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Abstract

Disorders of the central nervous system such as brain tumours, Alzheimer’s
disease, Parkinson’s disease, Huntington’s disease and others lead to a
worst decline in the quality of life of patients. The possibility of using gene
therapy for the treatment of these disorders is hindered due to the presence
of blood-brain barrier and due to the lack of safe and efficacious gene
delivery systems that can cross this barrier and express exogenous genes in

global areas of the CNS.

Various receptors such as transferrin receptors, lactoferrin receptors and
low-density lipoprotein receptor-related proteins 1 & 2 are widely expressed
on the blood-brain barrier for the transport of endogenous molecules. These
endogenous transport systems could be exploited for transport of molecules
across the blood-brain barrier. In this thesis, we demonstrated the synthesis
and characterization of transferrin-, lactoferrin-, lactoferricin-, Angiopep-2-
bearing diaminobutyric polypropylenimine (DAB) dendrimers and evaluated

their brain targeting efficiencies in vitro and in vivo.

Transferrin- and lactoferrin- bearing DAB dendriplexes led to a 2-fold and
6.4-fold increase in gene expression in the brain respectively, as compared
to unconjugated DAB dendriplex after intravenous administration in mice,
while decreasing the gene expression in other major organs of the body.
Lactoferricin-bearing dendriplex did not show any gene expression in the

brain after intravenous administration, whereas unexpected results requiring
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further investigation were obtained after intravenous administration of

Angiopep-2-bearing dendriplex.
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CHAPTER 1

Intfroduction



1. Brain neoplasms and neurodegenerative disorders

Disorders of the central nervous system currently stand at the staggering 11
% of the global burden of diseases (Dominguez et al., 2013). Amongst all
these disorders, brain tumours and neurodegenerative disorders, such as
Alzheimer’s disease, Parkinson’s disease and Huntington’s disease, are

among the most debilitating conditions of the 215 century.

1.1. Brain tumours

The term “brain tumour” refers to a collection of neoplasms, each with its own
biology, prognosis and treatment. They are also scientifically known as
intracranial neoplasms, since some do not arise from brain tissue (eg.
meningiomas, lymphomas). According to Cancer Research UK, brain, central
nervous system (CNS) and other intracranial tumours are the 9" most
common cancers in the UK (2011), and 17" most common type of cancer in
Europe and worldwide, with survival rates of less than 2 years in 70% of the
patients. There are more than 130 different types of brain tumours. The
major risk factors identified for the development of brain neoplasms include
ionizing radiations, such as X-rays and CT-scans, age, metastases of other
cancers (lung, breast, kidney, melanoma and colorectal cancers), genetic,
family history and obesity. Currently, the most common modalities utilized for
the treatment of brain tumours are surgery, radiation therapy and

chemotherapy.



1.2. Alzheimer’s disease

Alzheimer’s disease is a neurodegenerative disease causing dementia
characterized by memory loss in early stages and severe problems of
communication, reasoning, orientation and hallucinations in later stages. The
brain changes that lead to the development of Alzheimer’'s disease is the
accumulation of the B-amyloid protein outside neurons (B-amyloid plagues)
and accumulation of the abnormal form of tau protein in the neurons. As a
result, the information transfer between the neurons fails, leading to neuronal
death. The precise biological changes leading to the disease, differences in
the rates of progression among individuals and ways to prevent, slow or halt
the progression of the disease are yet to be found (World Alzheimer’s report,
2009). In 2010, the worldwide prevalence of Alzheimer’s disease was 36
million, which is forecasted to be quadrupled by 2050 (1 in 85 persons will be
suffering from this disease). The major risk factors are age, gender (women
are at higher risk compared to men), lifestyle (smoking, alcohol and obesity)
and family history (Brookmeyer et al., 2007). Currently, there is no cure for
Alzheimer’s disease. The medicines available are to treat the symptoms and

to slow down the progression temporarily.

1.3. Parkinson’s disease

Parkinson’s disease is the second most common progressive
neurodegenerative disorder characterized by both motor and non-motor
symptoms. People suffering from Parkinson’s disease display rest tremor,

rigidity, bradykinesia and stooping posture. Neuropsychiatric symptoms



include depression, anxiety, dementia and mood disturbances. The
pathophysiology of Parkinson’s disease demonstrates loss or degeneration
of the dopaminergic neurons and development of Lewy bodies in
dopaminergic neurons. The major risk factors include ageing, genetic
inheritance, pesticide exposure and environmental chemicals, such as
polychlorinated biphenyls, lead and manganese. However, the ultimate
cause that leads to Parkinson’s disease is still unknown. Parkinson’s disease
worldwide affects an estimated 7-10 million people with a predicted increase
in the prevalence in the future. Treatments include reduction of the motor
symptoms by drug therapy utilizing dopamine alternatives (carbidopa,
levodopa or dopamine receptor agonists) and surgical therapies (deep brain
stimulation) (Beitz, 2014). In the last decade, number of genetic mutations
leading to the sporadic Parkinson’s disease has been identified (Davie,

2008).

1.4. Huntington’s disease

Huntington’s disease is an autosomal dominant, fully penetrant, progressive
neurodegenerative disease, leading to disability and untimely death of the
patient. Early symptoms of the disease include involuntary movements of the
body parts, like quick, sudden, jerking movements of the arms, legs, face and
other body parts, impaired balance and unsteady gait. It is caused by the
cytosine-adenine-guanine trinucleotide repeat expansion in the huntingtin
(HTT) gene that leads to the expanded polyglutamine stretch in the HTT

protein. This defective protein damages the brain cells by mechanisms that



are not fully understood yet. The prevalence of Huntington’s disease is
relatively rare with 4-8 cases per 100,000 people. Currently, there is no cure
available for Huntington’s disease. The treatments available are to reduce
the severity of some of the symptoms (Ross and Tabrizi, 2011, Gudesblatt

and Tarsy, 2011).

2. The Blood-brain barrier

The blood-brain barrier (BBB) is a unique extracellular fluid environment
within the central nervous system, allowing a precise control of its
composition (Figure 1.1). The BBB is the key regulating site for drug access
to the brain due to its large surface area and short diffusion distances from
capillaries to neurons (typically less than10-15 um) (Schlageter et al., 1999).
It also acts as an entrance gateway for various nutrients to the brain and also
protects it from potentially toxic compounds. The barrier function of BBB is a
combination of physical barrier, transport barrier and metabolic barrier
(Abbott & Romero, 1996). Although the multi-tasking BBB has played an
essential role in the development of CNS as a complex integrated network, it
poses a major problem for treatment strategies that require the delivery of
drugs and other therapeutic molecules to the brain for the treatment of CNS
disorders. The low and selective permeability of BBB can be credited to its
unique biological properties:

(@) the lack of fenestrations, vesicular transport and pinocytosis in the

endothelial cells (Stewart, 2000; Abbott, 2005)



(b) the physical barrier created by tight junctions between adjacent

endothelial cells (Persidsky et al., 2006)

(c) the transport barriers created by expression of various transporters
including Glucose transporter 1 (GLUT 1) glucose carrier, L-type amino acid
transporter (LAT1), transferrin receptors, insulin receptors, lipoprotein
receptors and ATP family of efflux transporters such as P-glycoprotein (P-gp)
and the multidrug resistance-related proteins (MRP). These transporters and

receptors carry only specific molecules to the brain (Abbott et al., 2006).

(d) the enzymatic barrier of degrading enzymes (y-glutamyltranspeptidase,

alkaline phosphatase) localized in the endothelial cells.

