Organelle/ Enzyme/marker Cell lines/organs studied References

component

Plasma Alkaline phosphatase ~ Rat liver (Amar-Costesec et al., 1974a)

membrane 3 HTC (Blanchard et al., 1981; Lopez-
Rat heart ventricles Saura et al., 1978; Lopez-Saura

et al., 1972)
Plasma 5’-Nucleotidase (3) Cultured rat embryo fibroblasts (Aboud-Pirak et al., 1988;
membrane MCF7 Tulkens et al., 1974)

HTC (4)
L1210 (4)

(Lopez-Saura et al., 1978;
Lopez-Saura et al., 1972)
(Zenebergh et al., 1981)

(1) Refers to references in the literature where the subcellular distribution of the marker has been studied. For generic
protocols to study those markers refer to (Eisenthal & Danson, 1992; Graham, 1993; Rickwood, 1992).

(2) Activity in murine liver was only associated with lysosomes following Percoll gradient centrifugation, however in other
melanoma cell lines subcellular distribution was partially altered to include plasma membrane association (i.e. B16-F1 = 1.7
RSA > Bl16a = 1.5 RSA > B16F10 ~ 1.2 RSA) (Rozhin et al., 1987).
(3) The distribution in polarised cells can in some instances be related to the type of plasma membrane involved.

(4) Not detectable.
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Chapter 3 Establishing a subcellular fractionation method in B16F10 cells

dehydrogenase, alkaline phosphatase, N-acetyl--glucosaminidase and lactate
dehydrogenase for nuclei, mitochondria, plasma membrane, lysosomes and cytosol
respectively. The subcellular distribution of these specific markers has been well
documented and there appears to be little variation between different cell types and
tissues (table 3.3). These markers were therefore used in the present study to

characterise subcellular fractions.

To date the only subcellular fractionation studies in B16F10 cells were
devised to study the biosynthesis of melanin (Seiji et al., 1963) and localisation of
cysteine proteases (Rozhin et al., 1987; Rozhin et al., 1989). Thus there was the need
to establish a new method to quantify the intracellular trafficking of polymer
therapeutics. Therefore the aims of the studies described in this Chapter were (a) to
optimise cell breakage, (b) to validate marker assays in B16F10 cells (c) to devise a
differential centrifugation protocol to fractionate the homogenate to separate and

enrich nuclei, mitochondria, lysosomes and cytosol.

3.2 Methods

For the validation of biochemical and marker assays, procedures described in
section 2.3.7 were used with the exception of the lysosomal assay, where also
sodium bicarbonate (1 M) was tested as a stopping buffer. For the validation of
biochemical marker assays, cells were harvested as described in section 2.3.6 and
homogenised by 6 successive freeze-thaw cycles at -196 °C — 4 °C to ensure
complete cell breakage. Lactate dehydrogenase activity was assessed with an
homogenate containing 4.20 mg/ml of protein, for all other assays the protein content
was 3.48 mg/ml. Enzyme activities were calculated as described in section 2.3.7.
Next, it was considered important to optimise breakage efficiency with the
quantitative method detailed in section 2.3.5. Following the optimisation of the
homogenisation method, subcellular fractionation was performed as outlined in

section 2.3.6. Biochemical analysis of subcellular fractions was conducted at protein
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concentrations within the validated range. This protein range can be deduced from
figure 3.2 and is also detailed in section 2.3.6. For fluorescence-based assays,

samples were routinely diluted (2 fold) to assess possible quenching effects.

3.3 Results
3.3.1 Validation of marker assays

The suitability of each particular stopping buffer to halt enzyme activity was
assessed first. For N-acetyl-3-glucosaminidase sodium bicarbonate was found to be
inadequate to stop the enzyme catalysed reaction, whereas glycine-NaOH was found
to be superior and was thus used for all subsequent studies (figure 3.1, panel a — b,
note differences in scale). All other stopping buffers tested for the remaining enzyme
catalysed reactions proved appropriate under experimental conditions (figure 3.1).
Next, enzyme kinetics were estimated to ensure that assays could serve as a direct
indicator for the subcellular distribution of organelles/cellular components. Linear
reaction kinetics for all investigated enzymes under both variable incubation times
and protein content was observed (figure 3.2). N-acetyl-$-glucosaminidase showed
only linearity at lower protein concentrations (figure 3.2, panel b). Deviation from
linearity was observed when protein content was raised above ~ 0.2 mg/ml. Possible
quenching was excluded by diluting samples and reanalysis (data not shown). It was
thought important to also assess lactate dehydrogenase activity in the presence of
Triton X-100 since the surfactant was included to establish a reference value for 100
% breakage efficiency. Triton X-100 did not change the enzyme kinetics (figure 3.2,
panel c). Following the validation of enzyme assays, the methodology for detecting
DNA was validated. First the effect of DNA concentration on fluorescence was
determined using two DAPI concentrations. A linear relationship between protein
concentration and fluorescence was observed under optimised conditions (figure

3.3).
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Figure 3.1 Evaluation of stopping buffers used to halt enzyme catalysed reactions.
Panel (a - b) effect of sodium bicarbonate and glycine-NaOH buffer on N-acetyl-3-
glucosaminidase activity, panel (c) stopping buffer for succinate dehydrogenase and
panel (d) stopping buffer for alkaline phosphatase. Protein content for assays was as
follows: 0.35 mg (M), 0.26 mg (O), 0.17 mg (@), 0.09 mg (D) and 0.04 mg (O).
(Data represents mean + SEM n=3, error bars are within plot symbols when not
visible).
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Figure 3.2 Enzymatic activities of B16F10 homogenate. Succinate dehydrogenase
(panel a), alkaline phosphatase (panel b), lactate dehydrogenase (panel c) and N-
acetyl-f-glucosaminidase (panel d) catalytic activities are shown. Lactate
dehydrogenase activity was determined in the absence (@) and presence (O) of
0.1%v/v Triton X-100. For N-acetyl-$-glucosaminidase (panel d) activities were
determined at either constant amount of protein (0.17 mg) and varied incubation
times (@), or at a variable amount of cell protein (A) with a fixed 1 min incubation
period. The ordinate of each graph is the amount of reaction product released. (Data
represents mean + SEM n=3 error bars are within plot symbols when not visible).
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Figure 3.3 Effect of concentration on DAPI fluorescence in B16F10 homogenate.
Plot symbols correspond 0.5 pug (O) and 1 ug (@) of DAPI. (Data represents mean +
SEM n=3, error bars are within plot symbols when not visible).
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3.3.2 Optimisation of cell breakage

It was considered important to optimise cell breakage to ensure that
subsequent fractionation studies were representative for the cell population.
Therefore a quantitative method was developed by monitoring the release of the
cytosolic marker lactate dehydrogenase (for methodology see section 2.3.5). Due to
the small sample size (~ 0.9 mg of wet tissue) two homogenisation methods were
evaluated, namely the cell cracker and a 25 gauged needle attached to a syringe. The
optimum internal clearance for the cell cracker was determined to be 6 um, with gaps
of 5 um and 7 um at the extremes of the cell breakage efficiency (figure 3.4, panel
b). The cell cracker with a 6 um internal clearance was then directly compared to a
25 gauged needle. Seven passes through the cell cracker gave a cell breakage

efficiency of 90 % compared to 50 % for a 25 gauged needle (figure 3.4, panel a).

3.3.3 Differential centrifugation and characterisation of fractions

Following the homogenisation of cells with the optimised method, cells were
subjected to differential centrifugation, and subcellular fractions were assayed for
biochemical markers. In particular the excellent mass balance of protein (82 %)
ensured that no significant loss occurred during the subcellular fractionation
procedure with recoveries for DNA, succinate dehydrogenase and lactate
dehydrogenase in excess of 75 % (table 3.4). However, for N-acetyl-3-
glucosaminidase and alkaline phosphatase, recoveries were somewhat lower with
values of 58 % and 47 % respectively (table 3.4). Subcellular fractions were
characterised and nuclei were typically enriched in the first fraction (RSA 2.2) (RSA
has been defined in section 2.3.7), (figure 3.5, panel b). Enrichment of mitochondria
(RSA 4.2) was only seen in the mitochondrial fraction (figure 3.6). Good lysosomal
enrichment was obtained in the lysosomal fraction and somewhat lower levels were
detected in the mitochondrial fraction with RSA values of 3.7 and 1.9 respectively.
Distribution of plasma membrane was enriched in both the mitochondrial and

lysosomal fractions, a general distribution pattern mirroring the one of N-acetyl-f3-
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Figure 3.4 Comparison and effect of cell cracker passage number on B16F10
breakage efficiency. Panel (a) comparison of a 25 gauged needle attached to a
syringe (@) with cell cracker (O) with a 6 um gap (data represents mean + SEM
n=3, error bars are within plot symbols when not visible). Panel (b) selection of ball
size for cell cracker with gaps of 5 um (M), 6 um (O) and 7 um (O) (n=1).
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Table 3.4 Distribution of enzymes, protein and DNA in the fractions following differential centrifugation. Results are given as percentages (x
SEM) of the total amount recovered in the five fractions. Recoveries have been calculated by determining the total activity in the five fractions
and the activity of the homogenate which served as 100 %.

£ 421dvyD)

Constituents Number of Fractions Recovery
experiments N M L S Mic (%)

Protein 4 36.58 (£1.46) 16.93 (x1.35) 1031 (£1.35)  25.89 (¥2.33) 10.29 (+1.60) 82.1 (+2.75)
DNA 5 78.76 (£2.75)  11.55 (£1.67) 5.33 (+0.72) 0.82 (£0.33) 3.54 (£0.53)  75.2 (£5.11)
Succinate dehydrogenase 4 17.02 (£2.89)  70.14 (+£3.46) 8.11 (+1.34) 2.95 (+0.68) 1.80 (£0.35) 75.3 (£9.45)
Alkaline phosphatase 4 2491 (£1.94)  32.56 (x4.94)  25.10 (£0.21) 8.65 (+2.32) 8.78 (£0.95)  47.3 (£3.45)
Lactate dehydrogenase 4 6.70 (£1.28) 3.44 (£0.71)  13.70 (1.33)  64.63 (£3.94) 11.70 (x1.56) 112.1 (£3.90)
N-Acetyl-f3-glucosaminidase 4 18.69 (x1.72)  32.82 (#4.55)  37.82 (+2.60) 1.21 (+0.28) 9.44 (£2.89) 57.7 (£3.45)
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Figure 3.5 Distribution of protein and DNA in subcellular fractions. Panel (a) protein
and panel (b) DNA distribution. Key: Nuclear (N), mitochondrial (M), lysosomal
(L), soluble (S) and microsomal (Mic) fraction. An RSA > 1 indicates enrichment of
DNA in fraction. (Data represents mean + SEM n=4, error bars are within plot
symbols when not visible).
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Figure 3.6 Distribution of marker enzymes in the subcellular fractions. Key: Nuclear
(N), mitochondrial (M), lysosomal (L), soluble (S) and microsomal (Mic) fraction.
An RSA > 1 indicates enrichment of marker in the fraction (Data represents mean *

SEM n=4, error bars are within histograms when not visible).
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glucosaminidase (figure 3.6). The majority of lactate dehydrogenase activity was

found in the soluble fraction with a RSA of 2.5.

3.4 Discussion
3.4.1 Validation of marker assays

To date few investigations have quantified the intracellular trafficking of
polymer therapeutics using subcellular fractionation (table 3.1). Thus a simple
differential centrifugation method was devised. The preliminary kinetic study was
performed for all enzymes, in order to validate them in B16F10 cells (figure 3.2).
When setting up subcellular fractionation studies, careful evaluation of enzymatic
characteristics as reported here are common place (Appelmans et al., 1955; De Duve
et al., 1955; Londos-Gagliardi et al., 1979; Lopez-Saura et al., 1972; Tulkens et al.,
1974; Zenebergh et al., 1981) and indispensable (Tipton, 1992). A number of
subcellular fractionation studies published recently in drug delivery however lack
these data (Nori et al., 2003a; Nori et al., 2003b; Tijerina et al., 2001; Tijerina et al.,
2003). It was thought important to study these enzyme catalysed reactions as they
served as the basis for the characterisation of subcellular fractions. In particular, for
enzyme catalysed reactions, identical specific enzyme activities under both varied
incubation time and protein content ensured that biochemical analysis of subcellular
fractions could serve as a direct indicator for organelle enrichment. The only
exception was N-acetyl-(-glucosaminidase; here possibly the presence of some
endogenous inhibitors in the homogenate reduced enzymatic activity, which was
most notable with high protein concentrations. Samples were therefore routinely
diluted to fall within the linear range of the assay taking into account the possible

enrichment of the enzyme.
Secondary was the possibility to compare specific enzyme activities with

other cells and tissues. Determined activities were very different to those observed

either in cultured HTC cells or rat liver (table 3.5). Differences in basic physiological
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Table 3.5 Comparison of the specific content of enzymes and DNA in the
homogenates of B16F10 cells, cultured HTC cells and rat liver.

Enzyme or constituent B161F10 cells HTC cells* Rat liver’
N-Acetyl-f3-glucosaminidase 18.7 (x 1.1) 215.0 314
Succinate dehydrogenase 77.1x 102 (£ 4.1 x 10?9 38 131.0
Alkaline phosphatase 4109 - 79.9 79.9
Lactate dehydrogenase 2440.8 (£ 0.2) Not determined  1531.0
DNA 157.3 (£ 13.9)* 67.1 13.1

Results are means + SEM (n=3) in milli-Units (enzymes) and ug (DNA) per mg of protein.

# Values for HTC and rat liver from references (Amar-Costesec et al., 1974a; Knox, 1976; Lopez-
Saura et al., 1978).

* The amount of DNA is only an estimate since calf thymus DNA was used as a standard.
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functions between melanocytes and hepatocytes, would be expected to give rise to

significant differences in biochemical activities and contents.

3.4.2 Homogenisation and fractionation of BI6F10 cells

Quantifying the extent of cell breakage was highly desirable, as this ensured
that marker distributions were genuine for B16F10 cells and subsequent trafficking
experiments were representative for the cell population. Reproducible cell breakage
was highly encouraging since adequate homogenisation is recognised as a one of the
major obstacles when dealing with cultured cells (Evans, 1992). The use of lactate
dehydrogenase to optimise and monitor cell breakage has not been reported

previously, and was a unique feature of the current study (Seib et al., 2003).

Good cell breakage made it feasible to devise a differential centrifugation
method. It is worth reiterating that the final pellet was denoted as the microsomal
fraction, which is commonly used to describe vesiculated endoplasmic reticulum
fragments. However, the microsomal fraction in the present study also contained
plasma membrane fragments and contaminating lysosomes besides uncharacterised
cellular components. However, some degree of cross contamination of the fractions
is inevitable due to (a) entanglement of organelles in the cytoskeleton, (b) inherent
organelle heterogeneity, (c) entrapment of organelles by sedimenting cellular
components, (d) fragmentation of organelles, reducing the sedimentation coefficient
and hence sedimentation behaviour. Thus by means of differential centrifugation it is
not possible to purify single cellular components (Spragg & Steensgaard, 1992).
However separation of mitochondria or nuclei is readily achieved due to an
approximate 1,000 fold difference in their sedimentation coefficients (Hinton &
Mullock, 1993). Therefore it is usual to achieve an excellent separation of nuclei and
mitochondria (typically ~ 4.5 RSA) (De Duve et al., 1955; Lopez-Saura et al., 1978).
However, separation of cellular components of similar sedimentation coefficients

(e.g. lysosomes, peroxisomes) requires isopycnic gradient centrifugation where
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differences in buoyant density can be exploited for separation. Therefore to provide
high purity fractions, the PNS could be subjected to gradient fractionation (Hinton &

Mullock, 1993).

3.4.3 Characterisation of subcellular fractions

Enrichment of DNA in the nuclear fraction and low levels in the
mitochondrial fraction indicated that nuclear integrity was preserved during the
homogenisation procedure due to little cross contamination of other fractions by
raptured nuclei (figure 3.5, panel b). Since mitochondrial DNA only contributes ~ 1
% of total DNA content in hepatocytes, similar observations made in both HTC cells
(i.e. hepatocytes) and in the current study suggested, that DAPI binding closely
resembled nuclei distribution (Lopez-Saura et al., 1978). Enrichment of mitochondria
was only seen in the mitochondrial fraction (RSA 4.2), results comparable to those

obtained with EAT cells (Londos-Gagliardi et al., 1979).