2.1. Cellular components
The BBB consists of various components that functionally make a neuro-

vascular unit performing as a barrier.

2.1.1. Endothelial cells

Brain microvascular endothelial cells (BMVECs) are positioned at the
interface between the blood and the brain (Figure 1.1). The endothelial cells
lining the cerebral capillaries differ from the other vascular endothelium in
their ability to control the movement of molecules and cells to and from the
neural parenchyma (Ge et al., 2005; Weksler et al., 2005). The cerebral

microvessels are 50-100 times tighter than peripheral microvessels leading



to severe restriction of the paracellular pathway for diffusion of hydrophilic

solutes (Abbott, 2002).
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Figure 1.1 The Blood-brain barrier, or the neurovascular unit,
showing endothelial cells, pericytes and astrocytes (Carvey, 2009)

Thus, they act as a barrier and also perform various functions such as the
transport of nutrients, receptor-mediated signalling, leukocyte trafficking and
osmoregulation (Persidsky et al., 2006). These unique properties of the

endothelial cells are due to their various structural elements:

(1) Tight junctions formed by various proteins like occludins, claudins and
zonula occludens
(2) Adherens junctions composed of cadherins, catenins, vinculin and actinin

(3) Junctional adhesion molecules (Doolittle et al., 2005).

The cytoplasm of endothelial cells of the brain has uniform thickness, no

fenestrations, low pinocytic activity and a continuous basement membrane



(De Boer & Gaillard, 2006; Wong et al., 2012). Endothelial cells of brain
capillaries have larger volume and number of mitochondria than the
endothelial cells of other parts of the body, that maintain ion differentials
between blood plasma and brain extracellular fluid and also retain the unique
structural characteristics of CNS capillaries. This facilitates the active
transport of nutrients to the brain (Persidsky et al., 2006; Cardoso et al.,

2010).

BMVECs also act as an enzymatic barrier that includes vy-glutamyl
transpeptidase, alkaline phosphatase and aromatic acid decarboxylase. The
concentration of these enzymes is higher in cerebral capillaries compared to
the non-neuronal vessels. They are capable of metabolizing various drugs

and nutrients (Pardridge, 2005).

The endothelial cells at the BBB have distinctive pattern of receptors and
specific transport systems that facilitate the uptake of essential nutrients and
hormones to facilitate brain homeostasis. Amongst the transporters, GLUT1
is of particular importance because glucose is the main energy source of the
brain (Wolburg et al., 2009). An important efflux transporter on the BBB is P-
gp, which is an ATP-binding cassette transporter, is present on the apical
surface of the endothelial cells. It is responsible for the active extrusion of

non-polar molecules out of the endothelial cells (Ramakrishnan, 2003).



2.1.2. Astrocytes

The ability of endothelial cells to form a barrier depends on the neural
environment in  which they grow (Stewart and Wiley, 1981).
Astrocytes/Astroglia encircle more than 99% of the microvascular endothelial
cells of the BBB (Persidsky et al., 2006). They play an important role in the
development of unique brain microvascular endothelial cell phenotype which
leads to its unique characteristic to function as a barrier (Hayashi et al.,
1997). The astrocytes induce and modulate many BBB features and their
interaction with endothelial cells during biogenesis leads to the formation of

tight junctions (Dehouck et al., 1990; Rubin et al., 1991).

In an in vitro study it was observed that enhanced tight junctions with
markedly increased length, breadth and complexity, were observed in brain
endothelial cells cultured with astrocytes as compared to endothelial cells
alone (Tao-Cheng et al., 1987). Astrocyte-derived factors and second
messenger levels, such as cyclic adenosine monophosphate (CAMP) levels,
are found to be extremely important modulators in maintaining the
functionality of BBB tight junctions (Wolburg et al., 1994). Thus, astrocytes
are believed to provide inductive influence to the endothelial cells of brain

tissues, making them less leaky (Janzer & Raff, 1987).

Astrocytes play an important role in enhancing the trans-endothelial electrical
resistance which is necessary for reducing cell permeability and tight junction

organization (Rubin et al., 1991). They are essential for adequate neuronal



function, and the close proximity of neuronal cell bodies to brain capillaries
suggests that astrocytes-BMVEC interactions are crucial for a functional

neurovascular unit (Abbott et al., 2006).

2.1.3. Pericytes

Pericytes are polymorphic, elongated, multibranched peri-endothelial cells
that vary in their degree of envelopment of endothelial cells in the
vasculature (Shepro & Morel 1993). Pericytes show elevated contents of
muscle and non-muscle actin (Herman & D’Amore, 1985), highlighting the
contractile ability of pericytes both in vitro (Kelley et al., 1987; Shepro &

Morel, 1993) and in vivo (Peppiatt et al., 2006).

The physical contacts between pericytes’ cellular processes and the inter-
endothelial junctions predict their role in maintaining the capillary diameter,
ultimately leading to the control of blood flow (Peppiatt et al., 2006), as well

as in regulating the tight junction permeability (Edelman et al., 2006).

Pericytes play specific roles in various angiogenesis and vascular endothelial
barrier systems. In vitro studies demonstrated that endothelial cells
associated with pericytes are more resistant to apoptosis than the isolated
endothelial cells. This supports the role of pericytes on the structural integrity

and genesis of the BBB (Ramsauer et al., 2002).
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Pericytes also contribute to the expression, maintenance and regulation of
BBB properties (Lai & Kuo, 2005). A BBB co-culture of brain endothelial cells
with pericytes supported the pericytes-induced up-regulation of the barrier

property of the BBB (Dohgu et al., 2005) .

2.2. Intercellular junctions
The stabilization of the BMVECs lining at the BBB occurs by specialized cell
junctions between adjacent cells, tight junctions and adherens junctions and

the signalling pathways involved in the regulation of their assembly.

2.2.1. Tight Junctions

Tight Junctions (TJ) are the major structures responsible for the barrier
properties. They are located on the apical region of endothelial cells. They
act as a seal, and control paracellular diffusion between the apical and
basolateral plasma membrane (Figure 1.2 A) (Ge et al., 2005; Hawkins &
Davis, 2005; Cardoso et al., 2010). They form an intricate complex of
parallel, interconnected, trans-membrane and cytoplasmic strands of proteins
arranged as a series of multiple barriers (Cardoso et al., 2010). The TJ are
composed of integral proteins (proteins permanently bound with the
biological membrane), such as claudin, occludin and junctional adhesion
molecules (JAM), and anchoring proteins such as zonula occludens

(Persidsky et al., 2006).
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Claudin is a tight junction molecule weighing 20-24 kDa which establishes
barrier properties and is responsible for permeability restriction (Morita &
Furuse, 1999; Tsukita & Furuse, 1999; Tsukita et al., 1999; Wolburg et al.,

2009).

Occludin is a highly expressed protein in BMVEC weighing 65-KDa and
detected consistently along the cell margins (Wolburg & Lippoldt 2002;
Hawkins & Davis 2005). High levels of occludin lead to decreased
paracellular permeability (Huber et al., 2001) and increased electrical
resistance (Persidsky et al., 2006), thus having an active role in BBB function

(Yamamoto et al., 2008).

Junctional adhesion molecules (JAMs) are 40-KDa proteins (JAM-1, JAM-2 &
JAM-3) of the IgG superfamily (Persidsky et al., 2006). They play an
important role in developmental processes and also regulate the trans-
endothelial migration of the leukocytes. The functions of JAMs are currently

unknown in the mature BBB (Cardoso et al., 2010).

Cytoplasmic proteins or anchoring proteins such as Zonula Occludens (ZO)
proteins (ZO-1, ZO-2 and ZO-3) function as recognition proteins for TJ
placement and as a support structure for signal transduction proteins (Huber
et al., 2001). Loss of ZO-1 from the junctional complexes leads to increased

BBB permeability (Choi & Kim, 2008).
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2.2.2. Adherens Junctions

Adherens Junctions (AJ) are located in the basal region of the lateral plasma
membrane below the TJ (Figure 1.2 B). They are composed of trans-
membrane glycoproteins linked to the cytoskeleton by cytoplasmic proteins,
giving place to the adhesion belts (Cardoso et al.,, 2010). They are
responsible for the adhesion of the BMVEC to each other, giving rise to
continuous adhesion belt (Petty & Lo, 2002), the initiation of cell polarity,
regulation of paracellular permeability and thus contribute to the barrier
function (Hawkins & Davis 2005; Carvey 2009) . AJ are constituted by

cadherins and catenins (Perriere et al., 2007).

Cadherins have cell-type specificity. Vascular endothelial VE-cadherin
(cadherin-5), an integral membrane glycoprotein, is expressed exclusively in
cells of vascular epithelial origin whereas neural (N)-cadherin is found in the
cells of the nervous tissue, vascular smooth muscle cells and myocytes
(Navarro et al., 1998). It determines microvascular integrity both in vitro and
in vivo (Vorbrodt & Dobrogowska, 2003). It mediates Ca?*-dependent cell-cell
adhesion, inhibits cell proliferation and decreases cell permeability (Cook et

al., 2008).

Catenins have a major role in anchoring cadherin complex to the actin
cytoskeleton (Stamatovic et al., 2008). Four types of catenins have been
identified: a-, B-, &- and y- catenins. a- and - catenins are expressed at

inter-endothelial junctions of BBB type brain capillaries and are prime

13



requisite for cadherins to work as adhesion molecules (Vorbrodt et al., 2008;

Cook et al., 2008).
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Figure 1.2 The endothelial cells at the BBB present tight junctions (TJ)
(A) and adherens junctions (AJ) (B) (Cardoso et al., 2010).
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2.3. Transport mechanisms
The following organisational chart shows different transport mechanisms
across the BBB that regulate the movement of various endogenous and

exogenous substances across the BBB (Fig. 3).

Transport
routes

across
BBB

Para- Trans-
cellular cellular

Lipophilic Carrier- Receptor-  Adsorptive Cell-
Pathway mediated mediated - mediated mediated

Figure 1.3 Different categories of transport across the BBB

2.3.1. Paracellular pathway

Small water-soluble molecules can diffuse through the tight junctions
between the endothelial cells to a very low extent (Figure 1.4). This process
is mediated through passive molecular diffusion from higher concentration to

lower concentration (Chen & Liu, 2012).
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2.3.2. Trans-cellular pathway

2.3.2.1. Lipophilic pathway

Small lipid-soluble substances can dissolve in the lipid plasma membrane of
the brain capillary endothelial cells and penetrate through it. It is the case, for

example, for alcohols and steroid hormones. (Figure 1.4) (Chen & Liu, 2012).

2.3.2.2. Carrier-mediated transport

Solutes such as glucose and amino acids can bind to a protein transporter on
one side, which leads to conformational changes in the protein, resulting in
the transport of the solutes to the other side of the membrane, according to
the concentration gradient (Figure 1.4). If compounds need to be transported
against the concentration gradient, ATP provides energy to allow this process
(Chen & Liu, 2012). GLUT1 is expressed on the BBB that continuously
maintains optimal levels of glucose in the CNS for its adequate functioning
(Pardridge et al., 1990; McAllister et al., 2001). The transport of large amino
acids that play an important role in brain amino acid metabolism,
neurotransmitter synthesis and protein synthesis occurs through large amino
acid transporters that are expressed on the endothelial cells of the BBB

(Boado et al., 1999).

2.3.2.3. Receptor-mediated transcytosis
Receptor-mediated transcytosis (RMT) provides a means for selective uptake
of macromolecules. Endothelial cells have receptors, such as transferrin

receptors (TfR), insulin receptors and low density lipoprotein receptor-related
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proteins (LRP 1 & 2), scavenger receptors class B type 1, diphtheria toxin
receptors (DTR) and glutathione transporters for the selective uptake of many
different types of ligands, including growth factors, enzymes and plasma
proteins (Rip et al., 2009). Macromolecules bind to receptors in specialized
areas of plasma membrane. Following this binding, the macromolecules
invaginate into the cytoplasm to form endosomes. After acidification of the
endosomes, the ligand will dissociate from the receptor and cross the other
side of the membrane (Figure 1.4). RMT is being intensely studied for brain

targeting (Shi & Pardridge 2000; Pardridge, 2005).

2.3.2.4. Absorptive-mediated transcytosis

Adsorptive-mediated transcytosis (AMT) is triggered by electrostatic
interactions between the positively charged moieties of the proteins and
negatively charged membrane surface regions (glycocalyx) on the brain
endothelial cells. AMT-based drug delivery was performed using cationic
proteins and cell-penetrating peptides, such as Tat-derived peptides and
Syn-B vectors (Figure 1.4). It has high capacity compared to RMT, but has

several limitations such as toxicity and immunogenicity (Hervé et al., 2008).

2.3.2.5. Cell-mediated transport
Since brain is under a constant immunological surveillance, cells of the innate
immune system can be used as transporters of drugs to CNS. Cell-mediated

transcytosis relies on immune cells, such as monocytes, to cross the BBB.
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Serotonin, when conjugated to negatively charged liposomes, can actively
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cross the BBB with the help of circulating monocytes (Afergan et al., 2008).
+
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2.4. BBB under pathological conditions

The natural properties of the BBB neurovascular unit change under the
pathological state of neurological disorders. Disorders such as cerebral
ischemia and hypoxia lead to interference of blood flow to the brain, leading
to the increase in BBB permeability. Inflammation of the neurons caused by
various diseases such as Alzheimer’s disease, multiple sclerosis, also leads
to TJ opening and BBB disruption (Persidsky et al., 2006). The neurovascular
unit is also compromised in brain tumours. There is functional reduction of
endothelial tight junctions and overexpression of various receptors, such as
folate, insulin and transferrin receptors, leading to increased permeability of

the BBB (Doi et al., 2008; Maeda et al., 2009).

2.4.1. Changes in tight junctions and BBB permeability

The permeability of the BBB is highly influenced by the stimuli produced by
physiological and pathological conditions, such as oxidative stress (nitric
oxide, hydrogen peroxide), inflammatory mediators (interleukins, interferons),
vasogenic agents (histamine, vascular endothelial growth factor), infective
agents (bacteria, viruses, parasites, fungi), as well as physiological stimuli
(intercellular Ca?*) and immunological stimuli (leukocytes) (Stamatovic et al.,
2008; Deli, 2009). There is strong evidence that BBB integrity is
compromised, leading to higher permeability in disorders such as stroke,
Alzheimer’'s disease, multiple sclerosis, Human immuno-deficiency virus
(HIV), Parkinson’s disease and brain tumours (Huber et al., 2001; Abbott et

al., 2006; Holman et al., 2011).
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In patients suffering from Alzheimer’'s disease, BBB disruption can be directly
related to the increased rate of neurodegeneration. Activated astrocytes and
microglial cells stimulated by the B-amyloid plaques lead to production of pro-
inflammatory factors (McGeer et al., 2005). The deposition of neurotoxic -
amyloid on microvessels leads to the apoptosis of the BMVECs and to a
compromised neurovascular wunit. In addition, hyperhomocysteinemia
(increased homocysteine in blood) leads to an increased filtration of
peripheral immunoglobulin G (IgG) and neuroinflammation (Zlokovic, 2002;
Zlokovic, 2008). Although the BBB impairment may be used for improved
drug delivery and treatment, in Alzheimer’s disease, however, restoring BBB
integrity is more important. This is due to the fact that BBB impairment is

directly proportional to neurodegeneration (Chen & Liu, 2012).