As expected lactate dehydrogenase activity was enriched in the soluble
fraction (RSA 2.5), with residual activities in the lysosomal and microsomal fractions
(figure 3.6). Enzymatic activities in the latter two fractions can be attributed to the
incomplete removal of the soluble components from the pellet. Washing of these
fractions with homogenisation buffer would most probably avoid this problem.
Additional washing steps were however not included in the fractionation procedure
to avoid excessive organelle damage. The presence of lactate dehydrogenase activity
in the lysosomal fraction could also, in part be related to the autophagic sequestration
of the cytosolic protein by lysosomes, as demonstrated in isolated rat hepatocytes

where ~ 3.5 % of enzyme was found in lysosomes (Kopitz et al., 1990).
Alkaline phosphatase was used as the marker for plasma membrane, since 5’-
nucleotidase activity assayed according to the method described by Avruch and

Hoelzl Wallach (Avruch & Hoelzl Wallach, 1971) did not yield detectable levels in
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B16F10 homogenates. 5’-Nucleotidase activity is most commonly associated with
the apical membrane of polarised cells (Evans, 1992). Hence undetectable levels in
B16F10 cells were not surprising with similar observations reported previously
(Lopez-Saura et al., 1978; Zenebergh et al., 1981). Plasma membrane fragments
were enriched in the mitochondrial and lysosomal fraction (figure 3.6), results which
are comparable to those reported for L1210 cells, cultured rat embryo fibroblasts and
HTC cells (Lopez-Saura et al., 1978; Tulkens et al., 1974; Zenebergh et al., 1981).
Fractionated B16a cells also showed the mitochondrial-lysosomal distribution pattern
for plasma membrane, with additional enrichment in the nuclear fraction (Rozhin et
al., 1987). In fractionated rat liver, alkaline phosphatase was however only “nuclei-
microsomally” distributed (Amar-Costesec et al., 1974a). Different distribution
patterns of plasma membrane in B16F10, B16a and rat liver subcellular fractions was
not unexpected, since the results of cell disruption may differ, depending on sample

size and homogenisation method.

As mentioned in the introduction to this Chapter, the selection of appropriate
markers for the characterisation of fractions can be demanding (Evans, 1992).
Although the specificity of commonly used markers has been amply illustrated by
analytic fractionation of liver, their use in cultured cells can be challenging. Previous
studies by Rozhin and co-workers demonstrated that commonly used lysosomal
markers cathepsin B and L were associated with the plasma membrane in B16F10
cells. N-Acetyl-f3-glucosaminidase was therefore a more representative marker for
lysosomes (Casciola-Rosen & Hubbard, 1991), with only little plasma membrane
association (Rozhin et al., 1987; Rozhin et al., 1989). This was corroborated by
differential centrifugation studies in B16F10 cells where identical distribution
patterns of N-acetyl-3-glucosaminidase and -glucuronidase were observed (Sloane
et al., 1981). Nonetheless, a possible better alternative to N-acetyl-3-glucosaminidase
would have been cathepsin H or f3-glucuronidase, due to the absence of any plasma

membrane association in B16 variants (Rozhin et al., 1987). However, classic
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lysosomal markers in melanocytes are not only found in lysosomes, but can also be
present in melanosomes (Orlow, 1995). Naturally, B16F10 cells contain a large
number of melanosomes (Novikoff et al., 1968). Melanosomes are lysosome-related
organelles and thus share many features commonly associated with lysosomes
(Marks & Seabra, 2001; Raposo & Marks, 2002; Stinchcombe et al., 2004). For
instance, melanosomes contain typical lysosomal markers such as LAMPs (Zhou et
al., 1993) and hydrolytic enzymes such as cathepsin B and N-acetyl-f3-
glucosaminidase (Diment et al.,, 1995). It might therefore be deduced that
melanosomes could obscure the subcellular distribution of lysosomes. However, it is
strongly believed that the subcellular distribution pattern of N-acetyl-$3-
glucosaminidase is representative for the actual distribution of lysosomes. This view
is supported by findings that lysosomes and melanosomes co-migrate during
subcellular fractionation of B16F10 cells by differential centrifugation (Seiji et al.,
1963), leading to a similar distribution pattern in fractions as reported for cultured rat
fibroblasts and HTC cells (Lopez-Saura et al., 1978; Tulkens et al., 1974).
Satisfactory separation of N-acetyl-B3-glucosaminidase activity associated with
lysosomes and melanosomes is only achieved following Percoll density gradient

fractionation (Diment et al., 1995; Orlow et al., 1993).

So far only a handful of cellular components have been discussed, but it is
clear from the general introduction that an array of endocytic compartments are
involved during pinocytosis (section 1.4, table 1.2). Although endocytic
compartments and transient hybrid organelles are characterised by different
morphology, size, and buoyant densities (Mullock et al., 1998), it is suffice to say
that separation by differential centrifugation is inadequate, since differences in
sedimentation coefficients as large as 1,000 fold are needed for good separation
(Hinton & Mullock, 1993). It is therefore reasonable to predict that the majority of

endocytic compartments pelleted in the lysosomal and microsomal fractions. The
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lysosomal and microsomal fraction could therefore be regarded as a descriptor to

encompass endocytic organelles.

3.5 Conclusions

The systematic development of a quantitative subcellular fractionation study
in B16F10 cells has been described. First, enzyme markers and biochemical assays
were validated and used in due course for the quantitative characterisation of
subcellular fractions. Next, cell homogenisation was optimised to achieve a 90 % cell
breakage efficiency with the cell cracker, ensuring that subsequent subcellular
fractionation experiments were representative for the cell population. Finally, a
differential centrifugation method was devised to separate and enrich nuclei (2.2
fold), mitochondria (4.1 fold), endosomes/lysosomes (3.7 fold) and cytosol (2.5
fold). The involvement of those cellular components is of particular importance for
the design of new endosomolytic carriers for cytosolic and nuclear delivery and
lysosomotropic anticancer polymer-drug conjugates. The method was therefore used
to follow the intracellular trafficking of polymer-bound (PK1) and free doxorubicin

as described in the following Chapter.
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Chapter 4 Subcellular trafficking of PK1 and doxorubicin

4.1 Introduction

Using the differential centrifugation method established in the previous
Chapter, it was possible to monitor the intracellular trafficking of PK1. Despite the
wealth of literature on PK1, no studies have investigated the intracellular trafficking
of PK1 by subcellular fractionation. Only the intracellular fate of the
asialoglycoprotein receptor targeted HPMA copolymer conjugate PK2 (bearing
galactosamine) has been studied in rat liver (Duncan et al., 1986; Wedge et al.,
1991). All trafficking studies with PK1 have used fluorescence microscopy
(summarised in table 1.3). However, interpretation of these results can be difficult
with artefacts arising from cell fixation and changes in fluorescence of polymer-
bound and free doxorubicin. Therefore the fractionation method established in
Chapter 3, was used to study the intracellular fate of PK1 over time with the hope of
providing insight into its mechanism of action. The subcellular distribution of free
doxorubicin was also studied as a reference control experiment for these studies. The
intracellular distribution of free doxorubicin is well known in a panel of other cell
lines employing subcellular fractionation (Noel et al., 1978; Peterson & Trouet,
1978; Zenebergh et al., 1984) and could therefore validate the fractionation method.
Fractionation studies were underpinned by careful fluorescence microscopy studies
of live and fixed cells to visualise the intracellular localisation of PK1 and
doxorubicin in B16F10 cells with time. However, it is important to have background
knowledge of the subcellular distribution of PK1 in patients, animal models and in

vitro systems to appreciate the opportunities and limitations of the present study.

PK1 trafficking in patients

As discussed in Chapter 1, a number of polymer-drug conjugates have now
entered clinical development (table 1.1). Many are designed to release their drug
payload when exposed to lysosomal thiol-dependent proteases (Duncan, 2005). For
examples of such polymer conjugates in the clinic see summary of compounds in
table 1.1. Widely discussed has been the design of the HPMA copolymer-GFLG

doxorubicin conjugates (PK1/PK2) and polyglutamic paclitaxel today (Duncan,
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2003a; Kopecek et al., 2000). The correct intracellular trafficking of these polymer-
drug conjugates is a key requirement if drug is to be released from the carrier in an
active form inside cells, and pharmacological response attained. Intracellular
trafficking may be a key determinant of the pharmacokinetic-pharmacodynamic
relationship. Although PK1 was designed for lysosomal activation, it is important to
realise that cathepsin B (thiol protease) is often secreted from tumours (Kos & Lah,
1998; Yan et al., 1998) and could allow for drug activation outside the cell. It
remains to be seen if extracellular activation of PK1 will be of any importance. In its
Phase I evaluation PK1 administered to chemotherapy refractory patients produced 4
responses (2 partial and 2 minor) in breast, non-small cell lung and colorectal cancer
patients (Vasey et al., 1999). However, no clinical response was observed in
head/neck, pancreas, ovary, urinary and biliary tract cancers (Vasey et al., 1999). As
elevated extracellular and intracellular cathepsin B levels have been associated with
the majority of these cancers (Kos & Lah, 1998), the observed differences could
point to ineffective intracellular trafficking in certain tumour types (and/or tumour

stage).

PK1 trafficking in animal models

Similar considerations also apply to in vivo data, where a variable response to
PK1 has been observed in a number of tumour models. No response was seen in
resistant Lovo tumours (Duncan, 2005), a partial response in P388R (resistant)
(Wedge, 1991) and excellent activity in P388 (Wedge, 1991), L1210 (Duncan et al.,
1989), A2780 (doxorubicin sensitive), A2780/AD (doxorubicin resistant) (Minko et
al., 2000) and B16F10 tumour models (Seymour et al., 1994). Drug release was
always required, since therapeutic response was only attained with conjugates
designed for lysosomotropic activation (Duncan, 2005). Therefore release of the drug
must have been triggered by the lysosomal enzyme cathepsin B. Improved survival
following PK1 administration was in part attributed to altered pharmacokinetics. In
particular increased extravasation of the conjugate at the tumour site and reduced

lymphatic drainage (EPR effect) (Duncan, 1999; Maeda, 1994), provided high
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conjugate levels at the target site (Seymour et al., 1994). Although tumour
accumulation is a prerequisite for activity, data from experimental colon tumour
models suggested that activity for PK1 was primarily dependent on drug activation
(Loadman et al., 1999). Therefore variable in vivo activity of PK1 could be due to a
number of factors including (a) ineffective intracellular trafficking, (b) variable
cathepsin B levels, (c) variable tumour vascular properties. Due to a number of
contributing factors for in vivo response, in vitro studies could provide a useful tool
to delineate these factors and are particularly well suited for studying intracellular

trafficking events.

PK1 trafficking in vitro

Although no quantitative data is available on the subcellular distribution of
PK1, a number of studies have investigated the intracellular trafficking of PK1 by
fluorescence microscopy (section 1.5.1 and table 1.3). However, only a few studies
have monitored PK1 trafficking in live cells (Hovorka et al., 2002; Nori et al.,
2003b). Vastly different trafficking has been observed in live cells, which might be
cell type related. The study by Hovorka and co-workers showed in a panel of cell
lines PK1 accumulation in pinocytic vesicles with minimal doxorubicin release from
the polymer and complete absence of nuclear staining at 48 h (Hovorka et al., 2002).
Different observations have been reported by Jensen for HPMA copolymer
doxorubicin conjugates with the stable GG polymer-drug linker. In Hep G2 cells
cytoplasmic and nuclear accumulation (> 8 h) was demonstrated, in addition to
vesicular labelling. The authors suggested a possible endosomal/lysosomal escape of

the polymer conjugate (Jensen et al., 2001).

A major challenge for in vitro model systems is to mimic in vivo conditions.
Since all studies detailing PK1 trafficking employed either methodologies known to
introduce artefacts (e.g. cell fixation) or cell lines not used for screening PK1 activity
in vivo, it remains to be seen if observations made in these in vitro studies can ever

be related to in vivo performance of PK1. Therefore the aims of the studies described
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in this Chapter were to use B16F10 cells to (a) trace the intracellular path of PK1
with time, (b) validate the fractionation method with the use of doxorubicin (c)

compare the results from fractionation with fluorescence microscopy studies.

4.2 Methods

First it was necessary to determine the effect of buffer composition and pH on
fluorescence. Therefore calibration curves were constructed using a range of
doxorubicin and PK1 concentrations (5.0 x 10* — 1.0 mg/ml doxorubicin-
equivalence) in either PBS (0.1 M; pH 7.4 or 6.4) or citrate phosphate buffer (0.1M;
pH 5.4). Before undertaking the subcellular fractionation studies it was necessary to
define non-toxic drug concentrations. The cytotoxicity of PK1 and doxorubicin was
determined using the MTT assay (see section 2.3.3) at cell seeding densities of 1 x
10 cells/ml and 1 x 10° cells/ml. The incubation period for these studies was 5 h or
72 h. The 72 h incubation period was chosen to maximise possible polymer-
associated toxicities and provide a more clinically relevant incubation period
(approximate elimination half-life of PK1) (Vasey et al., 1999). The 5 h incubation
period was selected to reflect the incubation time used in this study. In addition,
qualitative assessment of polymer cytotoxicity was made (see section 2.3.4) by
visualising cells using bright-field microscopy at a single PK1 concentration (6.6 x

10~ mg/ml doxorubicin-equivalence) after a 5 h incubation period.

Before examining the cellular uptake of PK1 (and FITC-dextran which was
used as a control) using flow cytometry, it was considered important to determine its
stability in the presence of tissue culture medium and cells. B16F10 cells were
exposed to PK1 (6.6 x 10”° mg/ml doxorubicin-equivalence) or FITC-dextran (1.0
mg/ml) in complete culture medium for 5 h. The cell culture medium was then
aspirated, 3 ml dried under vacuum and the residue re-dissolved in 0.5 ml of MeOH
and applied to a 6 cm LH20 column. FITC-dextran was prepared in the same way but
dissolved in PBS and applied to a PD10 column (Sephadex G25). Samples were

fractionated (0.5 ml) and analysed for doxorubicin or FITC-associated fluorescence

120



Chapter 4 Subcellular trafficking of PK1 and doxorubicin

with an excitation wavelength set at 485 nm and emission wavelengths at 590 nm
and 520 nm respectively. GPC profiles were constructed by plotting fluorescence

versus fraction volume.

To guide the choice of time points for the subcellular fractionation studies the
cell-association of PK1 over 5 h was assessed using flow cytometry. For these
studies a non-toxic PK1 concentration (6.6 x 10° mg/ml doxorubicin-equivalence)
was used. The methods used for flow cytometry are described in detail in section
2.3.11 - 2.2.12. To assess the extent of doxorubicin release from the polymer
backbone B16F10 cells were pre-incubated with leupeptin (20 — 100 pg/ml) for 10
min. Fresh medium with leupeptin was then added and cells exposed to PK1 (6.6 x
10 mg/ml doxorubicin-equivalence) for 5 h under tissue culture conditions. For
comparative purposes, cells exposed to culture medium only were incubated with
PK1 as indicated. After 5 h, cells were analysed by flow cytometry as described
above. Leupeptin itself might alter cell autofluorescence, so as a control cells were
incubated with the drug and subsequently used to determine cell-associated
background fluorescence. In addition, the basal rate of pinocytosis was monitored in
B16F10 cells using FITC-dextran (Mw = 10,000 g/mol; 0.1 mg/ml) as a marker in
the presence and absence of leupeptin. Cell-association of FITC-dextran was

assessed by flow cytometry as described above.

To visualise the intracellular localisation of PK1 and doxorubicin
epifluorescence and confocal laser scanning microscopy was conducted as described
in section 2.3.9. PK1 or doxorubicin (6.6 x 10" mg/ml doxorubicin-equivalence) was
added to cells and images were acquired in both live and fixed cells. Live cell
microscopy was performed in the present study to exclude possible fixation artefacts.
The subcellular distribution of doxorubicin was monitored by epifluorescence
microscopy, whereas all PK1 studies were performed by confocal microscopy. For

confocal co-localisation studies, PK1 was co-incubated with 1.0 mg/ml of FITC-
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dextran (Mw = 10,00 g/mol) for 5 h. FITC-dextran was included to label the

endocytic pathway. All confocal images are maximum projections.

The subcellular fractionation method described in Chapter 3 was used to
study the intracellular distribution of PK1 or free doxorubicin in B16F10 cells, and
an early (15 min) and late (5 h) time point were selected. Cells were incubated with
PK1 (6.6 x 10”° mg/ml doxorubicin-equivalence) at both time points and doxorubicin
(6.6 x 10° mg/ml) at the 5 h time point only. Following the incubation, cells were
kept at 4 °C, harvested, broken with the cell cracker and fractionated according to the
method described in section 2.3.6. Doxorubicin-associated fluorescence was either
determined by direct measurements of the fractions, which were routinely subjected
to serial dilutions to assess possible fluorescence quenching (section 2.3.8).
Alternatively, drug was extracted from fractions and quantified as described in
section 2.3.8. The suitability of the extraction method was verified as described in

section 2.3.8.