In diseases like Parkinson’s disease and epileptic seizures, an increase in
BBB permeability is observed due to neuroinflammation as a response to
phagocyte activation, activation of microglia, increased synthesis and release
of pro-inflammatory cytokines and release of reactive oxygen species
(Whitton, 2007; Chung et al., 2010). In brain tumours, expression of tight
junction proteins claudin 1 and claudin 5 was significantly down-regulated or
lost, leading to a morphological change in the TJ and an increased BBB
permeability (Liebner et al., 2000). The secretion of Vascular endothelial
growth factor (VEGF), other growth factors and cytokines by the tumours,

leads to the formation of blood vessels lacking tight junctions, further
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resulting in TJ downregulation (Berkmann et al., 1993, Plate et al 1993, Sato

et al., 1994; Lamszus et al., 1999).

2.4.2. Changes in transport system
Under pathological conditions, the expression of various transporters P-gp,

and processes like AMT and RMT drastically change.

P-gp is a member of the ATP-binding cassette superfamily of the multidrug
resistant transporter (MDR) expressed on both luminal and abluminal sides of
the BBB, where it functions as an efflux transporter. It plays a crucial role in
preventing the entry of drugs and toxins in CNS and confers drug resistance
by active ATP-dependent extrusion of xenobiotics from cells (Lee &
Bendayan, 2004). In Alzheimer's disease, there is an inverse correlation
between the expression of the P-gp transporter and deposition of 3-amyloid
plaques (Cirrito et al., 2005). Kortekas and colleagues (2005) demonstrated
the decreased functional activity of P-gp in the brain of the patients with
Parkinson’s disease. The brain uptake of [11C]-verapamil, which was normally
extruded from brain by P-gp, was elevated in Parkinson’s disease. The
expression of P-gp varies in different types of brain tumours. Schwannomas
and brain metastases from other cancers show a lower expression of P-gp
compared to normal brain tissue. The levels of P-gp expression in malignant
brain tumours, including both low-grade and high-grade gliomas, were similar
to that of the normal brain, and meningiomas showed 7-10 times more P-gp

expression (Demeule et al., 2001).
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Variations in AMT and RMT have also been observed in BBB during
pathological states. It has been shown that there is an increase in AMT in
CNS disorders due to secretion of various inflammatory mediators (Chen &
Liu, 2012). RMT is an important pathway for the transport of endogenous
molecules, such as insulin, insulin-like growth factor, transferrin and
lactoferrin (Roberts et al., 1993; Fillebeen et al., 1999). Various receptors on

the BBB include TfR, insulin receptors, LRP1, LRP2 and DTR.

TfR, the most widely characterized receptor on BBB, mediates the
transcytosis of transferrin-bound iron through BMVEC (Connor & Menzies,
1995). Its expression is decreased in cerebral inflammation, which occurs in
neurodegenerative diseases such as Parkinson’s disease and Alzheimer’s
disease. A transient reduction in TfR leads to decreased supply of iron to
CNS, ultimately leading to neural dysfunction. Brain neoplasms demonstrate
increased angiogenesis and proliferation that needs increased iron uptake
through TfR. Tumour cells therefore show increased expression of TR
(Leitner & Connor, 2012). Insulin receptors are important for the regulation of
the glucose metabolism in brain. Their expression is also altered in
neurodegenerative diseases such as Alzheimer’s disease. It was observed
that insulin receptors are over-expressed in elderly individuals with
Alzheimer’'s disease as compared to the controls of the same age group
(Frolich et al., 1998). Low-density lipoprotein receptor (LDLR), LRP 1 and
LRP 2, inhibit inflammatory process. Most diseases involving the process of

inflammation, such as Alzheimer’'s disease and Parkinson’s disease, affect
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their expression. DTR is reported to be upregulated in many inflammatory

conditions (Gaillard et al., 2005).

It can therefore be concluded that, while designing a delivery system for
carrying drugs to brain, the impact of the diseases on the transport system
should be taken into account. If the receptors are upregulated in a specific
disease, there will be higher RMT, leading to higher intake of drugs into the

brain.

2.4.3. Leukocyte trafficking

A number of neurodegenerative disorders cause CNS inflammation, which
leads to the breakdown of BBB and causes increased migration of some
immune cells such as leucocytes, including monocytes and macrophages
(Huang et al., 2006). In brain tumours, histological analysis showed high
levels of macrophage infiltration (Levy et al., 1972). It has been suggested
that leucocytes naturally accumulate in the brain during pathology as part of

the immune defence mechanism (Persidsky et al., 2006).

3. Strategies used to deliver therapeutics across the BBB
Rapid advances in the field of molecular biology have propelled the
development of novel drug delivery systems. With a better understanding of

BBB and brain disorders, the modern approaches utilize a multi-disciplinary
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approach combining biology, nanotechnology and biophysics with a common

goal of successful drug delivery to the brain.

3.1. Tight junctions opening

The emerging knowledge of the molecules involved in TJ and the discovery
of modulators that can be used to temporary open the TJ and disrupt the
BBB have been used as a strategy for drug transport to the brain. Various
physical, chemical and biological stimuli can be used to modulate tight

junctions.

Ultrasounds and microwaves have been widely researched as physical
stimuli for the disruption of the tight junctions of the BBB. Ultrasounds were
used as a diagnostic tool for many years. Due to the recent developments in
the acoustics, focused ultrasounds can be used to concentrate acoustic
energy at one focal spot deep in the body with minimal effect on the near-
field tissue (Vykhodtseva et al., 2008). It was demonstrated that low power
focused ultrasounds applied after the intravenous administration of the
ultrasound contrast agent lead to consistent opening of the BBB without
damaging the CNS tissue (Hynynen et al., 2001). Microwave energy has also
been studied for the transport of drugs to the CNS. It leads to the reversible
opening of the BBB TJ via microwave-induced hyperthermia (Chen & Liu,

2012).
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There are various materials used as chemical stimuli for the modulation of
the TJ and for the increase of the BBB permeability. It was observed that an
intracarotid infusion of oleic acid, as well as sodium dodecyl sulphate,
increased BBB permeability in a dose- dependent reversible manner (Sztriha
& Betz, 1991; Saija et al., 1997). Most of the materials use intracarotid or
arterial infusion for the BBB opening, which is considered as a highly invasive
technique and requires expertise. In an in vitro model, it has been shown that
cyclodextrins (a-, B-, and y-) increase the BBB permeability by extracting the
lipids from the plasma membrane (Monnaert et al., 2004). But no in vivo
studies have been performed yet to determine the action of cyclodextrins on

BBB.