4.3 Results

Doxorubicin fluorescence in its free and polymer-bound form displayed
concentration-dependent quenching between 0.04 — 1 mg/ml (figure 4.1).
Doxorubicin fluorescence was independent of pH (7.4 — 5.4) and conjugated drug

exhibited a lower fluorescence quantum yield (~ 3.5 fold) than free drug.

4.3.1 Cytotoxicity of PK1 and doxorubicin in BI16F10 cells

The cytotoxicity of PK1 in B16F10 cells (seeding density of 1 x 10* cells/ml)
was greatest after 72 h than at 5 h (figure 4.2, summarised in table 4.1). When
seeding density was increase from 1 x 10 to 1 x 10° cells/ml, PK1 cytotoxicity was
significantly reduced (p < 0.01). It should be noted that since PK1 contains ~ 0.39
wt% free doxorubicin, this free contaminant could theoretically contribute to the seen
cytotoxicity. When its contribution is estimated, a close correlation between the

theoretical toxicity attributable to free doxorubicin present in the preparation and
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Figure 4.1 Effect of concentration and buffer pH on fluorescence of free and
polymer-bound doxorubicin (PK1). Values for free doxorubicin were obtained at pH
7.4 (@) and pH 5.4 (O), and for PK1 at pH 7.4 (W), pH 6.4 (O) and pH 5.5 (D).
(Data represents mean + SEM n=3, error bars are within plot symbols when not
visible).
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Figure 4.2 Cytotoxicity of PK1 and doxorubicin in B16F10 cells. Key: 1 x 10*
cells/ml exposed to PK1 for 5 h (@), 1 x 10* cells/ml exposed to doxorubicin for 5 h
(O), 1 x 10* cells/ml exposed to PK1 for 72 h (l), 1 x 10° cells/ml exposed to PK1
for 72 h (A), 1 x 10’ cells/ml exposed to doxorubicin for 72 h (A). Since 0.39 % of
total doxorubicin in PK1 is in its free form, cytotoxicity attributable to free drug can
be calculated using (@) as a reference curve. This theoretical profile is shown as ().
(Data show cell viability as percentage of untreated control cells and represent mean
1+ SEM n=18, error bars are within plot symbols when not visible).
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Table 4.1 Summary of IC,, values for PK1 and doxorubicin in B16F10 cells.

Seeding density (cells/ml) Exposure time (h) Compound IC;, (ug/ml)*

1x10* 5 Doxorubicin 3.9x 10"
1x10° 72 Doxorubicin 3.0x 10"
1x10° 5 PK1 48.6

1 x 10°* 72 PK1 1.6
1x 10° 72 PK1 > 66.0

* IC,, Doxorubicin-equivalence required to inhibit 50 % of cell growth
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actual toxicity for PK1 was evident (figure 4.2). Doxorubicin was consistently more
cytotoxic than PK1, with a greater cytotoxicity at 72 h than at 5 h. B16F10 cells
exposed to PK1 (6.6 x 10" mg/ml doxorubicin-equivalence) for 5 h showed no signs
of drug-induced toxicity by either MTT assay or bright-field microscopy (figure 4.3),

therefore this concentration was chosen for subcellular fractionation studies.

4.3.2 B16F10 association of PK1 and FITC-dextran measured by flow cytometry
Before assessing cell-association of PK1 in B16F10 cells, the stability of PK1
and FITC-dextran was assessed using GPC. It can be seen, that following the
exposure of PK1 and FITC-dextran to B16F10 cells for 5 h, no obvious signs of
released fluorescent low Mw products could be detected (figure 4.4). The cell
association of PK1 with B16F10 cells at 37 °C displayed a biphasic behaviour
(figure 4.5). A rapid linear increase in cell-associated fluorescence was seen over the
first 15 min, followed by a much slower increase in fluorescence over the remaining
incubation period. At 4 °C, PK1 cell-associated fluorescence was always
significantly lower (p < 0.05) than seen at 37 °C. When PK1 and FITC-dextran
uptake was assessed at 5 h in the presence and absence of the protease inhibitor
leupeptin (figure 4.6), at a 20 pg/ml leupeptin concentration no statistically
significantly difference in uptake was seen. However, at a leupeptin concentration of
100 pg/ml, the PK1 cell-associated fluorescence was marginally but statistically
lower (p £ 0.05) in the presence of leupeptin, whereas the FITC-dextran cell-

associated fluorescence was unchanged .

4.3.3 Fate of PK1 and doxorubicin in BI6F10 cells monitored by subcellular
Jfractionation

First it was established that both PK1 and doxorubicin could be extracted
over a wide concentration range from cell homogenate (figure 4.7). When B16F10
cells were exposed to doxorubicin (6.6 x 10° mg/ml) for 5 h (figure 4.8) most
doxorubicin was recovered from the nuclear fraction (86 %). Doxorubicin was also

detected in the lysosomal fraction (57 ug/mg protein) and the remainder was
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Figure 4.3 Effect of PK1 exposure on B16F10 morphology. Panel (a) control cells,
panel (b) cells incubated with PK1 (6.6 x 10° mg/ml doxorubicin-equivalence) for 5
h. Scale bar 20 pm.
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Figure 4.4 Stability of PK1 and FITC-dextran during incubation with B16F10 cells
(5 h). Panel (a) FITC-dextran at 0 h (O) and 5 h (@), panel (b) profiles for
doxorubicin at 0 h (O) and PK1 at 5 h (®). (Data from single representative

experiment).
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Figure 4.5 Time-dependent cell-association of PK1 in B16F10 cells measured by
flow cytometry. Cells were incubated with PK1 at 37 °C (@) or 4 °C (O). Statistical
difference at 37 °C between cell-associated fluorescence at 15 min and 5 h was
determined at p < 0.05 (**) using a student’s t-test. (Data represents mean + SEM

n=6, error bars are within plot symbols when not visible).
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Figure 4.6 Effect of leupeptin on PK1 and FITC-dextran B16F10 cell-associated
fluorescence. Cells were exposed to either PK1 or FITC dextran for 5 h in the
presence or absence of leupeptin of either 20 pg/ml or 100 pg/ml. Statistical
differences between sample and corresponding control (cell-associated fluorescence
for corresponding polymer in absence of leupeptin) were determined at p < 0.10 or p
< 0.01 (***) using a paired student’s t-test. (Data represents mean * SEM n=3).
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Figure 4.7 Extraction efficiency for doxorubicin and PK1 from spiked B16F10 cell
homogenate. Drug was extracted form homogenate and assayed for doxorubicin-
associated fluorescence. Results are expressed as percentage recovery. Statistical
differences were determined at p < 0.05 (*¥). (Data represents mean + SEM n=3).
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Figure 4.8 Distribution of doxorubicin in the subcellular fractions of B16F10 cells (5
h). Key: nuclear (N), mitochondrial (M), lysosomal (L), microsomal (Mic) and
soluble (S) fractions. Statistical differences between fractions were determined at p <
0.10 (*), p £ 0.05 (**) and p < 0.01 (***) using one-way ANOVA and Bonferroni
post hoc test. (Data represents mean + SEM n=3, error bars are within plot symbols

when not visible).
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distributed between the mitochondrial and microsomal fractions with lowest levels in
the soluble fraction. The overall recoveries were between 75 % — 84 %. In contrast,
PK1 showed a totally different distribution (figure 4.9). PK1-associated fluorescence
was detected at both 15 min and 5 h in the mitochondrial, lysosomal and microsomal
fractions. At 5 h drug levels in the mitochondrial and lysosomal fractions were
significantly higher (p< 0.01) than at 15 min. Only at 5 h could drug levels be
detected in the nuclear fraction, although levels were > 350 fold lower than for free
doxorubicin. At no time could drug be detected in the soluble fraction. Serial dilution
of fractions obtained after a 5 h incubation period with PK1 demonstrated a general
decrease of fluorescence upon dilution. Drug naive nuclear and mitochondrial
fractions from cells not exposed to PK1 did show some signs of increased

fluorescence upon dilution (figure 4.10).

4.3.4 Fate of PK1 and doxorubicin in B16F10 cells monitored by fluorescence
microscopy

B16F10 cells incubated with PK1 for 15 min, 1 h or 5 h and fixed using
paraformaldehyde showed extensive fluorescent labelling of the plasma membrane
and a hazy cytosolic labelling (figure 4.11 — 4.12) (N.B. all fluorescent images are
also presented in an electronic format to aid visualisation. The CD can be found at
the back of the thesis in Appendix II). There was no evidence of nuclear or vesicular
labelling at any time point. Absence of nuclear localisation was confirmed by
confocal microscopy following DAPI staining of the nucleus of fixed cells (figure
4.11, panel b). Confocal microscopy images of live B16F10 cells exposed to PK1
were very different. In this case there was considerable reduction of both the
extensive cytosolic haziness and also plasma membrane labelling. In live cells,
distinct vesicular labelling was already evident at 15 min with often a perinuclear
localisation (figure 4.11, panel ¢ — d). After 1 h, the PK1 fluorescence appeared
similar to that seen at 15 min. However, after 5 h vesicular labelling was more
pronounced (figure 4.12, panel b — c¢). When examining both fixed and live cells,

highly fluorescent blebs (~ 0.2 — 1.0 um &) were evident, which were most abundant
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Figure 4.9 Distribution of PK1-associated fluorescence in the subcellular fractions of
B16F10 cells. Key: nuclear (N), mitochondrial (M), lysosomal (L), microsomal
(Mic) and soluble (S) fractions, 5 h (hatched bars) or 15 min (filled bars). Statistical
differences between fractions were determined at p < 0.1 (*), p < 0.05 (**) and p <
0.01 (***) using one-way ANOVA and Bonferroni post hoc test. Undetectable drug
levels in the nuclear fraction at 15 min, likewise at 15 min and 5 h in the soluble
fraction. (Data represents mean + SEM n=3, error bars are within plot symbols when
not visible).
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Figure 4.10 Effect of serial dilution in PBS (pH 7.4) on subcellular fraction
fluorescence. Key: nuclear (@), mitochondrial (M) and lysosomal () fractions.
Panel (a) fluorescence of diluted fractions obtained from B16F10 cells that have not
been exposed to polymer, (b) fluorescence of fractions obtained from cells aftera 5 h
incubation period with PK1. (Data represents mean + SEM n=3, error bars are within
plot symbols when not visible).
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(@) 15 min fixed cells (b) 1 h fixed cells
DAPI staining of nucleus

A A

{c) 15 min live cells (d) 1 h live cells

(e) 15 min live cells (H 1 hlive cells

Figure 4.11 Representative confocal images of the subcellular distribution of PK1 in
fixed and live B16F10 cells. Cell were incubated with drug for either 15 min or 1 h.
Examples of blebs and intracellular vesicles are marked by filled and open arrows
respectively. Images are maximum projections of confocal slices. Scale bar 10 um.
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(a) 5 h fixed cells

(b) 5 h live cells

(c) 5 h live cells

Figure 4.12 Representative confocal images of the subcellular distribution of PK1 in
live and fixed B16F10 cells at 5 h. Examples of blebs and intracellular vesicles are

marked by filled and open arrows respectively. Images are maximum projections of
confocal slices. Scale bar 10 um.
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in fixed cells (figure 4.11, panel a — c). When B16F10 cells were co-incubated with
FITC-dextran and PK1, there was clear co-localisation of both markers in vesicular

structures (figure 4.13).

Subcellular distribution of free doxorubicin was only assessed at 5 h by
epifluorescence microscopy of both fixed and live cells (figure 4.14). Following
chemical fixation of cells, diffusive staining of the cell with distinctive nuclear
localisation was observed, but little vesicular/punctate labelling (figure 4.14, panel
a). In live cells, besides clear nuclear staining, vesicular labelling was evident (figure

4.14, panel b —d).

4.4 Discussion

Although fractionation studies are most commonly used to monitor the
intracellular trafficking of macromolecules, this technique has also been used to
monitor the intracellular distribution of low molecular weight drugs, for instance
cytotoxic and antibacterial antibiotics (Ahmed, 1985; Masquelier et al., 1980; Trouet
& Tulkens, 1981; Vasanthakumar & Ahmed, 1986). Most importantly, subcellular
fractionation has been demonstrated to be a suitable method to quantify the
intracellular distribution of doxorubicin (Zenebergh et al., 1984; Noel et al., 1978).
However before the subcellular distribution of polymer-bound and free doxorubicin
could be monitored, it was considered necessary to determine non-toxic

concentrations for PK1 and doxorubicin.

4.4.1 Cytotoxicity of PKI and doxorubicin

In preliminary cytotoxicity experiments PK1 was clearly less toxic than free
doxorubicin displaying similar IC,, values reported previously for L1210, P388 and
A2780 cells employing the same methodology (Duncan et al., 1991; Duncan et al.,
1992; Minko et al., 1998). Differences in cytotoxicity between free and polymer-
bound drug are not surprising due to the different cellular uptake mechanism, cellular

pharmacokinetics and intracellular distribution, with free doxorubicin readily gaining
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Figure 4.13 Subcellular distribution of PK1 and FITC-dextran in live B16F10 cells at
5 h. Examples for the co-localisation of PK1 and FITC-dextran in intracellular
vesicles are marked by open arrows. Images are maximum projections of confocal
slices. Scale bar 8 um.
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(a) 5 h fixed cells (b) 5 h ive cells

(c) 5 h live cells

(d) 5 h live cells

A

Figure 4.14 Representative epifluorescent images of the subcellular distribution of
doxorubicin in fixed and live B16F10 cells (5 h). Examples of vesicular sequestration
and nuclear accumulation shown by arrows and asterisks respectively. Scale bare 10

um.
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access into the cell. Although only 0.39 % of the total doxorubicin content of PK1
was in the free form, this small amount of active drug could be accountable for the
cellular toxicity (figure 4.2). Since uptake of PK1 into B16F10 cells is restricted to
fluid-phase pinocytosis and requires the presence of active lysosomal enzymes to
liberate doxorubicin, cellular accumulation and drug activation would be expected to
be slow. Thus it might be deduced that release of doxorubicin during the 72 h
incubation period from the polymer backbone and subsequently from lysosomes was
slow in vitro, contributing only marginally to cellular toxicity. This is supported by
the observation that in B16F10 cells the cytotoxic effect of doxorubicin is directly

proportional to intracellular drug concentration (Bhuyan et al., 1981).

The selected PK1 concentration per cell for fractionation, flow cytometry and
fluorescence microscopy experiments was > 100 fold less than the determined IC;,
value. For experiments employing free drug only, a doxorubicin-equivalent
concentration was used where drug exposure per cell was also > 8 fold less than the
determined IC,, value. Following the exposure of cells to the selected PK1
concentration, no changes in morphology could be revealed by bright field
microscopy (figure 4.3) and blebs reported in fluorescence microscopy studies
(figure 4.11, panel a — ¢) could not be visualised. Possibly the lack of resolution and
contrast could account for this. Gross morphological changes reported previously for
variant B16 melanoma cells following exposure to doxorubicin were not observed

(Mariani & Supino, 1990; Supino et al., 1992).

4.4.2 Flow cytometry of PKI1 in the presence and absence of leupeptin

To aid the selection of appropriate time points for subcellular fractionation
studies and to provide a more complete picture of PK1 kinetics in B16F10 cells, flow
cytometry was used to monitor both total uptake (37 °C) and extracellular binding (4
°C) (figure 4.5). The biphasic accumulation reported here at 37 °C has also been
reported in mouse 38C13 B-cell lymphoma cells (Kovar et al., 2004) and could be

related to the physico chemical properties of PK1. Namely, the unimolecular micellar
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conformation of PK1 in solution driven by the hydrophilicity and hydrophobicity of
polymer and drug respectively (Uchegbu et al., 1996). The rapid increase in cell-
associated fluorescence during the first 15 min would be expected to arise from a
PK1-plasma membrane interaction mediated by conjugated doxorubicin, besides the
cellular accumulation of free drug present in the preparation. However, the exact
nature of the drug-membrane interaction would be dependent on the nature of lipids
present in B16F10 cells and the steric hindrance of the polymer backbone (Tritton,
1991). The kinetics during the rest of the study could be explained by equilibrated
surface binding, and pinocytic capture of PK1 with lysosomal trafficking. Since free
doxorubicin is ~ 3.5 fold more fluorescent than polymer-bound drug, increasing cell-
associated fluorescence (> 2 h) could suggest drug release from the polymer.
However, it is important to realise that the design of these experiments did not
provide a comprehensive picture of all pinocytic processes and only showed, that

increased cell-association occurred over the time course of the experiment.