Many biological compounds like Cereport™ (RMP-7) and some viruses can
act on the TJ, leading to their opening and enhancement of the delivery of
drugs to CNS. Cereport™ (RMP-7) is a selective bradykinin receptor agonist
that increases the permeability of the BBB. It was shown to increase the
delivery of chemotherapeutic agents to brain tumours (Emerich et al., 1999).
Various viruses upregulate the chemokines that act as precursors to the
infiltration of the immune cells in the CNS, and thus open the BBB (Kuang et
al., 2009). The viruses used as biological stimuli for opening the BBB include

the west-Nile virus and adeno-associated virus (Chen & Liu, 2012).
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3.2. Drug delivery utilizing nanocarriers

Nanocarriers are entities in the size range of 10-1000 nm. They are used as
vehicles for drug delivery to the targeted organs of the body, including brain.
For drug delivery to the CNS, nanocarriers should ideally have the following

characteristics (Bhaskar et al., 2010):

. Particle size less than 100 nm

. Stable in blood (no degradation by proteins)

. No immune or inflammatory response

. Non-toxic, biodegradable and biocompatible

. CNS-targeted (use of targeting ligands, cell surface and receptor-

mediated endocytosis)

. Easy scale-up in manufacturing process and cost effective

. Easily conjugated to small molecules, peptides, proteins and genes
. Bypass the reticulo-endothelial system

. Prolonged circulation time

Nano-carriers are unique due to their size, as well as due to the materials
used to synthesize them. They are able to carry increased drug payload and
to control its release. In addition, they can be loaded with a range of
therapeutics, from small molecules to proteins and therapeutic genes. It has
been possible to modify their surface characteristics for targeting and
controlled release. Although various nanomaterials have been developed in
the last decade, the most investigated nano-carriers for CNS targeting are

liposomes and polymeric nano-particles (Garcia-Garcia et al., 2005).
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Dendrimers have emerged as a new class of nanoparticles that are being
studied for brain targeting. PEGylated liposomes carrying doxorubicin have
already completed clinical trial Phase 2 for the treatment of glioma and have
shown promising results. Brigger and colleagues (2002) used PEG-coated
hexadecylcyanoacrylate nanospheres in a gliosarcoma model and showed
that these nanoparticles exhibited retention in tumour tissue with satisfactory
pharmacokinetic profile (Brigger et al., 2002). A polyamidoamine (PAMAM)
dendrimer-based nano-carrier with dual targeting ligands on the surface and
a drug inside the dendritic box was reported to cross the BBB and deliver the
therapeutic drug to the tumour site. The targeting moieties used were

transferrin and thiolated wheat germ agglutinin (He et al., 2011).

3.3. Drug delivery via Adsorptive-mediated transcytosis

AMT has emerged as a growing strategy for the transport of the drugs due to
the fact that there are electrostatic interactions between the cationic moieties
and negative charges of the plasma membrane. This leads to binding of
cationic molecules, such as cationic proteins and cell-penetrating peptides
(CPP), on the luminal side of the endothelial cells and exocytosis on the

abluminal side (Hervé et al., 2008).

The transactivating-transduction (TAT) is the trans-activating protein of HIV
type-1 and one of the cell-penetrating peptides investigated widely. TAT
demonstrated that it can cross the BBB and accumulate in the CNS (Banks,

2012). TAT-modified cholesterol was utilized to formulate a liposome (TAT-
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LIP) for enhanced brain delivery. TAT-LIP demonstrated improved uptake
compared to the unmodified liposome in vitro and in vivo. Moreover, the
mechanism of transport of TAT-LIP was confirmed as AMT (Qin et al., 2011).
Ciprofloxacin-loaded polymeric micelles decorated by TAT molecules on the
surface were able to cross the BBB. The TAT-conjugated micelles can be
further investigated for the delivery of antibiotics to the brain for the treatment

of brain infections (Liu et al., 2008).

The pegelin and penetratin peptides efficiently traverse the biological
membranes and have provided the basis for the development of new peptide-
conjugated drugs for transport through the BBB. Pegelin (SynB) and
penetratin peptides belong to the family of CPP and successfully
demonstrated the enhanced delivery of doxorubicin to the brain, which
normally cannot cross the BBB. The CNS uptake of doxorubicin was
enhanced by an average of 6 times when it was coupled to pegelin or
penetratin compared to free doxorubicin (Rousselle et al., 2000). To further
study this strategy, the same group coupled the enkephalin analog dalargin
to SynB vector and demonstrated a significant enhancement in the brain

uptake and analgesic activity of the drug (Rousselle et al., 2003).

AMT thus enables many poorly brain-penetrating drugs across the brain and

holds potential for drug delivery to the brain, but the toxicity and the

immunogenicity associated with the cationic proteins should be taken into
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account (Saar et al., 2005; Lu et al., 2007). Moreover, AMT is a non-specific

process, thus targeting capillaries of other organs along with the BBB.

3.4. Drug delivery via Receptor-mediated transcytosis

One of the biggest shortcomings of AMT is its lack of specificity. However,
various receptors are expressed on the endothelial cells forming the BBB.
These molecules can transport specific molecules across the BBB, thus
facilitating active targeting of the BBB. RMT is also termed as “Trojan Horse
Approach”. This approach exploits the binding of the drug conjugate to
physiological transport receptor on the BBB, transports and delivers the drug

to the brain. RMT occurs in 3 steps (Gabathuler, 2010):

1. Endocytosis of the compound through receptor at the luminal side
2. Movement across the endothelial cell cytoplasm
3. Exocytosis of the compound on the abluminal side

There are various receptors expressed on the brain capillary endothelial
cells. These include insulin receptors, TfR, LRP1, LRP2 and DTR. Drug

delivery through these receptors has been widely investigated.

3.4.1. Insulin Receptor

RMT via insulin receptor has been extensively studied for drug delivery.
Using avidin-biotin technology, a peptide radiopharmaceutical was
conjugated to a monoclonal antibody against human insulin receptor, 83-14

and delivered to the brain through RMT. This peptide radiopharmaceutical,
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1251-AB1-40, can be used for imaging amyloid plaques in Alzheimer’s disease
(Wu et al., 1997). The same mAb 83-14 was conjugated to liposomes and
used to deliver genes across the BBB in vitro (Zhang et al., 2003). mAb 83-
14 also allowed the complete knockdown of the specific gene expression by
actively targeting siRNA and thus facilitating gene silencing in vitro (Xia et al.,
2008). As the insulin receptor is associated with the mechanism of glucose
homeostasis in CNS, this approach of targeting insulin receptors for drug

delivery involves a risk of instability in glucose homeostasis.

3.4.2. Transferrin Receptor

TfR is the most characterized receptor system on the BBB. TfR can be
targeted in two ways for drug delivery to the brain, by using endogenous
transferrin (Tf) as a targeting ligand or by using a monoclonal antibody

against TfR.

Antibody-directed liposomes, also known as immunoliposomes, have been
reported to be promising vectors for the site-specific, targeted delivery of
drugs. Traditional immunoliposomes are rapidly cleared from the blood
circulation by the reticulo-endothelial system, thus restricting their use in vivo
(Aragnol & Leserman, 1986). However, this could be overcome by coating
liposomes with polyethylene glycol (PEG). PEG-coated immunoliposomes
were synthesized utilizing OX26 mAb, an antibody against TfR, and used for
in vivo brain targeting and delivery of anti-cancer agent daunomycin, which

has very low permeability through the BBB. It was found that brain uptake of
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daunomycin through PEG-coated immunoliposomes was higher than

conventional liposomes and free daunomycin (Huwyler et al., 1996).

Polyphosphoester (PPE) is biodegradable polymer that degrades at
physiological conditions through enzymatic cleavage of phosphoester bonds.
PPE are biocompatible with neuronal cells. Zhang and colleagues (2012)
synthesized an amphiphilic block co-polymer poly (g-caprolactone)-block-poly
(ethyl ethylene phosphate) (PCL-PEEP) by co-polymerization of PEEP (a
hydrophilic derivative of PPE) and poly (g-caprolactone) (PCL). PCL-PEEP
micelles were surface-modified with Tf. The authors encapsulated paclitaxel,
an anticancer agent, in hybrid micelles designated as Tf-modified paclitaxel-
loaded hybrid micelles. They successfully transported the targeted micelles
through the BBB and demonstrated its therapeutic effect by an increase in
survival time in glioma bearing mice when compared to non-targeted drug

delivery system (Zhang et al., 2012).

3.4.3. Low-density lipoprotein receptor related proteins (LRP1 & LPR2)
LRP1 and LRP2 can interact with a variety of molecules such as lactoferrin
(Lf), melanotransferrin and angiopeps. They have been exploited for years in

a similar way as insulin receptors and TfR for drug delivery to brain.

Lf is a mammalian cationic binding glycoprotein belonging to the transferrin

family. Lf has demonstrated its ability to cross the BBB via LRP-mediated

transcytosis in an in vitro model of the BBB (Fillebeen et al., 1999). However
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evidences showed the presence of specific lactoferrin receptors (LfR) on the
BBB. A novel brain-targeted drug delivery system by conjugation of poly
(ethylene glycol)-poly (lactide) (PEG-PLA) nanoparticles to the Lf had shown
enhanced uptake to the brain compared to the unconjugated nanoparticles
(Hu et al.,, 2009). Urocortin, a corticotrophin-releasing hormone-related
peptide, has shown its efficacy as a cytoprotectant for cultured hippocampal
neurons, cerebellar granule cells and GABAergic neurons. An intracerebral
injection of urocortin led to inhibition of Parkinsonian-like features in the rat 6-
hydroxidopamine (6-OHDA) and lipopolysaccharide paradigms of Parkinson’s
disease, demonstrating the therapeutic utility of urocortin. However, after
intravenous administration, no therapeutic activity was observed, as this drug
was unable to cross the BBB. Urocortin-loaded Lf-(PEG-PLA) nanopatrticles
after intravenous administration successfully crossed the BBB and produced

therapeutic efficacy (Hu et al., 2011).

Melanotransferrin (p97) is another targeting ligand that can bind to the LRP1
receptor and undergo transcytosis. This iron-binding protein is closely related
to transferrin and lactoferrin. Recombinant human melanotransferrin (p97)
effectively accumulated in brain after intravenous injection without affecting
the integrity of the BBB, through LRP1 and LRP2 receptor mediated
transcytosis (Demeule et al., 2002). Melanotransferrin (p97) was exploited to
deliver Adriamycin to the brain, which normally cannot cross the BBB. The

conjugate p97-adriamycin traversed the BBB and the pharmacological effect
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of the drug demonstrated a significant increase in the survival time against

glioma in a mouse model (Gabathuler et al., 2005).

Another group of the highly effective LRP binding ligands are Angiopeps.
This family of peptides, in particular Angiopep-2, have shown affinity for LRP
receptors (Demeule et al., 2008). Amphotericin B, an antifungal drug, has
poor penetration into the CNS. When it is encapsulated in polymeric micelles
bearing Angiopep-2, they demonstrated higher BBB-penetrating capacity
compared to the unmodified micelles and free amphotericin B (Shao et al.,

2010).

3.4.4. Diphtheria toxin receptor

DTR is the membrane-bound precursor of heparin-binding epidermal growth
factor (HB-EGF), a new endogenous transport receptor for the delivery of
drugs across the BBB. As diphtheria toxin is too toxic for in vivo use, its non-
toxic mutant protein cross-reacting material CRM197 is utilized as a receptor-
specific carrier protein. CRM197 utilizes DTR-mediated transcytosis and
delivers its cargo molecules to the CNS. It has showed to exert in vitro and in
vivo brain targeting efficiency. Conjugates of CRM197 and horseradish
peroxidase were transported across an in vitro model (Fenart & Cecchelli,
2005) and in vivo model of BBB (Gaillard & de Boer 2005; Gaillard et al.,

2005).
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3.5. Drug delivery via inhibition of efflux pumps

The expression of efflux pumps such as P-gp and MRPs in the endothelial
cells of the BBB prevents the entry and accumulation of many drugs in the
brain. One strategy to deliver drugs efficiently to the brain would be to co-
administer them with modulators that inhibit the efflux pumps in brain
capillary endothelial cells. Kabanov and colleagues investigated the concept
of using pluronic block copolymers for brain delivery by inhibition of P-gp
efflux pumps. Pluronic block copolymers consist of hydrophilic ethylene oxide
(EO) and hydrophobic propylene oxide (PO) arranged in a tri-block structure
(EO-PO-EQ), giving rise to their amphiphilic nature. Thus, these copolymers
can act as a surfactant and interact with the biological membranes. At
concentrations above the critical micelle concentration (CMC) in water, they
can self-assemble to form micelles. Miller et al. (1997) studied the membrane
interactions of Pluronic P85 in an in vitro model of the BBB using bovine brain
microvessel endothelial cells (BBMEC) and potential mechanisms of drug
absorption. Cellular accumulation of rhodamine 123 in the BBMEC, with and
without the presence of Pluronic P85 was examined. At concentration below
the CMC, P85 inhibits P-gp function, reducing the drug efflux out of the brain
endothelial cells and at concentrations above CMC, it increases the vesicular
transport of the drug in the brain microvessels (Miller et al., 1997). The
inhibition mechanisms of the P85 on the BBB involve membrane fluidization
after interactions with the endothelial cells and ATP depletion by the inhibition
of the P-gp ATPase activity (Kabanov et al., 2003). Another study

demonstrated that in vivo co-administration of digoxin with 1 % P85,
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increased the brain penetration of the drug by 3-fold in comparison to the
control group (Batrakova et al., 2001). P-gp is also expressed in certain
cancers, especially the recurrent and the relapsed cancers as well as the one
induced after initial chemotherapeutic treatment. P-gp also plays a major role
in the development of the multiple drug resistance (MDR) by transporting the
drugs out of the tumour cells. P85 has also been used to increase the effect
of anticancer drugs such as doxorubicin in the MDR tumours, by inhibition of
P-gp (Sharma et al., 2008). Doxorubicin incorporated Pluronic block co-
polymers is in Phase 3 clinical trials as a first line treatment against
oesophageal carcinoma showing high incidence of MDR. This treatment has
also received an orphan drug status by the FDA for the treatment of gastric

cancers (Chen and Liu 2012).

These studies demonstrated that the block co-polymers are not inert. They
have the capability of interacting with the biological systems. Caution has to
be taken, as these block co-polymers might be acceptable for the treatment
of cancers, but not for the treatment of the chronic disorders requiring

repeated administrations for a long term.

4. Gene Therapy
A number of human diseases have genetic origin (SoRelle, 2000). Thus, a
novel therapeutic approach of replacing the faulty gene with the normal

healthy gene could provide new horizons for the treatment of such diseases.
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Gene therapy can be defined as the introduction of nucleic acids (DNA/RNA)
into the cells for the purpose of altering the course of medical condition or

disease.

4.1. Gene as “drug”

The idea of using “genes” as “drugs” originated from the United States in the
1970s. This was an outcome of the growing knowledge on the human gene
function, its mutations and the development of effective technologies for the

delivery of DNA into mammalian cells (Giacca, 2010).

Gene therapy has become one of the most intensively studied and emergent
strategies for the treatment of various diseases. It provides a potential
therapeutic alternative for diseases for which the current treatment strategies
are ineffective or less effective. The target diseases that can be potentially
treated by gene therapy have a diverse range: they can be monogenic (single
gene defect) disorders, such as cystic fibrosis, or complex disorders such as

cancer (Gardlik et al., 2005).