The proposed sequence of events suggested lysosomotropic delivery of PK1.
It was considered possible to investigate this indirectly due to the higher fluorescence
yield of free doxorubicin to polymer-bound drug. Therefore cells were exposed to
PK1 in the presence and absence of the competitive protease inhibitor leupeptin to
specifically inhibit cathepsin B activity responsible for the release of doxorubicin
from the tetrapeptide linker (Duncan et al., 1982; Subr et al., 1992). With sufficient
inhibition of cathepsin B activity, a small but significant difference in cell-associated
fluorescence between inhibitor treated and untreated cells was evident (figure 4.6).
Increased cell-associated fluorescence in the absence of the inhibitor was consistent
with the cleavage of the drug from the polymeric carrier, suggesting lysosomotropic
delivery of PK1 since changes in basal pinocytic rates could be excluded with the use
of the FITC-dextran control. It is worth noting that studies investigating the in vitro
stability of PK1 did not demonstrate release of doxorubicin from the polymer (figure

4.4). The study was however potentially flawed due to the high binding affinity of
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any free doxorubicin for DNA and sequestration in acidic organelles (Gewirtz,

1999), precluding its detection in the tissue culture medium.

4.4.3 Subcellular fractionation studies in B16F10 cells with PK1 and doxorubicin
Subcellular fractionation studies for PK1 were performed at 15 min and 5 h
since flow cytometry experiments provided evidence for equilibrated cell-surface
binding and lysosomotropic delivery. It was considered important to assess possible
quenching and dilution profiles for fractions obtained after a 5 h incubation period
with PK1 demonstrated a general decrease of fluorescence up on dilution. This
would suggest that doxorubicin-associated fluorescence was not quenched (figure
4.10). Thus performed measurements were a good indicator for the subcellular

distribution of PK1, though the absolute values should be treated with caution.

At 5 h, drug levels in the mitochondrial and lysosomal fractions were
significantly higher than those seen after 15 min, which was consistent with the
lysosomotropic delivery of PK1 (figure 4.9). At first sight even higher levels might
have been expected. However, intracellular retention with subsequent lysosomal
trafficking is essential to maximise lysosomotropic delivery, and it is not known
what fraction of internalised PK1 is trafficked to lysosomes and to which extent PK1
participates in exocytosis/recycling. It is essential to realise that exocytosis impedes
intracellular drug accumulation. For fluid-phase markers, such as dextran or lucifer
yellow, only ~ 20 % of internalised marker is retained by cells due to extensive
exocytosis (Swanson et al., 1985; Van Deurs et al., 1984). Therefore it is not
surprising that the inefficient process of fluid-phase pinocytosis did not yield higher
intracellular PK1 concentrations at 5 h. Progressive accumulation of PK1 in
lysosomes would be expected to increase lysosomal density as reported for dextran
(Lopez-Saura et al., 1972). Therefore lysosomes could possibly be pelleted more
readily thus explaining the high drug levels seen in the mitochondrial fraction at 5 h.
In an attempt to estimate lysosomal drug concentration the methodology reported

previously was used (Noel et al., 1978). (The basis of this calculation is briefly
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detailed in scheme 4.1). Lysosomal drug concentrations were estimated to be 3 fold
greater than the concentration present in the incubation medium (table 4.2) or as high
as 5 fold, taking into account the possible “lysosomal” contribution of the
mitochondrial fraction. These rather crude calculations reinforce that drug was
concentrated in lysosomes, but also emphasises that fluid-phase pinocytosis limits

drug accumulation.

Doxorubicin-associated fluorescence in the nuclear fraction at 5 h was also
consistent with lysosomotropic delivery of PK1 due to the release of the drug from
the polymer and subsequent nuclear accumulation (figure 4.9). Since only free and
uncharged doxorubicin would be able to escape from lysosomes (Lloyd, 2000), both
release kinetics of the drug from the polymer and lysosomal trapping of
predominately protonated doxorubicin (pKa = 8.22) (Vigevani & Williamson, 1980)
would be expected to impede nuclear accumulation leading to relatively low drug
levels. However, the nuclear fraction also contained contaminating lysosomes. This
cross contamination could have greater significance at 5 h than at 15 min, due to
time-dependent lysosomal accumulation of PK1. Although only free drug is able to
reach the nucleus, differentiating between free doxorubicin-associated fluorescence
in the nuclear fraction and fluorescence derived from polymer-bound drug from
contaminating lysosomes was impossible. It might be concluded that doxorubicin-
associated fluorescence detected in the nuclear fraction was due to contaminating
lysosomes, since fluorescence microscopy experiments showed no signs of nuclear
accumulation. However, results from flow cytometry studies (discussed above) might
indicate, that nuclear fluorescence was indeed due to free doxorubicin. Further
studies are required to address the contribution of contaminating lysosomes on
nuclear drug levels. In particular experiments examining the distribution of
lysosomes in subcellular fractions following a 5 h incubation period with PK1 could

prove conclusive.
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Methodology to calculate drug levels in lysosomes and nucleus

By assuming that 1 pg of protein corresponds to 5 ul of cell volume (Tulkens
& Trouet, 1978), the theoretical cellular volume for the corresponding fraction can
be calculated based on the protein concentration determined. Since the volume of
lysosomes and the nucleus were estimated to occupy 3 % (Tulkens & Trouet, 1978)
and 20 % of the total cellular volume respectively, the theoretical concentrations
determined in the nucleus and lysosomes can be deduced and compared to the
extracellular concentration to estimate the extent of sequestration. A sample

calculation for doxorubicin is shown below:

Protein concentration of lysosomal fraction: 2.0 mg/ml
Amount of doxorubicin in lysosomal fraction: 0.14 mg/ml
Concentration of doxorubicin in incubation medium: 6.6 x 10”° mg/ml

Based on the protein content of the lysosomal fraction, the theoretical cellular
volume would thus be 10 ml (2 x 5). Since 0.14 mg of doxorubicin was not present
in the cellular homogenate but in the lysosomal fraction, the estimated lysosomal
volume would be 0.3 ml ([10 ml x 3]/100), and thus the lysosomal concentration
would equate to 0.47 mg/ml (0.14 mg/0.3 ml). Therefore when the lysosomal
concentration of doxorubicin would be compared with the extracellular concentration
a ~ 71 fold (0.47 mg ml''/6.6 x 10° mg ml"') higher concentration would prevail

reflecting lysosomal drug sequestration.

Scheme 4.1 Methodology and worked example to calculate drug levels in lysosomes

and nucleus.
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Table 4.2 Summary of calculated intracellular concentrations of PK1 and
doxorubicin at 15 min and 5 h. Where applicable extent of drug sequestration is

shown in brackets.

Site Doxorubicin (ug/ml) PK1 (doxorubicin-equivalence ug/ml)
5h 5h 15 min
Nucleus 178.8 (27) 0.3 Not detected
Lysosomes 385.1 (58) 20.7 (3.1) | 10.3 (1.6)
Total cell 19.1 (3) 0.2 0.1
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At 5 h, the subcellular distribution of doxorubicin was markedly different
when compared to PK1 (figure 4.8). A typical nuclear drug distribution was seen
accounting for ~ 85 % of total intracellular doxorubicin. Similar values have been
reported in L1210 cells and cultured rat embryo fibroblasts (Noel et al., 1978;
Zenebergh et al., 1984). Nuclear accumulation of doxorubicin would be expected,
due to the high binding affinity of doxorubicin for DNA (Gewirtz, 1999). Levels
determined here were significantly higher than reported in a number of cell lines.
Possibly the polyploidic nature of B16F10 cells could provide more doxorubicin
binding sites (Baroja et al., 1998) since the amount of DNA present in B16F10 cells
was found to be > 2 — 10 fold greater than for instance for hepatocytes (Chapter 3
table 3.5). High levels of doxorubicin in the lysosomal fraction, accompanied by
drug sequestration, correlates well with the literature (Blanchard et al., 1981; Noel et
al., 1978; Peterson & Trouet, 1978; Skovsgaard, 1977; Zenebergh et al., 1984). The
observation that doxorubicin is sequestered in lysosomes (table 4.2) might be related
to its weakly basic nature (Schindler et al., 1996; Simon et al., 1994), since the acidic
environment facilitates its protonation producing charged doxorubicin to which the
lysosomal membrane is less permeable (De Duve et al., 1974; Duvvuri et al., 2004).
Doxorubicin sequestration in melanosomes would also be expected as they share
many features associated with lysosomes including an acidic pH (pHs of 3.0 — 4.6)
(Bhatnagar et al., 1993). Overall intracellular accumulation of doxorubicin in
B16F10 cells could be expected to follow similar kinetics as in rat embryo
fibroblasts, where rapid and saturable drug levels in the nucleus were observed and
continuous accumulation of drug in lysosomes (Gieseler et al., 1994; Peterson &
Trouet, 1978). The presence of doxorubicin in the mitochondrial and microsomal
fraction could in part be due to contaminating DNA (results shown in table 3.4

Chapter 3).
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4.4.4 Fluorescence microscopy studies to visualise subcellular distribution of PK1
and doxorubicin

Fluorescence microscopy was used to assess qualitatively the subcellular
distribution of PK1 and doxorubicin in B16F10 cells. Fluorescent blebs were
observed following PK1 exposure, in particular in fixed cells and to a lesser extent in
live cells (figure 4.11, panel a — c). Blebbing has previously been reported in
hepatocytes and L1210 cells when incubated with microspheres containing
covalently attached doxorubicin (Rogers et al., 1983; Tokes et al., 1982). Possibly
changed cellular pharmacokinetics at the plasma membrane and the multivalent
nature of polymer-bound doxorubicin, could facilitate blebbing in B16F10 cells. In
the present study it could be clearly demonstrated that cell fixation dramatically
changed the subcellular distribution of both free doxorubicin and polymer-bound
drug (figures 4.12 and 4.14). It is believed that differences between fixed and live
cell images were related to the physico chemical properties of doxorubicin and
would thus be applicable to other cell lines. The majority of studies comparing the
subcellular distribution of free doxorubicin to PK1 have been conduced with fixed
cells and should therefore be treated cautiously (Nori et al., 2003a; Nori et al., 2003b;
Tijerina et al., 2003). However, to make valid conclusions about the subcellular
distribution, only data obtained from live cells will be discussed here (figure 4.11 —
4.13). For PK1 vesicular labelling was already evident at 15 min, suggesting
localisation of PK1 in early endocytic compartments such as endosomes (i.e. in
particular the perinuclear localisation points to the involvement of the endocytic
recycling/sorting compartments; see table 1.2). At 5 h, labelling appeared to be more
punctate and the nature of vesicles was evaluated by co-incubating cells with FITC-
dextran (figure 4.13). Co-localisation of PK1 and dextran labelled vesicles was
evident, indicating that at least some PK1 reached its intended intracellular destiny.
However, no nuclear accumulation was evident and the subcellular distribution was
very different from free doxorubicin. Here, clear nuclear accumulation was evident

besides sequestration of the drug in acidic vesicles.
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4.4.5 Fluorescence microscopy versus subcellular fractionation

The prospects of fractionation studies to overcome limitations associated with
fluorescence microscopy have been a major driving force for establishing a
fractionation method and quantifying the subcellular distribution of polymer-bound
and free doxorubicin. It is therefore interesting to directly compare the results
obtained with both techniques. From fractionation studies the lysosomal PK1
concentration was calculated as 0.02 mg/ml (doxorubicin-equivalence) suggesting
the absence of significant quenching (table 4.2), since quenching was only evident at
> 0.04 mg/ml (figure 4.1). It might therefore be deduced that live cell images
provided a representative picture for the intracellular distribution of PK1. For free
doxorubicin extensive sequestration of drug in both acidic organelles (0.39 mg/ml)
and the nucleus (0.18 mg/ml) suggested that fluorescent pictures only provided a

“glimpse” of the intracellular drug distribution due to quenching.

4.5 Conclusions

Quantitative data have been presented on the intracellular trafficking of PK1,
which support lysosomal delivery of the drug, though further studies are needed to
unequivocally demonstrate lysosomotropic delivery. Results reported in this Chapter
could suggest that in vivo activity of PK1 might be influenced by factors other than
intracellular trafficking. For example, the activation of PK1 in the tumour tissue (i.e.
extracellular) due to secreted cathepsin B. However, it has long been recognised that
predicting in vivo performance from in vitro data is particularly difficult for polymer-
drug conjugates (Duncan, 2003b). Therefore additional fractionation studies are
needed using excised tumours to provide a direct comparison to in vitro studies to

establish the importance of intracellular trafficking on therapeutic outcome.

The subcellular distribution of doxorubicin followed the expected nuclear-
lysosomal distribution, and demonstrated the suitability of the established
fractionation method to follow the intracellular distribution of

(macromolecular)drugs. Direct comparison of PK1 with free doxorubicin highlighted
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the fundamental differences in subcellular fate of free and polymer-bound drug.
Quantitative data from fractionations studies also demonstrated that even the
qualitative nature of fluorescence microscopy could be limited by fluorescence

quenching.
As already stressed in this Chapter, cellular retention of polymers is of

particular importance to maximise lysosomotropic or endosomotropic delivery.

Therefore in the next Chapter pinocytosis of selected polycations has been studied.
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Chapter 5 Pinocytosis of linear, branched and dendritic polycations

5.1 Introduction

The previous Chapter used the subcellular fractionation technique established
in Chapter 3 to give a quantitative snap shot of intracellular trafficking of free and
polymer-bound doxorubicin (PK1). Whereas doxorubicin has been used clinically for
many years as an antitumour agent and PK1 entered clinical development, it is clear
that more studies are needed to define the endocytic and intracellular trafficking
properties of polymers undergoing design as second-generation polymer therapeutics

(Duncan, 2003a).

Need to study pinocytosis and trafficking of polymers

There have been relatively few studies that have set out to design polymer
therapeutics based on a biological rationale, which include systematic studies
designed to quantify pinocytosis and intracellular trafficking. Historically, linear
polymers of neutral and charged nature have been used in an attempt to improve drug
delivery and therefore studies quantifying pinocytosis and trafficking have most
often been conducted with these polymers (section 1.5.1 — 1.5.2, table 1.4). Polymers
studied include, PVP (Duncan et al., 1981b), HPMA copolymers (Duncan, 2005),
dextran (Berthiaume et al., 1995, Ohkuma & Poole, 1978) and PLL (Ryser, 1967;
Ryser & Hancock, 1965; Ryser & Shen, 1978; Shen & Ryser, 1979). Until now
linear polymers have formed the basis for all clinically investigated polymer
therapeutics (table 1.1). However, modified poly(L-lysine) dendrimers as anti-
infective gels for topical application (McCarthy et al., 2004) and dendrimers used as
magnetic resonance imaging agents (Gadomer 17) (Herborn et al., 2003) are recent
examples of dendrimer-based polymer therapeutics in clinical development. So far
very few studies have quantified pinocytosis of dendrimers and further investigations
are needed to provide a sound biological rationale for their use (summarised in
section 1.5.4, table 1.5) (Wiwattanapatapee et al., 2000; Xyloyiannis, 2004;
Xyloyiannis et al., 2003).
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However, pinocytosis is only a descriptor for a range of uptake routes into
cells, and it is clear from pathogens that route of internalisation dictates intracellular
trafficking and clinical outcome (section 1.3). Polycations of linear, branched and
dendritic topology are commonly used in the development of new polymer
therapeutics, but little is known about their (pinocytosis or) uptake routes.
Polycations could act as biomimetics by binding to a cell surface “receptor(s)”,
which dictates their route of internalisation (detailed in section 1.2.1). Only a handful
of studies have investigated “adsorptive pinocytosis” of polymers to identify uptake
routes. Recent examples include the uptake of lysine-based polyplexes into Hep G2
cells, which was attributed to a number of processes, including macropinocytosis and
clathrin-mediated pinocytosis (Goncalves et al., 2004). In contrast, a cholesterol-
dependent uptake mechanism has been proposed for polyplexes employing branched
PEI (Mw = 25,000 g/mol) or “fractured” PAMAM dendrimers (Kopatz et al., 2004;
Manunta et al., 2004). Therefore the overall aim of this Chapter was to quantify and

compare pinocytosis and trafficking of linear, branched and dendritic polycations.

Selection of polymer probes

Cationic polymers commonly used as non-viral vectors were selected
(Garnett, 1999). Linear and branched PEI (Mw = 25,000 g/mol) were chosen due to
their common use as vectors and their excellent transfection capabilities both in vitro
and in vivo (section 1.5), besides their progress towards clinical evaluation (Behr,
2004). PAMAM dendrimers have also been used in transfection studies (Kukowska-
Latallo et al.,, 1996) and their physico chemical properties have been well
documented (Tomalia & Durst, 1993; Tomalia et al., 1990) making them ideal
probes for the purpose of this study. PAMAM G4 was the largest dendrimer
investigated, since polymer-associated toxicity for PAMAM dendrimers is positively
correlated with generation (Brazeau et al., 1998; Malik et al., 2000). Due to similar
monomer units of PAMAMs and PEls, extrapolating results from one polymeric

class to the other could be attempted. The fluid-phase marker FITC-Dextran was
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included as a control (Pratten et al., 1980), but could also serve as a model compound

for polymer-drug conjugates.

Labelling of polymers to allow detection in biological systems

To follow the cellular and intracellular fate of polymers, it was necessary to
label them with a suitable probe. A number of probes have been used historically to
label polymers most notably ['®*IJiodide (Duncan, 1987; Malik et al., 2000;
Richardson et al., 1999b), °H (Ryser & Shen, 1978; Wedge et al., 1991), biotin and
organic fluorophores such as FITC or more recently OG (Helin et al., 1999a; Helin et
al., 1999b; Poxon et al., 1996; Yoo & Juliano, 2000). An alternative to organic
fluorophores are quantum dots (inorganic semiconductors of 5 — 650 nm &), which
most recently have been used for in vivo (Larson et al., 2003; Voura et al., 2004) and
live cell imaging (Jaiswal et al., 2004) due to unprecedented photo-stability and
unique spectral properties (Jaiswal & Simon, 2004). However, their large size and
limited conjugation chemistry eliminated them as potential tags. Instead labelling
with an organic fluorophore was chosen, to allow the detection of the polymer in live
cells by laser scanning microscopy and flow cytometry. OG was selected due to
excellent photostability and pH independence at pH 5.0 — 7.4. Hydrophobicity and a
Mw close to 500 g/mol makes OG an excellent model compound to mimic
commonly used drug molecules. Standard conjugation chemistry (the activated ester
of OG to a primary amine of the selected polymer) was used to prepare conjugates
(Hermanson, 1996). Such amine reactive probes are commonly used for fluorescent
labelling (Banks & Paquette, 1995), and the amide bond formed between the
fluorophore and the polymer is extremely stable in a wide range of buffer systems for
> 10 days at 37 °C (Banks & Paquette, 1995). This is of particular importance since

trafficking of polymers was assessed indirectly with the detection of fluorescence.

The aims of the studies described in this Chapter were (a) to fluorescently

label and characterise linear and branched PEI, PAMAMs G2 — 4, (b) to quantify
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their pinocytosis in B16F10 cells, (c) to provide preliminary data in B16F10 cells on

their route of internalisation.

5.2 Methods
To assess purity and molecular weight distribution all parent polymers were
subjected to GPC analysis as described in section 2.3.15. In addition both the
ninhydrin and TNBS assays were used to determine the content of 1° amine groups.
Inverse-gated *C NMR was also used to provide quantitative information for
branched PEI (1°, 2° and 3° amines) and PAMAM dendrimers (1°, 3° amines). The
experimental conditions are detailed in section 2.3.15. Theoretical amine content was
subsequently used to calculate the degree of branching (DB) of the polymers
according to Frey (formula 1), where D, and Li are the fractions of dendritic and
linear incorporated monomers respectively (Holter et al.,, 1997). The DB was
determined according to Frey, due to the ability to differentiate between truly linear
polymers and polymers with a low degree of branching or Mw (Schmaljohann et al.,
1999).
DB =2 D/(2D + Li) Equation (1)

5.2.1 Synthesis and purification of fluorescently labelled polymers

Reaction conditions were optimised using PAMAM G4 as a model
compound using first an aqueous solvent and then MeOH. The optimised conditions
were subsequently used for all other OG-conjugations without further modification.
The conjugate was protected from light whenever possible during sample preparation
and storage. First reaction conditions were explored based on previously reported
methods for polyester dendrons (Xyloyiannis, 2004) and PEI (Godbey et al., 1999b).
These conjugation reactions were carried out in a 0.1 M sodium bicarbonate buffer.
Briefly, PAMAM G4 (20 mg) was dried under vacuum and re-dissolved in sodium
bicarbonate buffer (0.1 M; pH 8.4). One molar equivalence of OG-SE was dissolved
in DMSO and added to the polymer solution and stirred in the dark at room

temperature under N, for 1 h. The reaction was monitored by TLC using MeOH as a
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mobile phase (Rf for free OG ~ 0.7, polymer remains at base line). The solvent was
evaporated and the crude product dissolved in 2 ml of purifying PBS (0.1 M; pH 7.4)
and fractionated with a 25 cm Sephadex G25 column using PBS pH 7.4 as the
mobile phase (fraction volume 1 ml). A second GPC profile was obtained using 25
ul of crude reaction mixture and PD10 desalting column (Sephadex G25) with PBS
pH 7.4 as the mobile phase (fraction volume 0.5 ml). Fractions were analysed for
OGe-associated fluorescence in a black 96 well microtitre plate with a fluorescence
plate reader. Chromatograms were subsequently constructed by plotting fluorescence
against fraction volume and used to estimate labelling efficiency (detailed below). To
improve labelling efficiency and to minimise non-specific hydrolysis of OG-SE in
the aqueous buffer system, the reaction was repeated in MeOH. A 1 molar
equivalence of OG-SE : PAMAM G4 (20 mg) was dissolved in MeOH and reacted
for 2 h under N, at room temperature in the dark. Sample purification was carried out
as before using a 25 cm G25 column. Fractions were routinely analysed by TLC for
the absence of free OG. Pooled fractions were subjected to a final analysis by GPC to
confirm the purity of the sample. To estimate fluorophore loading, a small sample
(25 pl) of the crude reaction mixture was retained and analysed by GPC using a
PD10 column. As before, peak area ratios were used to estimate loading (see below).
To recover the conjugate from solution and to remove PBS salts, the conjugate was
extensively dialysed (Mw cut-off 2000) against distilled H,0 and subsequently
freeze-dried and stored at — 20 °C until use. All subsequent reactions to label
polymers with OG were carried out in MeOH and analysed as detailed above.
Though when necessary, the pH of the reaction mixture was adjusted with
triethylamine to pH ~ 8.5. For conjugate purification (bulk) and profiling (to estimate
loading), 25 cm and 6 cm GPC columns were used respectively, with experimental

conditions detailed in table 5.1.
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Table 5.1 Purification methods employed for fluorescently labelled polymers

Polymer Fluorophore Stationary phase =~ GPC mobile phase
for GPC

PAMAM G4 oG G25 PBS pH 7.4 (0.1M)
PAMAM G3 oG G25 PBS pH 7.4 (0.1 M)
PAMAM G2 oG G25 PBS pH 7.4 (0.1M)
PEI branched oG LH20 MeOH/H,0 60 : 40 (0.36 M

NaCl in aq. phase)
PEI linear oG G25 Citrate buffer pH 5.0 (0.1 M)
Dextran FITC G25 PBS pH 7.4 (0.1M)

157



Chapter 5 Pinocytosis of linear, branched and dendritic polycations

The amount of covalently linked OG was estimated by integrating peak areas
of polymer-bound and free fluorophore using GPC chromatograms. Total peak areas
of bound and free OG served as 100 % labelling efficiency. Labelling efficiency was
then converted into the amount of OG bound (ug) per mg of polymer by using
formula (2). To estimate the maximum amount of free OG present in the conjugate
the detection limit of the employed TLC system was established by using known
concentrations of OG. By spotting identical volumes of sample/standard the amount

of free OG could be estimated and was expressed as a percentage of total OG.

Equation (2)
(ug of OG/mg of polymen) Amnofpolymatkbdtmemnnxnne(mg)

5.2.2 Characterisation of polymer-fluorophore conjugates

All polymer conjugates were characterised to ensure that spectral properties
of OG were unchanged following pol};mer conjugation and to evaluate fluorescence
quantum Yyields. The fluorescence spectrum for each polymeric probe was
determined by exciting the fluorophore at 485 nm using a 4 nm band pass filter and
recording an emission spectrum (420 nm - 650 nm). Effect of polymer
concentration, buffer composition and pH on fluorescence yield at equivalent molar
concentrations of conjugate was determined (8.75 - 350 nM). Two buffer systems
were used namely, PBS (0.1 M) at pH 7.4 and 6.4 and citrate phosphate buffer (0.1
M) at pH 5.4 and 4.0. Identical sample preparation, sensitivity, excitation and

emission wavelengths allowed direct comparison between polymer conjugates.

5.2.3 Biological evaluation of polymer conjugates

Cytotoxicity of all cationic polymers (only unlabelled parent compounds
were used due to the need of comparatively large amounts) was evaluated using a 72
h incubation time and a MTT assay as outlined in section 2.3.3. A B16F10 cell
seeding density of 1 x 10° cells/ml was used. To exclude possible fluorophore-
associated cytotoxicity, toxicity of OG alone was assessed at levels well above

maximum molar concentrations used in the form of polymer-OG conjugates.
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Qualitative assessment of polymer cytotoxicity was made by bright-field microscopy
as detailed in section 2.3.4. Only PAMAM G4 and linear PEI were tested at a 1.4
x10”7 M concentration and a 3 h incubation period. All subsequent studies were
performed with cationic polymers at this molar equivalent concentration (1.4 x 10”7

M) to allow direct comparison between probes (summarised in table 5.2).

Before examining the cellular uptake of OG-labelled polymers, it was
considered important to determine their stability in the presence of tissue culture
medium and cells. OG-PAMAM G4 and linear OG-PEI were chosen as models to
establish the stability of polymer conjugates. B16F10 cells were exposed to linear
OG-PEI and OG-PAMAM G4 (1.4 x 107 M) in complete culture medium for 3 h.
Cell culture medium was then aspirated and 3 ml dried under vacuum. Linear OG-
PEI residue was re-dissolved in 0.5 ml of citrate phosphate buffer (0.1 M; pH 5.0)
and OG-PAMAM G4 was re-dissolved in PBS (0.1 M; pH 7.4). Samples were
fractionated (0.5 ml) with a PD10 column and analysed for OG-associated
fluorescence with an excitation wavelength set at 485 nm and emission wavelengths
at 520 nm respectively. GPC profiles were constructed by plotting fluorescence

versus fraction volume.

Live cell confocal laser scanning microscopy was used to visualise cell
binding and uptake of fluorescently labelled polymers at 1 h (see section 2.3.9). A
summary of the polymer concentrations used is shown in table 5.2. Flow cytometry
was used to measure extracellular binding (4 °C), pinocytosis (37 °C) and exocytosis
of polymer probes. Experiments were conducted as described in section 2.3.11 and
2.3.13 and data were analysed as described in section 2.3.12. A 5 ~ 120 min
incubation period was used for binding and pinocytosis studies, and polymer
concentrations are listed in table 5.2. The potential route of internalisation of PEIs
and PAMAM G4 was also examined by flow cytometry as described in section
2.3.14 using a 1 h incubation period with polymers. FITC-dextran was used as a

reference marker for these studies to assess whether inhibitor treatments induced
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Table 5.2 Summary table of polymer concentrations used for flow cytometry and microscopy experiments

Polymer Nominal  Fluorophore Flow cytometry  Fluorescence microscopy  Bright-field
Mw M) M) microscopy
(g/mol) (M)
Dextran 10,000 FITC 40x10° 1.0x 10* -
PEI linear 25,000 oG 1.4x 107 1.4x 107 1.4x 107
PEI branched 25,000 oG 1.4x 107 : 1.4x 107 -
PAMAM G2 3,256 0G 1.4x 107 - 1.4 x 107
PAMAM G3 6,909 oG 1.4 x 107 - -
PAMAM G4 14,215 0G 1.4 x 107 1.4 x 107 -

§ 421dvy)

suonyvafjod d1114puap puv paydun.q 4vaui} fo sisofdourg



Chapter 5 Pinocytosis of linear, branched and dendritic polycations

changes in basal pinocytic rates. To assess the effect of free fluorophore on cell-
associated fluorescence, the model compound fluorescein (3.5 uM) was incubated
with cells for 2 h at either 37 °C or 4 °C, followed by sample preparation as detailed
in section 2.3.11 (denoted as washed cells). Alternatively, washing steps were
omitted and cells were left in the incubation medium during harvesting and pelleting.
Immediately before analysis, incubation medium was decanted and the cell pellet

was re-suspended in PBS and analysed (denoted as unwashed cells).

5.2.4 Interpretation of flow cytometry data to estimate pinocytosis
Mathematical analysis was based on the principles reported previously for

fluorescent pinocytic substrates (Swanson et al., 1985) to provide a common basis

for interpreting binding, uptake and exocytosis data. Figure 5.1 has been included to
clarify the approach.

e To allow for inter-sample comparison, data from uptake experiments (total cell-
association at 37 °C for 10 — 40 min time points) were normalised for variable
quantum yield. From the appropriate calibration curve, the fluorescence at 350
nM (pH 5.4) was used to correct readings. For studies with FITC-dextran values
were also normalised by taking into account the 29 fold higher concentration
used.

e A straight line of best fit was applied to the normalised data points from uptake
experiments.

* From this line the rate of apparent cell-association (EA) was deduced according

to formula (3) (i.e. internal and external retention of polymer).

EA =_Change in cell-associated fluorescence at 37 °C Equation (3)
Time (min)
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(a)
Apparent cell-association
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Figure 5.1 Method of data transformation performed to determine cell-association

and exocytosis kinetics.
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* Data points from exocytosis experiments were corrected using calibration curves
as detailed above. Where obvious signs of exocytosis were evident, straight lines
of best fits were applied to describe both fast (EXy,) and slow (EXy,) exocytosis
rates.

e From the fitted lines the rate change of cell-associated fluorescence was
estimated using equation (4).

EXy = Change in cell-associated fluorescence at 37 °C Equation (4)
Time (min)
* Due to limitations of the current studies to differentiate between intracellular

sequestration and/or release, the slow kinetic process EXy, was not used for rate
calculations.
e Exocytosis rate and EA were used to calculate the rate of total cell-association
(EN ;... according to formula (5).
EN 1. =EX, + EA Equation (5)
e The influence of binding on total cell-association was estimated with the use of
the 4 °C data by calculating the average contribution of external binding to total
cell-associated fluorescence at 37 °C over the first 10 — 40 min. It was assumed
that binding characteristics would be independent of temperature.
* The rate of internalisation (ER) for polymers demonstrating surface binding
was therefore deduced according to formula (6a) and according to formula (6b)
in the absence of surface binding.
ER = EN;,, x (average fraction of surface bound polymer) ~ Equation (6a)

ER = EN 1. Equation (6b)
e The determined ER served as a relative indicator for the amount of polymer

internalised.
¢ The percentage of internalised polymer exocytosed by the cell was calculated
according to equation (7).

Intracellular retention (%) = EX,, x 100 Equation (7)
ER
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5.3 Results
5.3.1 Characterisation of parent polymers

The polymer Mw determined experimentally was similar to that provided by
the supplier when measured against polysaccharide standards (table 5.3). It can be
seen that, as expected, the polydispersity of the linear and branched polymers was
greater than estimated for PAMAM dendrimers. All dendrimers displayed a similar
dispersity index for all investigated generations. In all cases there were no obvious

signs of contaminates at the extremes of the measured Mw (figure 5.2).

Amine content of PAMAM dendrimers determined by NMR was in
agreement with the theoretical values (figure 5.3, table 5.4). However, for branched
PEI, differences between the theoretical and estimated values were obvious (figure
5.4). The analytical spectrophotometric methods used are only able to determine 1°
amine groups. A reasonable correlation between expected and measured amine
content was found for PAMAM G2 and G3, but there was significant discrepancy for
PAMAM G4 (~ 52 - 73 % of the expected). For branched PEI a correlation between
the data obtained by NMR and the ninhydrin assay was evident, with the latter one
reaching more than 75 % of the primary amine content determined by NMR. For

linear PEI the low abundance of 1° amines was confirmed spectrophotometrically.