Gene therapy is a technique for repairing the faulty genes responsible for the
development of the disease. It usually involves insertion of a functional gene
that is missing to produce a new protein or to trigger a cell function, to
replace a gene with incomplete sequence (Patil et al., 2012), or to shut off a
gene (gene silencing). The common aim of all those strategies is to achieve

stable expression of functional genes into target tissue, for as long as desired
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and without causing any toxic effects. Figure 1.5 shows the basic process of

gene therapy and the various hurdles encountered in gene delivery.

There are various biological barriers for the gene delivery system to reach the
target cell of an organ or tumour. The gene delivery system needs to travel in
the blood stream to the specific organ or the tumour site. It then needs to
extravasate and distribute throughout the organ or tumour where it should be
efficiently taken up by cells by endocytotic processes. The plasmid DNA is
then released into the cytoplasm and needs to gain entry into the nucleus

and express the transgene (Dufés et al., 2005).
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Figure 1.5 Gene delivery via systemic administration to the cells of the
organs or the disease sites (Dufes et al., 2005)
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The prerequisite of development of any gene delivery system depends on
parameters, such as the choice of the therapeutic gene, delivery system,
route of administration and also a realistic assessment of the likelihood that a
specific disease can be treated by gene therapy (Giacca, 2010). The current
studies are aimed at developing effective and safe techniques and vectors to
deliver genes to tissues, as well as improving the regulation of gene

expression.

The naked DNA encoding the therapeutic protein cannot be delivered directly
in the blood stream because it is degraded by endonucleases, leading to low
efficiency. As a result, new delivery systems and methods for improving gene
delivery are particularly needed. There are two major classes of vehicles
used for the gene transfer:

(1) Viral vectors

(2) Non-viral vectors (Kay et al., 1997)

4.2. Viral Vectors

Viruses introduce their DNA into the cells with high efficiency. It has become
possible to take advantage of this intrinsic property to utilize them for gene
delivery (Walther & Stein, 2000). Viruses used for gene delivery are produced
by genetic modification in such a way that their pathogenicity is eliminated
and their gene transfer efficiency is retained. Unlike wild type viruses, viral

vectors for gene delivery are made replication-deficient by deleting the genes
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that allow replication, assembling or infection so that they are safe and non-
pathogenic in the target cells. These genes can be replaced by the
therapeutic or functional gene to be expressed in the host cell genome
(Dando et al., 2001; Kootstra & Verma, 2003).

Viruses currently used as vectors can be divided in two types on the basis of
their different strategies of replication and survival:

- Non-lytic viruses, including retrovirus and lentivirus, produce virions from
the cellular membrane of an infected cell, leaving the host cell intact.

- Lytic viruses, including human adenovirus and herpes simplex virus, destroy
the infected cells after production of virions and replication. Despite
limitations of safety and reproducibility, they are the most used gene transfer

vectors (Lundstrom, 2003).

Viral vectors
for gene
therapy

Figure 1.6 Different viral vectors used for gene therapy. (A) Adenovirus
(National Cancer Institute, Dr. Richard Feldmann, 2001) (B) Retrovirus
(Stanford School of Medicine) (C) Herpes-Simplex virus (Bryan
Brandenberg blog) (D) Lentivirus (The value of virus, 2010) (E) Adeno-
associated virus (International committee on taxonomy of viruses, 2008)
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Table 1 describes the properties of some of the most commonly used viral
vectors.

Table 2.1 Properties of the most widely used viral vectors (Thomas et al.,
2003)

Tropism Inflammatory potential Advantages Disadvantages

Retrovirus Dividing cells -Efficient transduction -Low titres
only -Integration into host -Insertional mutagenesis
cell genome -Silencing of gene
expression

-Exclusive transduction

of actively replicating cells

Lentivirus Broad Low - Transduc-tion of -Possible generation of
quiescent cells replication-competent
-Integration into the lentiviruses
host cell genome -Possible mobilization of

vector in HIV-infected
patients
-Potential of insertional

mutagenesis
Adenovirus Broad High -Highly efficient -Transient transduction
transduction -Stimulation of strong
-High level transgene inflammatory and immune
expression responses
-Production of high
titres
-Transduc-
tion of both quiescent
and replicating cells
-Broad host range
Adeno-Associated Broad, with the Low -Derived from non- -Limited cloning capacity (<
virus possible pathogenic virus 5 kb)
excep-tion of -Production at high -Lack of a packaging cell
haematopoietic titres line
cells -Infection of quiescent -Tropism limited to specific
cells in vivo cell types
-Very long persistence
and gene expression
Herpes Simplex Strong to High -Persistence in latent -Difficulty to manipulate
Virus neurons form -Poor knowledge of several

-Large cloning capacity biological features
-Tropism for neuronal - Difficulty to identify and
cells eliminate pathogenic genes
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Viruses are efficient in transduction of genes in cells. But the safety concerns
related to the use of viruses in humans create an opportunity for use of non-

viral vectors for gene delivery.

4.3. Non-viral vectors

Non-viral vectors are particularly promising with regards to their simplicity to
use, easy large scale production and quality control and non-immunogenicity
(Li & Huang, 2000). The most commonly used non-viral vectors for gene

therapy are liposomes, polymers and dendrimers.

4.3.1. Liposomes

Liposomes are generally formed by the self-assembly of dissolved lipid
molecules in water, each lipid consisting of a hydrophilic head group and a
hydrophobic tail group (Figure 1.7). Liposomes can exhibit a diverse range of
sizes and morphologies depending upon the assembly of pure lipids or lipid
mixtures in an aqueous medium. As liposomes are rapidly degraded after
entering the circulation, they are conjugated with PEG for enhancement of
stability and increased circulation times (Balazs & Godbey, 2011). Liposomes
form complexes with DNA, called lipoplexes. These complexes have been
used in several clinical trials for gene therapy (Nabel et al., 1993). They are
non-pathogenic and can be used in several treatments. Their production is
relatively cheap and easy compared to viral vectors, but their transfection

efficiency is low compared to viruses (Robbins & Ghivizzani, 1998).
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Figure 1.7 Schematic structure of a liposome

4.3.2. Polymers

Polymers are another class of non-viral vectors that have been extensively
studied in gene delivery. They can be divided into three sub-classes
depending on their structures: linear, branched and dendritic (Pack et al.,
2005). They form complexes with DNA called polyplexes. Cationic polymers
condense DNA more efficiently than cationic lipids (Li & Huang, 2000). Due
to the flexibility of the polymer chemistry, it might be possible to provide
multiple functionalities to the polymer for drug and gene delivery. Additional
functionalities can also be added for maintaining biocompatibility and stability
of the formulation. However, poor gene transfer efficiency of the polymers
has limited their clinical applications (Pack et al., 2005). There are various
classes of polymers widely investigated for gene delivery like polylysine,
polyethyleneimine and chitosan. Polyethyleneimine (PEI) is found to be
highly promising amongst all the polymers, with high gene delivery potential

and low cytotoxicity (Boussif et al., 1995).
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4.3.3. Dendrimers

Dendrimers are formed by a central core molecule from which a number of
highly branched tree-like arms generate in a symmetrical and ordered fashion
(Figure 1.8). The unique molecular structure of dendrimers leading to a
number of original characteristics differentiates them from ordinary polymers.
Dendrimers are synthesized by a stepwise method, which leads to a definite
size and structure along with low polydispersity index. The multiple
attachment sites on the surface of dendrimers provided due to the high
density of terminal groups make them potential gene delivery vectors.
Dendrimers are found to be non-toxic in vitro and have effective electrostatic
interactions with cell membranes, which is important for DNA uptake by cells.
It has been demonstrated that intravenous administration of
polypropylenimine (PPI) dendrimer complexed with tumour necrosis factor
(TNFa) under the control of specific promoter led to the intratumoural gene
expression and regression of established tumours (Dufés et al.,, 2005).
Tumour regression was further amplified after intravenous administration of
Tf-bearing PPI dendrimer gene delivery system in mice, resulting in the
complete disappearance of 90% of A431 subcutaneous tumours. (Koppu et

al., 2010).
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Figure 1.8 Schematic structure of a dendrimer (Dufes et al., 2005)

4.4. Gene Therapy and the brain

In spite of the swift expansion of our knowledge about the molecular structure
of the components of BBB and advancements in medical nanotechnology,
small molecules still cannot cross the BBB nor treat most cerebral diseases
(Chen & Liu, 2012). Gene therapy could provide a novel approach for the

treatment of such diseases.