5.3.2 Synthesis and characterisation of OG-conjugates

The labelling efficiency and the characteristics of the polymer probes is
summarised in table 5.5. Conjugation of OG-SE to PAMAM G4 was successfully
achieved under both experimental conditions tested (45 — 71 % yield), but best
labelling efficiency was obtained when the reaction was carried out in MeOH (figure
5.5). All subsequent OG-SE conjugations were carried out in this solvent. Best
labelling was seen for the branched form of PEI (80 % yield) with subsequently less
for linear PEI (73 % yield) and PAMAM G4 (71 % yield) (figure 5.6 — 5.7). The

purification method was optimised according to the nature of the polymer.
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Table 5.3 Polymer molecular weight characteristics determined by GPC

Polymer Nominal Estimated® Topology
Mw Mw Mn  Polydispersity
(g/mol) (g/mol) (Mw/Mn)
Dextran 10,000° 10,311 4,422 2.33 Linear
PEI linear 25,000  21,258° 6,430°* 3.31 Linear
PEI branched 25,000 25,324*  9,723' 2.61 Branched
PAMAM G4 14,215  11,245* 7,404° 1.52 Dendritic
PAMAM G3 6,909 6,452 4,316* 1.50 Dendritic
PMAMM G2 3,256 3,497° 2,397* 1.46 Dendritic

* Determined by the manufacturer by laser light scattering

# According to (Tomalia et al., 1985)
° Polysaccharide standards

¢ Determined using acetic acid buffer (0.5 M) at 1 ml/min
¢ Determined using PBS (pH 7.4) at 1 ml/min
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1 PAMAM G4

-
eV
yANN
N

f
/\f

|_PEl linear

Refractive index

T _PEI branched

PVP !

1 Sucrose

Retention time (min)

Figure 5.2 Comparison of polymer molecular weight and polydispersity using GPC.
Chromatograms for cationic polymer were obtained with Ultrahydrogel columns
1000 and 250 in series using a 0.5 M NaOAc/OHAc as a mobile phase at 1 ml per
minute. Void (V) and bed volumes (V) have been determined using PVP (Mw 1.3
x 10° g/mol) and sucrose respectively.
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Table 5.4 Theoretical and measured 1°, 2° and 3° amine content for PEIs and PAMAM dendrimers.

Polymer Theoretical DB* BC NMR* Ninhydrin assay TNBS assay

. *
amine content

1° 2° 3° 1° 2° 3° 1° 1°
PEI linear 1 580 0 0 ND ND ND 58104 54%0.1
PEI branched 145 290 145 0.50 186 227 168 1385+ 6.3 123.3+9.0
PAMAM G2 16 - 14 1.00 16 - 14 142+ 0.8 82104
PAMAM G3 32 - 30 1.00 33 - 30 26.0+2.5 205+1.9
PAMAM G4 64 - 62 1.00 63 - 63 46.7t 2.6 33.3+1.7
PAMAM G2.5 0 - 30 1.00 ND - ND 3.8+0.2 0

Results show + SEM n=3

ND Not determined

* Using theoretical molecular weights

# Quantified using inverse-gated NMR

+ Degree of branching calculated according to Frey

< 421dvy)

suonyvofjod onripuap puv paysuv.q uvaui fo sisojfdould



Chapter 5 Pinocytosis of linear, branched and dendritic polycations

Table 5.5 Characteristics of fluorescently labelled polymeric probes

Polymer Fluorophore = Molarratio  Labelling efficiency Free fluorophore

(fluorophore/  (ug fluorophore/mg (% of total)”

polymer) polymer) *

PAMAM G4 0G 0.45 162 0.6

0.71 25.6 9* 0.4
PAMAM G3 0G 0.56 41.5 @* 0.2
PAMAM G2 0G 0.50 78.6 9% 0.1
PEI branched 0G 0.80 16.4 @* 0.6
PEI linear 0G 0.73 15.0 @* 0.7
Dextran FITC 4.00* 156.3 ** ND

(1) OG-SE dissolved in DMSO and polymer dissolved in sodium bicarbonate buffer
(0.1 M) pH 8.3, allowed to react for 1 h at room temperature under N,.

(2) OG-SE and polymer dissolved in MeOH, where necessary pH adjusted to ~ 8.5
with triethylamine. Mixture and allowed to react under N, for 2 h at room
temperature.

# Labelling efficiency was estimated unless otherwise stated by integrating peak

areas of free and polymer-bound fluorophore using size exclusion chromatograms.

Labelling efficiency is expressed as ug of fluorophore/mg of polymer.

* Estimated detection limit of free OG by thin layer chromatography when visualised

at 365 nm

% Used for trafficking experiments

¢ Supplied by the manufacturer

170



Chapter 5 Pinocytosis of linear, branched and dendritic polycations

Polymer-NH, + o)
Polymer bearing primary amine OG-SE
MeOH, ~pH 8.5
2 h, 25°C
HO. (0) o
F F
Q
HON + ﬁ—Polymer
0)
N-hydroxysuccinimide OG-polymer conjugate

Figure 5.5 Optimised synthesis of OG-polymer conjugates
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Figure 5.6 Evaluation of reaction yield and purity of branched PEI-OG conjugate
using GPC. Representative GPC profiles for crude (@) and purified (O) OG-PEI
using a LH20 column and a MeOH/H,0 (60 : 40 containing 0.36 M NaCl) elution
buffer.
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Figure 5.7 Evaluation of reaction yield and purity of OG-PAMAM G4 conjugate
using Sephadex G25. Panel (a) elution profile of the crude reaction mixture for
polymer-bound and free fluorophore using a 25 cm column and a loading of ~ 2 x
10 moles of polymer. Panel (b) elution profiles for crude (@) and purified (O)
conjugate using a PD10 column and a loading of ~ 2 x 10® moles of polymer. The
molar labelling ratio of OG to PAMAM G4 was estimated as 0.45 and 0.42 for panel
(a) and (b) respectively.
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5.3.3 Characterisation of polymer conjugates: effect of concentration, buffer and
PH on fluorescence.

The emission spectra for all OG conjugates showed a maximum at ~ 520 nm
(figure 5.8) though FITC-dextran had a maximum at a slightly lower wavelength (~
515 nm). FITC-dextran showed a clear linear correlation between concentration and
fluorescence quantum yield (figure 5.9). Linear and branched PEI also showed a
linear relationship between concentration and fluorescence (figure 5.10). For linear
PEI superimposable fluorescence was observed at both pH 7.4/5.4 and pH 6.4/4.0.
Highest values were observed for pH 7.4/5.4. For branched PEI similar fluorescence
values were observed over the tested pH range. All PAMAM dendrimers showed
linear fluorescence at concentrations up to 0.2 uM (figure 5.11 - 5.12). For PAMAM
G4 all calibration curves were linear and highest levels of fluorescence were
observed at pH 5.4 and second highest levels at pH 4.0 (figure 5.12). Identical
fluorescence output was observed at pH 7.4 and pH 6.4 for PAMAM G4. For
PAMAM G3 fluorescence was identical over the tested pH range up to a 0.2 uM
concentration. At higher concentrations the rank order was pH 5.4 > pH 4.0 > pH 7.4
~ pH 5.4 (figure 5.11, panel a). For PAMAM G2 a linear relationship of fluorescence
was evident over the tested concentration range at pH 4.0 (figure 5.11, panel b).
Highest values were observed at pH 5.4 with subsequently lower ones at pH 6.4 and

7.4.

5.3.4 Cyrotoxicity in B16F10 cells

The cytotoxicity of all polymers is shown in figure 5.13 with calculated 1Cj,
values summarised in table 5.6. All cationic polymers were cytotoxic. There was a
clear generation-dependent toxicity for PAMAM dendrimers (G4 > G3 > G2).
Comparable toxicity was seen for both linear and branched PEI (figure 5.13). For OG
a reduction in viability was only apparent at the highest concentrations tested and
these exceed the concentrations used in the uptake assays (figure 5.14). Visualisation

of B16F10 cells exposed to polymers (3 h) using bright-field microscopy confirmed
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Figure 5.8 Emission spectra for fluorescently labelled polymer conjugates recorded
in PBS at pH 7.4. Conjugates were excited at 485 nm (+ 4 nm) and emission

spectrum was recorded.
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Figure 5.9 Effect of pH and buffer on FITC-dextran fluorescence. Calibration curves
for polymer conjugate in PBS (0.1 M) pH 7.4 (@) and 6.4 (O) and citrate buffer (0.1
M) pH 5.4 (A) and 4.0 (O). (Data represents mean + SEM n=3, error bars are within

plot symbols when not visible).
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Figure 5.10 Effect of pH and buffer on PEI-OG fluorescence. Panel (a) standard
curves for linear PEI, (b) standard curves for branched PEI. Measurements were
performed in PBS (0.1 M) pH 7.4 (®) and 6.4 (O) and citrate buffer (0.1 M) pH 5.4
(A) and 4.0 (O ). (Data represents mean + SEM n=3, error bars are within plot

symbols when not visible).
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Figure 5.11 Effect of pH and buffer on OG-PAMAM G3 and G2 fluorescence.
Measurements were performed in PBS (0.1 M) pH 7.4 (@) and 6.4 (O) and citrate
buffer (0.1 M) pH 5.4 (A) and 4.0 (). (Data represents mean + SEM n=3, error

bars are within plot symbols when not visible).
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Figure 5.12 Effect of pH and buffer on OG-PAMAM G4 fluorescence.
Measurements were performed in PBS (0.1 M) pH 7.4 (@) and 6.4 (O) and citrate
buffer (0.1 M) pH 5.4 (A) and 4.0 (&). (Data represents mean + S.E.M n=3, error
bars are within plot symbols when not visible).
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Figure 5.13 Cytotoxicity of cationic polymers and dextran in B16F10 cells.
Incubation period was 72 h and cell seeding density 1 x 10° cells/ml. Plot symbols
are as follows: PAMAM G2 (), PAMAM G3 (O), PAMAM G4 (O), branched PEI
(@), linear PEI (O), dextran (A). Data are presented as percentage of untreated
control cells. (Data represents + SEM n=18, error bars are within plot symbols when

not visible).
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Table 5.6 Summary of IC;, values for B16F10 cells*

Polymer IC,, values in uM ( SEM)
Dextran > 100

PAMAM G2 176.6 (20.6)
PAMAM G3 14.3 (2.8)
PAMAM G4 3.6 (0.9
Branched PEI 0.6 (0.1)

Linear PEI 2.8 (1.8)

# Cell viability estimated using the MTT assay
following a 72 h exposure to polymers at a seeding
density of 1 x 10° cells/ml.
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Figure 5.14 Cytotoxicity of OG in B16F10 cells. Incubation period was 72 h and cell
seeding density 1 x 10° cells/ml. Shaded area corresponds to maximum exposure
levels of polymer-bound OG during experiments assuming the presence of one
fluorophore per polymer chain. Data are presented as percentage of untreated control
cells. (Data represents + SEM n=6, error bars are within plot symbols when not
visible).
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the absence of obvious signs of cellular toxicity at polymer concentrations of 1.4 x

107 M (dummy uptake experiment) (figure 5.15).

5.3.5 Stability of polymer conjugates in vitro and cell-association of fluorescein

At the start OG-PAMAM G4 and linear OG-PEI contained 0.4 % and 0.7 %
of free OG respectively. After 3 h, free OG levels were estimated as 8 % and 16 %
(figure 5.16). Cell-associated fluorescence of free dye was evaluated with the use of
the model fluorophore fluorescein at a molar concentrations 25 fold in excess of
concentrations used for uptake studies (figure 5.17). Unwashed cells always showed
high cell-associated-fluorescence, which was independent of temperature, whereas

washed cells were just above background (figure 5.17).

5.3.6 Pinocytosis and exocytosis of fluorescently labelled polymers measured by
Sflow cytometry

The B16F10 cell association of polymer-OG conjugates over time could be
seen from the changes in the flow cytometry profiles (figure 5.18), with excellent
peak symmetry for all conjugates. Cell association of FITC-dextran at 37 °C was
linear over the 2 h incubation period (figure 5.19). Experiments conducted at 4 °C
showed insignificant surface binding. Exocytosis experiments showed a rapid loss of
cell-associated fluorescence within 10 min (falling to ~ 60 % of the original value
within 10 min) and thereafter only a marginal decrease in fluorescence was evident
for the remaining 50 min. Appearance of FITC-dextran in the tissue culture medium
over time corroborated these observations (figure 5.20). Insignificant surface binding
and extensive recycling was observed for dextran, providing an estimate that only ~
20 % of internalised polymer was retained intracellular (calculated using equation 7).
Furthermore ~ 40 % of total pinocytosed polymer was exocytosed within 10 min
from an intracellular pool with a short half-life (t,;, ~ 15 min). Following the rapid
release, disappearance of cell-associated fluorescence over the next 50 min was slow
(t,;, ~ 120 min). The cellular association of both linear and branched PEIs at 37 °C

was linear over the incubation time (figures 5.21 and 5.22). However, in this case
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Figure 5.15 Representative bright-field images of B16F10 exposed to cationic
2

polymers for 3 h. Panel (a) control cells, panel (b) cells incubated with PAMAM G4,

and panel (c) cells incubated with linear PEI. Scale bar 10 um.
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Figure 5.16 GPC profiles of tissue culture medium following incubation with
polymer conjugates. B16F10 cells were incubated with conjugate for 3 h. Panel (a)
OG-PAMAM G4 at 0 h (O) and 3 h (@), (b) linear OG-PEI at 0 h (O) and 3 h (@).
(Data show single representative experiments).
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Figure 5.17 Representative histogram profiles obtained by flow cytometry for
B16F10 cells exposed to free fluorescein for 2 h at either 37 °C or 4 °C. Dye leakage
was evaluated by preparing cells for flow cytometric analysis by either employing or
omitting washing steps. Background fluorescence of control cells is shown by filled

histogram.
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Figure 5.18 Representative histogram profiles obtained by flow cytometry for
B16F10 cells exposed to fluorophore labelled polymers for 2 h at 37 °C. Background

fluorescent of control cells is shown by filled histograms. Panel (a) FITC-dextran, (b)
linear (black line) or branched (grey line) PEI, (c) PAMAM G2 — G4.
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Figure 5.19 Pinocytosis, exocytosis and binding profiles for FITC-dextran in B16F10
cells. Panel (a) 37 °C (@) and 4 °C (A), panel (b) exocytosis profile following a 2 h
uptake period. (Data represents mean * SEM n=9 for uptake and binding, and n=6
for exocytosis experiments, error bars are within plot symbols when not visible).
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Figure 5.20 Release of FITC-dextran into culture medium during exocytosis phase.

(Data represents mean £ SEM n=6, error bars are within plot symbols when not
visible).
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Figure 5.21 Pinocytosis, exocytosis and binding profiles for linear OG-PEI in
B16F10 cells. Panel (a) 37 °C (@) and 4 °C (A), amount of internalised polymer (O)
was estimated by subtracting 4 °C binding values form 37 °C uptake profiles. Panel
(b) exocytosis profile following a 2 h uptake period. (Data represents = SEM n=9 for
uptake and binding, and n=6 for exocytosis experiments, error bars are within plot
symbols when not visible).
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Figure 5.22 Pinocytosis, exocytosis and binding profiles for branched OG-PEI in
B16F10 cells. Panel (a) 37 °C (@) and 4 °C (A), amount of internalised polymer (O)
was estimated by subtracting 4 °C binding values form 37 °C uptake profiles. Panel
(b) exocytosis profile following a 2 h uptake period. (Data represents + SEM n=9 for
uptake and binding, and n=6 for exocytosis experiments, error bars are within plot
symbols when not visible).

191



Chapter 5 Pinocytosis of linear, branched and dendritic polycations

studies undertaken at 4 °C indicated significant extracellular binding. For branched
PEI this accounted for ~ 58 % of total cell-associated fluorescence. For linear PEI the
extent of binding was ~ 13 % of total cell-associated fluorescence. Exocytosis
experiments did not reveal obvious signs of changed cellular fluorescence during the
60 min chase for either form of PEI (figure 5.21 and 5.22). The lack of PEI
appearance in the culture medium over time corroborated these findings (figure
5.23). The cell association profile of PAMAM G4 resembled that of linear PEI, and
extracellular binding contributed ~ 16 % to total cell-associated fluorescence (figure
5.24). Exocytosis experiments did not show signs of reduced cellular fluorescence
over time. The lack of PAMAM G4 appearance in the culture medium during the
chase corroborated these findings (figure 5.25). The cellular association for PAMAM
G3 appeared more biphasic, with rapid cellular uptake (5 — 10 min) and a slower rate
for rest of the study (figure 5.26, panel a). Contribution of extracellular binding was
on average ~ 20 % of total cell-associated fluorescence. The cell association profile
for PAMAM G2 resembled that of PAMAM G4 though with a higher 4 °C surface
binding (~ 25 %). When total cell association of polymers was compared over the
first 40 min (i.e. using equation 5), maximum rate of internalisation was observed for
PAMAM G4 (i.e. using equation 6a), followed by linear and branched PEI achieving
27 % and 36 % of the maximum respectively (figure 5.27). For PAMAM G3 and G2
internalisation rates were significantly lower with 8 % and 4 % of the maximum
respectively. Internalisation rate of PAMAM G2 was comparable to FITC-dextran

(equation 6b).

5.3.7 Fluorescence microscopy of polymer conjugates

Confocal microscopy examination of live B16F10 cells incubated with FITC-
dextran for 1 h revealed clear vesicular labelling with no apparent surface binding
(figure 5.28) (N.B. all fluorescent images are also presented in an electronic format
to aid visualisation. The CD can be found at the back of the thesis in Appendix II).
Maximum projection of confocal slices demonstrated saturated perinuclear

fluorescence (figure 5.28, panel b). Live cell images of B16F10 cells incubated with
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Figure 5.23 Release of linear and branched PEI-OG into culture medium during

exocytosis phase. (Data represents mean + SEM n=6, error bars are within plot
symbols when not visible).
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Figure 5.24 Pinocytosis, exocytosis and binding profiles for OG-PAMAM G4 in
B16F10 cells. Panel (a) 37 °C (@) and 4 °C (A), amount of internalised polymer (O)
was estimated by subtracting 4 °C binding values form 37 °C uptake profiles. Panel
(b) exocytosis profile following a 2 h uptake period. (Data represents + SEM n=9 for

uptake and binding, and n=6 for exocytosis experiments, error bars are within plot
symbols when not visible).
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Figure 5.25 Release of OG-PAMAM G4 into culture medium during exocytosis

phase. (Data represents mean + SEM n=6, error bars are within plot symbols when
not visible).
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Figure 5.26 Pinocytosis and binding profiles for OG-PAMAMs G3 and G2 in
B16F10 cells. The amount of internalised polymer (O) was estimated by subtracting
4 °C binding values (A) form 37 °C uptake profiles (@). Panel (a) PAMAM G3,
panel (b) PAMAM G2. (Data represents + SEM n=6 for uptake and binding
experiments, error bars are within plot symbols when not visible).

196



Chapter 5 Pinocytosis of linear, branched and dendritic polycations

Total cell-association
(Normalised change in fluorescence/min)

0 e R

G2 G3 (l.34 Bra;rched Li;1ear Dextran
PAMAM PEI Control

Figure 5.27 Estimated rates of cellular association and internalisation of linear,
branched and dendritic polycations in B16F10 cells. Height of bars depicts total rate
of cellular accumulation of polymers (cell-association at 37 °C). Black portion of
bars corresponds to rate of polymer internalisation. For PAMAMs and PEIs the white
portion represents the contribution of external binding (cell-association at 4 °C) to
total rate of cellular accumulation. For cationic polymers exocytosis was negligible.
For dextran white portion estimates the contribution of exocytosis to total rate of
cellular accumulation. For dextran, external binding was negligible.
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Figure 5.28 Representative confocal images of live B16F10 cells incubated for 1 h
with FITC-dextran. Panel (a) single confocal slice, (b) maximum projection of
confocal slices (same cells). Arrows point to saturated perinuclear labelling. Scale
bar 20 pm.
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linear PEI (1 h) showed clear plasma membrane labelling (figure 5.29, panel a) in
addition to some vesicular labelling. Maximum projection of fluorescent images of
the same set of cells demonstrated vesicular and patched surface labelling (figure
5.29, panel b). Subcellular localisation of branched PEI at 1 h appeared different,
with a number of enlarged vesicles with saturated fluorescence (figure 5.30, panel c)
and surface binding. B16F10 cells exposed to branched PEI always appeared highly
fluorescent. Confocal images of cells incubated with PAMAM G4 for 1 h showed

extensive vesicular labelling in addition to low degree surface binding (figure 5.31).

5.3.8 Preliminary studies on the mechanisms of uptake of polymer probes
Comparison between MBCD treated and untreated B16F10 cells incubated
with FITC-dextran (1 h) showed a significant reduction (28 %) in the cell-associated
fluorescence (figure 5.32). A marginal, but not significant reduction in cell-
associated fluorescence was observed following chlorpromazine and wortmannin
treatment. B16F10 cells incubated with linear PEI in the presence of MBCD showed
a large increase in cell-associated fluorescence (173 %) when compared to control.
No significant changes in cell-associated fluorescence were observed following
either chlorpromazine or wortmannin treatment when compared to control cells
incubated with OG-labelled polymer. For branched PEI, significant reduction (33 %)
in cell-associated fluorescence was only evident following MBCD treatment.
Marginal, but not significant reduction was seen following chlorpromazine and
wortmannin treatment. Inhibitor treated B16F10 cells incubated with PAMAM G4
showed very similar trends observed with branched PEI. For PAMAM G4 a
significant reduction (44 %) in cell-associated fluorescence was observed following
MpBCD treatment when compared to control and only marginal changes when cells

were treated with either chlorpromazine or wortmannin.
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20.00 pim

Figure 5.29 Representative confocal images of live B16F10 cells incubated for 1 h
with linear OG-PEI. Panel (a) single confocal slice, (b) maximum projection of

confocal slices (same cells). Arrows point to characteristic surface binding. Scale bar

20 um.
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Figure 5.30 Representative confocal images of live B16F10 cells incubated for 1 h
with branched OG-PEI. Panel (a) single confocal slice, (b) maximum projection of
confocal slices (same cells), (¢) maximum projection of confocal slices. Arrows point
to swollen vesicular structures. Scale bar 20 um.
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Figure 5.31 Representative confocal images of live B16F10 cells incubated for 1 h
with OG-PAMAM G4. Panel (a) single confocal slice, (b) maximum projection of
confocal slices. Scale bar 20 um.
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Figure 5.32 Effect of pinocytosis inhibitors on accumulation of fluorescently labelled
polymers at 37 °C for 1 h. Results are expressed relative to cell-associated
fluorescence in absence of pinocytosis inhibitor. Key: MBCD = methyl-$-
cyclodextrin, Chlor = chlorpromazine, Wort = wortmannin. Statistical differences
between control and treatment groups were determined at p < 0.1 - p < 0.01 (**%)
using one-way ANOVA and Bonferroni post hoc test. (Data represents mean + SEM

n=4 except wortmannin treatment groups where n=3).
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5.4 Discussion

5.4.1 Preliminary characterisation of polymers
Many studies fail to verify the structure and purity of the probes they use in

such trafficking experiments (Godbey et al., 1999a). Although it was not possible to
use an absolute method, the Mws of all polymers were reasonably consistent with the
figures supplied by the manufacturer. The discrepancies could be attributable to the
use of chemically different calibration standards to samples. Although the
polydispersity of PAMAMSs was higher than might be predicted if they were mono-
disperse, band broadening during GPC analysis could be a contributing factor
(Tomalia & Durst, 1993). Characterisation of PAMAM dendrimers by NMR and
spectrophotometric assays suggested a defined topology for PAMAMs. For PAMAM
G4 experimentally determined results deviated most from expected values. However,
experimental errors could be responsible since generation-dependent defects are low
for PAMAM G4 (Tomalia et al., 1990), and no obvious degradation products could
be seen by GPC (Tang et al., 1996). Likewise for spectrophotometric tests, both
branch back-folding and surface crowding (Tomalia et al., 1990) could possibly
account for the observations made. Analysis of PEIs by NMR and
spectrophotometric methods showed deviations from the predicted structure (Dermer
& Ham, 1969) with similar results reported previously (Pierre & Geckle, 1985; Von
Harpe et al., 2000).

5.4.2 Synthesis and characterisation of fluorescently labelled polymers

Bicarbonate is recommended by the manufacturer for labelling of proteins
with OG (Haugland, 2002), however the use of an aqueous solvent causes hydrolysis
of the activated ester reducing reaction yield. Therefore MeOH was used due to good
OG-SE/polymer solubility and reduced ester hydrolysis. Reaction conditions were
selected to achieve a statistical functionalisation of 1 polymer per OG molecule to
minimise possible fluorophore-associated trafficking events (Yoo et al., 1999). It was
considered important to estimate OG loading to determine reaction yield and amount

of free fluorophore. For all polymers adequate labelling was achieved (lowest yield
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50 %) with minimal amounts of free fluorophore (< 1 %) ensuring reliable detection

of polymers in vitro (table 5.5).

Few studies using fluorescently labelled polymers provide details on the
fluorescence characteristics of the conjugates. For all conjugates emission maxima
resembled that of the native dye (Haugland, 2002). For FITC-dextran pH-dependent
fluorescence was observed (in good agreement with the literature). However,
following the conjugation of OG to cationic polymers fluorescence characteristics
with respect to pH was somewhat less predictable. It would appear that in part the
extent of protonation and buffer composition affected fluorescence. This could be
expected since protonation of polymeric amines was affected over the tested pH
range (pKa ~ 3.6, ~ 9.7 for 3° and 1° amines respectively) (Suh et al., 1994; Tomalia
et al., 1985). Changes in the fluorophore microenvironment due to protonation and
buffer composition would be expected to affect fluorescence output, with similar
observations reported previously (Xyloyiannis, 2004). Although fluorescence output
for all OG-polymer conjugates was affected by changes in pH and/or buffer
composition, differences were 4 fold at the most. Therefore comparisons between

OG-polymers could be justified.

5.4.3 Cytotoxicity and stability of conjugates in B16F10 cells

Many studies fail to verify the use of non-toxic polymer concentrations when
studying cell-association and trafficking (Bieber et al., 2002; Tajarobi et al., 2001).
In preliminary cytotoxicity experiments all cationic polymers were cytotoxic with
similar observations reported previously for PAMAM dendrimers (Brazeau et al.,
1998; Malik et al., 2000; Roberts et al., 1996) and PEIs (Fischer et al., 1999).
Therefore polymer concentrations per cell were selected > 40 fold lower than the I1C;,
value. This was qualitatively confirmed with bright-field microscopy due to the
absence of polymer-associated toxicity (Godbey et al., 2001). Concentrations of the

cationic polymers studied here were also well below the levels required to yield pore
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formation in the plasma membrane of viable cells and model bilayers (Hong et al.,

2004).

The final study in this series evaluated the stability of selected OG-
conjugates, to ensure that only polymer trafficking was monitored. Following the 3 h
incubation period free OG was detectable, suggesting that a fraction of fluorophore
was released during the incubation period (figure 5.16). The presence of high Mw
conjugates after incubation, and the biologically stable amide bond (Banks &
Paquette, 1995) between OG and the polymer suggested that free OG originated from
unreacted fluorophore. In particular the aromatic ring structure of OG would be
expected to permit n-x stacking of free OG with polymer-bound fluorophore, making
it difficult to remove during purification. The importance of free fluorophore on cell-
associated fluorescence was evaluated with the model compound fluorescein. Studies
clearly demonstrated that uptake was passive, and driven by a concentration gradient
(figure 5.17). Fluorescein was readily removed during sample preparation. It is
therefore reasonable to assume that the presence of small amounts of free OG did not

significantly influence observations made in pinocytosis and trafficking studies.

5.4.4 Pinocytosis and exocytosis of fluorescently labelled polymers

Polymers often serve as vectors to achieve selective drug delivery. However,
few studies address the basic cellular pharmacokinetics including binding, uptake
and exocytosis to provide a biological rationale for their use (Xyloyiannis, 2004). For
clarity a diagram of the proposed sequence of events has been included (figure 5.33).
Extrapolating the straight line fit for FITC-dextran pinocytosis back to the ordinate,
indicated cell-associated fluorescence at time O (figure 5.19, panel a). Similar
observations for FITC-dextran have been made in other cell lines using flow
cytometry (Murphy et al., 1982b; Van Deurs et al., 1984). This “curve-linear” uptake
profile, could be due to a number of factors including the progressive accumulation
of FITC-dextran in acidic organelles leading to pH and concentration-dependent

quenching. However, assays with radioactive labelled probes demonstrated that
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Figure 5.33 Diagram of pinocytosis of linear, branched and dendritic polycations.

Panel (a) fluid-phase marker dextran, (b) cationic polymers. Percentages refer to

polymer distribution, broke arrows indicate poorly defined pinocytic processes.
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cellular accumulation of fluid-phase markers proceeds in a “curve-linear ” fashion as
the two Kinetically distinct processes of pinocytosis and exocytosis reach equilibrium
(Besterman et al., 1981; Phaire-Washington et al., 1980). With the aid of exocytosis
experiments it was demonstrated that only ~ 20 % of internalised FITC-dextran was
retained inside the cell, with the rest of polymer being returned into the culture
medium. Furthermore intracellular pools were also rapidly depleted (40 % loss) over
10 min with similar observations reported previously for other fluid-phase markers
(Adams et al., 1982; Besterman et al., 1981; Swanson et al., 1985). Although FITC-
dextran was only used as a control, it could serve as a model compound for polymer-
drug conjugates. Studies clearly showed that polymer conjugates designed for
endosomotropic or lysosomotropic delivery could face endogenous “efflux”

mechanisms, which minimise cellular accumulation and potentially drug release.

Cell association for both linear and branched PEI was very different from
FITC-dextran due to cell surface binding and the absence of PEI release back into the
culture medium. The rapid increase in cell associated fluorescence at 37 °C (0 — 10
min) could be due to cell surface binding and subsequent internalisation (figure 5.21
and 5.22). Proteoglycans are emerging as polycation binding sites and could act as
“receptor(s)” (Ruponen et al., 2003). Similar uptake profiles have also been reported
for both classical receptor-mediated (Mellman et al., 1984) and “adsorptive”
pinocytosis (Duncan et al., 1984; Murphy et al., 1982a). It is therefore proposed that
PEI displayed a rapid, high affinity binding to “receptor(s)” at the plasma membrane
followed by subsequent internalisation (figure 5.33). Binding of PEIs to endosomal
membranes has previously been reported (Clamme et al., 2003b) and could explain
the absence of exocytosis. However, it is not known if PEI could also participate in
recycling while bound to the “receptor(s)”. Direct comparisons between linear and
branched PEI clearly showed that the rate of internalisation was comparable,
although extracellular binding for branched PEI was ~ 5 fold greater. Since the rate
of polymer internalisation was significantly greater than for the fluid-phase marker

dextran (figure 5.27), it is reasonable to assume that the majority of PEI was
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internalised in its bound form. It might therefore be deduced that only a fraction of
the occupied binding sites for branched PEI participated in internalisation. However,
for linear PEI it might be concluded that the majority of binding sites participated in
polymer internalisation. It therefore appears that linear PEI and branched PEI target
different binding sites, which were internalised by different routes as shown in figure

5.32. It remains to be seen if additional experiments can confirm this hypothesis.

Fluorescence microscopy of PEI revealed both surface binding and vesicular
labelling, corroborating the observations made by flow cytometry. Besides numerous
small vesicular structures observed for branched PEI, a number of “enlarged”
structures were evident (figure 5.30, panel a). These structures could be endocytic
vesicles loaded with PEI experiencing the “proton-sponge effect” (Behr, 1997).
Bursting of those vesicles has however not been observed, since it is thought to be a
comparatively rare event (Merdan et al., 2001). Linear PEI showed some signs of
vesicular labelling, though significantly less than seen for the branched form of PEI.
Despite similar fluorescence quantum yields for both forms of PEI, linear PEI
appeared to be extensively affected by photo-bleaching during microscopy
experiments, possibly leading to poorer vesicular labelling. Nonetheless, overall
subcellular distribution appeared different when compared to branched PEI due to
distinct, patched plasma membrane labelling with similar observations reported

previously in colon carcinoma cells (Wightman et al., 2001).

Both uptake and exocytosis profiles for PAMAM G4 resembled that of linear
PEI and thus also “receptor” binding and internalisation could provide a working
model for the observations made (figure 5.24). For PAMAM G4 typical endocytic
labelling was evident, with little cell-surface labelling. Similar results have been
reported previously with PAMAM G3 (De Long et al., 1997) and PAMAM G4
dendriplexes in human asterocytoma (U251) and HeLa cells respectively. PAMAM
G3 and G2 were also investigated in the present study to investigate possible

generation-dependent effects. However, only uptake studies were performed since no
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exocytosis was observed for any of the other investigated polycations. For PAMAMs
G2 and G3 uptake profiles resembled that of PAMAM G4. However, when
internalisation rates were compared, generation-dependent uptake was evident (G4
>> G3 > G2) (figure 5.53). The large difference between G4 and G3 (~ 13 fold)
could be related to a number of factors including Mw, number of 1° amine groups
and transition from an amorphous to a compact globular shape (Rathgeber et al.,
2002; Tomalia & Durst, 1993). Comparison of the dendrimers with PEI showed that
uptake rates for PAMAM G4 were unprecedented (figure 5.33). A recent study using
fluorescently labelled PAMAM G4 (NH, surface) and PAMAM G4 (OH surface)
also demonstrated high uptake rates into A549 cells (human lung epithelium
carcinoma), but considerably slower uptake for hyperbranched polyol (OH surface)
(Kannan et al., 2004). It is currently not known which particular feature(s) of
PAMAM G4 contributed to this obser'vation. However, it is clear that all cationic
polymers showed greater rates of intracellular retention than seen for fluid-phase

pinocytosis (figure 5.33).

5.4.5 Preliminary findings on the mechanism of uptake of polymer probes
Increasing awareness of specific cell surface domains interacting with
synthetic (Ruponen et al., 2003) and endogenous (Belting et al., 1999) polyamines
warranted the use of modulators of pinocytic pathways to investigate the
internalisation route of selected polycations. For PAMAM G4, polymer
internalisation by B16F10 cells appeared to be in part cholesterol-dependent (44 %)
(figure 5.32, panel b). A similar reduction in uptake has been reported for CHO and
EA.hy 926 cells (Manunta et al., 2004), however transfection efficiency was reduced
by > 90 %. This clearly demonstrated the importance of correct
compartmentalisation on therapeutic outcome. Caveolae/raft-mediated uptake routes
are attractive due to the neutral pH of caveosomes (Pelkmans et al., 2001), however
vesicular escape of the complex by the proposed proton sponge effect (Tang et al.,
1996) would be doubtful. For branched PEI only MBCD reduced cellular

accumulation significantly (33 %), suggesting that uptake of the polymer is
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accomplished predominately by a cholesterol-dependent and clathrin-independent
mechanism (figure 5.32, panel c). Similar results have been reported in HeLa cells,
where cholesterol depletion with MBCD significantly decreased transfection
efficiency (Kopatz et al., 2004). Most surprising were observations made with linear
PEI where cholesterol depletion led to a dramatic increase (~ 173 %) in uptake. This
is the only example found in the literature where inhibition of a cholesterol-
dependent uptake mechanism resulted in increased cellular association of a non-viral
vector. Possibly cholesterol depletion up-regulates the intrinsic internalisation route
for linear PEI, analogues to the induction of dynamin- and clathrin-independent
uptake mechanisms in dynamin mutant HeLa cells (Damke et al., 1995). The
proposed different binding sites for branched and linear PEI might explain the

differences seen for PEI following MBCD treatment (Belting et al., 2003).

Findings for the mechanism of polycation internalisation should only be
regarded as preliminary results. Although inhibitor concentrations and assay
procedures were based on published methods, careful tailoring to each cell type is
recommended. Thus a number of additional experiments would complement the
study by assessing, (a) effect of inhibitors on known ligands such as transferrin, (b)
cell-viability following inhibitor treatment, (c) 4 °C binding studies * inhibitor.
Although inhibitors are often portrayed to block specific uptake routes, they are
likely to exert a plethora of unwanted effects (e.g. inhibition of endosome fusion)
(Clague et al., 1995; Jones et al., 1998). Studies wishing to address the route of
polymer internalisation should therefore use a combination of techniques to minimise

artefacts.

5.5 Conclusions

All cationic polymers were internalised by “adsorptive” pinocytosis with a
maximum rate of internalisation for PAMAM G4, followed by linear and branched
PEI achieving 27 % and 36 % of the maximum respectively. Overall extent of

extracellular binding was highest for branched PEI accounting for > 50 % of total
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cell association and only 13 % for linear PEI. For all dendrimers extracellular
binding was 16 — 26 % of the total (G2 > G3 > G4). All cationic polymers lacked
significant exocytosis. It appeared that PAMAM G4 was the ideal polymer to
maximise intracellular drug delivery with an uptake rate > 130 fold of typical fluid-
phase pinocytosis. The extensive exocytosis/recycling of the fluid-phase marker
dextran minimised lysosomal accumulation, and could indicate the shortfalls of non-
targeted polymer-drug conjugates designed for lysosomotropic delivery. For
polycations the interaction with specific membrane component(s) seemed to regulate
their cellular uptake mechanisms. Whereas PAMAM G4 and branched PEI were
predominately internalised by cholesterol-dependent pathways, internalisation of

linear PEI appeared to be independent of clathrin and cholesterol.
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6.1 General Discussion
Critical evaluation of the present study: contribution to science

It is believed that this is the first study to investigate the intracellular
trafficking of polymer therapeutics in B16F10 cells by subcellular fractionation. The
established quantitative fractionation method in B16F10 cells allowed separation of
the major cellular components and thus provides a convenient way to quantify the
subcellular distribution of polymer therapeutics (Chapter 3). The present study also
addressed some of the fundamental issues such as breakage efficiency and enzyme
kinetics (Seib et al., 2003). These elements ensured that distribution patterns of
markers and polymer therapeutics were representative for the entire cell population.
All recent studies aimed at quantifying the subcellular distribution of polymer
therapeutics fail to address these fundamental issues (Nori et al., 2003a; Nori et al.,
2003b; Tijerina et al., 2001; Tijerina et al., 2003). Use of polymer-bound and free
doxorubicin clearly demonstrated the suitability of the fractionation method to
monitor lysosomotropic drug delivery of a clinically relevant anticancer drug

conjugate (Chapter 4).

It is interesting to discuss some of the limitations of this subcellular
fractionation procedure and opportunities for further developments. It is not possible
to differentiate between different endocytic compartments such as EE, LE, and ERC.
Since differential centrifugation relies on sufficiently large differences in
sedimentation coefficients for separation, a satisfactory separation of the above
mentioned organelles can only be achieved with more elaborate centrifugation
methods such as gradient centrifugation (Hinton & Mullock, 1993). However, the
fractionation procedure can serve as a tool to assess endosomotropic or
lysosomotropic delivery since excellent separation of endocytic organelles from the

cytosol was accomplished.

At the outset of this PhD it was clear that quantitative methods are needed to

define the pinocytic and intracellular trafficking properties of polymers to provide a
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biological rationale for the design of second-generation polymer therapeutics. Whilst
others have begun to examine pinocytosis and intracellular trafficking of cationic
non-viral vectors (table 6.1), it is believed that the adopted methodology of the
present study is unique (Chapter 5). It provided the opportunity to compare directly
linear, branched and dendritic polycations by monitoring binding, uptake and
exocytosis over time. PAMAM G4 appeared to take a special role due to highest
rates of internalisation of all investigated polymers (Seib et al., 2004). Recent
evidence from a number of other studies with dendrimers also indicated increased
cell accumulation (summarised in table 6.1). Taken together with the early reports
describing endocytic rates substantially higher for PAMAM dendrimers than for
linear, random coil polymers (Wiwattanapatapee et al., 2000), it could be tempting to
propose increased uptake for optimised dendritic polymers. It remains to be seen if

such generalisation can ever be made.

However, it is interesting to examine some of the challenges associated with
the study. Pinocytic properties reported here for polycations have only been studied
in B16F10 cells and it is not known if similar observations could be made in other
cell types. Furthermore for direct comparisons between polymers, polycations
studied here have not been complexed with DNA since only ~ 14 % of polycations
are complexed with DNA at commonly used nitrogen-phosphate ratios (Clamme et
al., 2003a). Similar simplifications have been applied to studies addressing the
influence of non-viral vector size on route of internalisation, where latex beads have
been employed as a model for lipoplexes (Rejman et al., 2004). It remains to be seen
how well these model systems can predict pinocytosis of non-viral vectors. Polymers
were labelled with OG to characterise their pinocytic properties in B16F10 cells by
flow cytometry. Although OG can function as a model drug, addition of a
hydrophobic molecule can alter polymer conformation in solution. Thus strict
reference to the idealised polymeric conformation could be misleading, and possible
fluorophore-induced trafficking events can not be ruled out. However, it is worth

reiterating that labelling efficiencies for cationic polymers were comparable,
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Table 6.1 Recent examples of dendrimer-based drug delivery: transport and subcellular distribution

9 421dvy )

Polymer Model Probe Methodology Findings Comment Reference
system used

PAMAM GO - 4-NH, Madin-Darby Indirect Monolayers  Generation-dependent Does not address (Tajarobi et al.,
canine kidney measurements  (transwells) transport reported as G4>>G1  possible toxicity- 2001)
(MDCK) by examining =~ G0 >G3 >G2. related effects.

transport of
paracellular

marker “C-
mannitol

PAMAM GO - 4-NH, CaCo-2 '“C-Mannitol ~ Monolayers GO — G2 showed time and No generation- (El-Sayed et al.,
transepithelial  (transwells)  concentration-dependent dependent transport  2002)
resistance transport. Viability of cells observed as
(TEER) reduced at 10 mM at >150 min  reported

for G3 — G4. previously.
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Table 6.1 Continued

Polymer Model Probe Methodology Findings Comment Reference
system used
1, 2 and 4 arm star ECV304 oG Flow Measurement of endo- and Comprehensive (Xyloyiannis,
PEG with G1 or G4 (Endothelial- cytometry exocytosis rates appeared to be  study examined 2004,
poly (ester) dendron like cell) epifluorescence  topology-dependent with high  cellular Xyloyiannis et
MiCroscopy intracellular retention for more  pharmacokinetics.  al., 2003)
linear PEG dendrons. High Determined rates,
exocytosis rates were observed however can not be
for the more branched related to literature
dendrons. as they are
fluorescence-based.
PAMAM G3 optional CaCo-2 FITC Confocal Internalisation and low levels Previous reports on  (Jevprasesphant
surface modification Gold microscopy of binding reported for both paracellular et al., 2004)
with ~ 9 lauroyl flow dendrimers. Localisation of transport for these
chains cytometry gold labelled dendrimers in dendrimers not
monolayers endocytic vesicles only. confirmed.
(transwells)
electron
MICroscopy

9 421doy)
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Table 6.1 Continued

Polymer Model Probe Methodology Findings Comment Reference
system used
PAMAM G4-NH, A549 FITC Flow Cellular uptake PAMAM G4-  No data on external (Kannan et al.,
PAMAM G4-OH cytometry NH, ~ PAMAM G4-OH > binding. 2004)
PAMAM G3 surface polyol > PAMAM G3 PEG,,, Comparison done
modified with ~ 32 at different molar
PEG,y, chains concentrations.
hyperbranched polyol Does not address
(Perstorp) possible Mw
effects
Conjugation of CaCo-2 "“C-Mannitol Monolayers  Evidence for modified Previous reports on  (D'Emanuele
propranolol to permeability (transwells)  dendrimers to enhance paracellular et al., 2004)
PAMAM G3 +/- TEER transcellular transport and to transport for these
lauroyl chains overcome drug resistance dendrimers not
mechanisms. confirmed.
Star polymer A431 and P, FITC Epifluorescence  Star polymers increased cell- Activity retained (Hussain et al.,
containing 9 arms of  U87-MG microscopy association 100 fold compared  despite covalent 2004)
21-mer antisense cells flow to fluid-phase marker. Star attachment of
ONDs cytometry polymers showed surface OND:s to core.

binding and vesicular labelling.

9 431dvy)
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and comparisons between polymers were normalised to account for variable
fluorescence output (Chapter 5). Furthermore, no attempts were made to calculate
absolute cellular levels of polymers. Although fluorescent tags were used in the
present study for the reasons detailed in Chapter 5, there are a number of
disadvantages associated with their use. Most importantly, the difficulty to provide
absolute values when used in biological systems. Therefore endocytic rates
determined here could not be compared to literature values typically employing

radioisotopes.

Most recent developments: challenges for the field of polymer therapeutics

It has long been recognised that the development of polymer therapeutics
requires a multi-disciplinary approach (Duncan & Kopecek, 1984) using polymer
chemistry and cell biology. Since the start of this PhD a number of significant
advances have been reported in these areas, which are briefly discussed, summarised

(table 6.1) and related to the work presented in this thesis.

During the course of these PhD studies, others have begun to investigate the
particular extracellular binding sites that interact with polycations and the
mechanisms of polymer internalisation. As previously mentioned (section 1.2.1),
GAGs have been identified as the main polyplex binding sites, and the presence of
GAGs has been positively correlated to gene expression (Belting & Petersson, 1999;
Kopatz et al., 2004; Mislick & Bladeschwieler, 1996). However, this process appears
to be more complex than first proposed (Lampela et al., 2004; Ruponen et al., 2004).
The abundance of specific sub-populations of GAGs present in different cells
dictates the success of polyplex-lead transfection. Evidence from experiments
investigating the importance of proteoglycan subclasses points towards different
uptake routes. Binding to syndecan-1 has been associated with caveolae-mediated
uptake (Fuki et al., 2000), yet binding to syndecan-4 leads to internalisation by a
caveolin-independent mechanism (Tkachenko & Simons, 2002). These observations

could in part explain differences in transfection seen in different cell types. Viruses
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can use specific plasma membrane-associated GAGs to control cell entry (Bomsel &
Alfsen, 2003) and thus might serve as an inspiration for the design of improved
polymeric vectors. Evidence for PAMAM binding to membrane associated GAGs
(Sakharov et al., 2003) and “raft”-dependent internalisation of “fractured” PAMAM-
DNA complexes (Manunta et al., 2004) already suggests that some polymers act as
viral biomimetics. Preliminary results from the current study indicated extracellular
binding and internalisation via a “raft”-dependent pathway for PAMAM G4 and
branched PEI (Chapter 5) but not for linear PEI, possibly indicate the involvement of
different binding sites. It remains to be seen if specific binding sites can be identified

and targeted by polymer therapeutics.

“Raft’’-dependent uptake route is only one emerging pathway for polymer
therapeutics. Although macropinocytosis is regarded as a highly cell type-dependent
pinocytic mechanism, uptake of the human immunodeficiency virus (HIV) derived
trans-activating factor (TAT) (Wadia et al.,, 2004) has been attributed to this
pathway. It remains to be seen if TAT functionalised polymer therapeutics (Nori et
al., 2003b) are also internalised via this route. In the present study macropinocytosis
did not appear to regulate uptake of selected cationic polymers by B16F10 cells,
though cellular accumulation of lysine-based polyplexes by Hep G2 cells (Goncalves

et al., 2004) has partially been attributed to macropinocytosis.

However, targeting a specific uptake route into cells is only one challenge.
For instance, recent evidence suggests that CEs and EEs communicate by transient
fusion, which allows for the shuttling of cargo from CEs to EEs due to specific cues,
such as low pH. More specifically, SV40 and cholera toxin internalised by caveolae-
dependent pathway are sorted from CEs, due to selective release and transfer of the
toxin to EEs, but the retention of SV40 in CEs (Pelkmans et al., 2004). So the
challenge for the field of polymer therapeutics is not only to target the desired route

of internalisation but also to ensure the correct routing following internalisation.
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Future studies

At the outset of this project it was hoped to select a cationic polymer with a
favourable cellular pharmacokinetic profile and to subject it to subcellular
fractionation studies to provide quantitative data on the intracellular distribution.
Following the careful evaluation and optimisation of the fractionation method and
the promising cellular kinetics of PAMAM G4 this goal could now be easily
achieved. Reported differences in cellular pharmacokinetics, and preliminary results
on the route of internalisation for cationic polymers, warrants further studies into the
underlying cellular mechanisms of binding and uptake to help the design of
improved polymeric vectors. It is clear from the results presented in this thesis that
the subcellular fractionation method can be used in a range of studies wishing to
address the intracellular trafficking of polymer therapeutics in a quantitative way.

Possible applications of the method are summarised in figure 6.1.
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B16F10 cells grown in vivo B16F 10 cells grown in vitro

Exposure of cells/animal to labelled polymer therapeutic

Homogenisation

Differential centrifugation
of B16F10 cells

Use of PNS

Gradient centrifugation

I

Fraction characterisation

Immunolabelling for endocytic
organelles of interest (e.g. EE)

J Quantification of
Flow cytometric sorting of vesicles polymer therapeutic
in fractions
Ve/siQ&s
Marker\
+ve -ve

Percentage distribution of polymer therapeutic
between sorted fractions

Figure 6.1 Possible applications of subcellular fractionation to trace the intracellular
path of polymer therapeutics. Established methods are shown in bold.
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