The preclinical studies on gene therapy for neurological disorders started with
the utilization of viral vectors for gene transfer. Mainly herpes simplex virus,
adenovirus, adeno-associated virus and retrovirus were explored as potential
carriers for gene delivery to the brain in early 1990s (Suhr & Gage, 1993).
However, in all these cases, highly invasive methods like craniotomy,
intracarotid arterial infusion and stereotaxic injections were used as the
routes of administration that cause disruption of the BBB (Shi & Pardridge,
2000). Moreover, viral vectors have been associated with tissue toxicity,

immunologic and inflammatory reactions and other safety concerns that limit
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their use for gene therapy. Several clinical trials utilized viruses as vectors
but they did not succeed due to the safety concerns surrounding these

vectors (Bansal & Engelhard, 2000).

Various receptors like insulin receptors, TfR, LfR, LRP1 and LRP2 receptors
are expressed on brain capillary endothelial cells. Researchers have been
targeting these receptors to allow DNA to cross the BBB via RMT. Insulin
receptors that maintain the glucose metabolism in brain could be used for the
gene delivery to the brain via RMT. However, this approach is considered
hazardous as it targets the mechanism concerned with the glucose
homeostasis in brain. TfR that maintain iron balance in the brain are the most
characterized RMT system for gene delivery to CNS. These receptors can be
utilized for transferring DNA across BBB either by using Tf as a targeting
ligand or using an antibody (such as OX26) directed to TfR. LRP1 & LRP2
target a diverse range of molecules and so are called multifunctional, multi-
ligand scavenger and signalling receptors. Lf, melanotransferrin and
angiopeps have been used as targeting ligands for LRP1 and LRP2-

mediated endocytosis (Chen & Liu, 2012).

Various non-viral vectors are investigated for CNS gene therapy, out of which
the most popular ones are liposomes and dendrimers. Liposomes were the
first ones to be investigated. Pardridge and co-workers utilized PEGylated
liposomes conjugated with monoclonal antibody OX26 to target the

transferrin receptors for gene delivery and brain targeting (Shi & Pardridge,
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2000). The same group then used PEGylated immunoliposomes to target
plasmid DNA to the brain with monoclonal antibody 8D3, targeting transferrin
receptors on BBB. Tissue-specific gene expression in the brain was obtained
after intravenous administration (Shi et al., 2001). Ko et al. (2009) used
polyethylenimine (PEI) to form polyplexes with oligodeoxynucleotides (decoy
ODN). These PEI/ODN polyplexes were encapsulated in PEG-stabilized
liposomes containing biotin at the distal end of PEG chain. This biotinlylated-
PEG-stabilized liposome encapsulating PEI/ODN polyplexes (bioPSL) was
conjugated to 8D3, a monoclonal antibody targeting transferrin receptors for
brain targeting and designated as antibody-targeted bioPSL. This delivery
system delivers intact decoy ODN specifically to brain capillary endothelial
cells through intravenous administration in vivo in mice. Polyamidoamine
(PAMAM) dendrimers have emerged as a class of nano-constructs for CNS
gene delivery. Tf-conjugated PEG-modified PAMAM (PAMAM-PEG-Tf) was
synthesized and complexed with plasmid DNA and evaluated for gene
delivery and expression in the brain (Huang et al., 2007). The same group
used Lf as a brain targeting ligand. Lf was conjugated to PAMAM-PEG to
form PAMAM-PEG-Lf. PAMAM-PEG-Lf/DNA complex had higher transfection
efficiency than PAMAM-PEG-Tf/DNA complexes. After intravenous
administration, the brain uptake and gene expression of PAMAM-PEG-
LF/DNA was higher than that observed with PAMAM-PEG/DNA (Huang et
al., 2008; Huang et al., 2009). Angiopep has also been used as a targeting
ligand conjugated to PAMAM-PEG. Its complex with DNA formed PAMAM-

PEG-Angiopep/DNA nanoparticles (NPs) able to target LRP-1 receptors on
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the BBB. This gene delivery system efficiently crossed BBB, accumulated in
the brain and exhibited gene expression. After achieving gene expression in
the brain, this group targeted glioma as a model disease for gene therapy.
They used again the high-branching dendrimer PAMAM as a main vector.
They conjugated PAMAM with PEG to enhance its pharmacokinetics and
biocompatibility. The targeting ligand used was Chlorotoxin (CTX) which has
been showed to have an enhanced binding affinity to membrane-bound
matrix ~ metalloproteinase-2 (MMP-2), upregulated in  gliomas,
medulloblastomas and other tumours of neuroectodermal origin. In this study,
pPORF-TRAIL, a plasmid DNA expressing Tumour necrosis factor-related
apoptosis-inducing ligand (TRAIL), led to selective killing of tumour cells
without cytotoxic effect on normal cells. PAMAM-PEG-CTX/pORF-TRAIL
demonstrated a highly efficient energy-dependent cellular uptake in brain via
RMT and AMT. Biodistribution of gene expression was observed mainly in

brain tumour, but also in liver and kidney (Huang et al., 2011).

Some researchers designed a novel gene delivery system Tat-
magnetosome-PAMAM by modification of magnetosome with PAMAM
dendrimer and Transactivating transcriptional (Tat) activator protein peptides.
Magnetosome is a natural magnetic nanoparticle with a well-defined size (40-
120 nm) derived from magnetotactic bacteria. It consisted of magnetic core
and an envelope made of lipids and proteins, making them biocompatible.
Tat-magnetosome-PAMAM readily formed polyplexes with the luciferase

reporter plasmid and the inclusion of external magnetic field could
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significantly improve transfection efficiency, transport across the BBB and

accumulation in brain tissues (Han et al., 2011).

Some peptides have also emerged as a new class for brain targeted gene
delivery. RVG29, which is a 29-unit peptide obtained from the rabies virus
glycoprotein (RVG), selectively binds to neuronal cells expressing the
nicotinic acetylcholine receptors (AchR). As AchR are widely present on the
brain capillary endothelial cells, RVG29 efficiently crosses BBB. RVG-29-
oligoarginine peptide (RVG29-9rR) complexed with plasmid DNA was utilized
for brain targeting. High transfection efficiency was achieved in vitro and
brain targeted gene expression was achieved in vivo. The main advantages
of peptide-based DNA delivery systems are biocompatibility, biodegradability

and low immunogenic response (Gong et al., 2012).

An emerging strategy using a combination of gene therapy and
chemotherapy provides great hope for the treatment of brain tumours. The
tumour-targeted, pH-triggered co-delivery system (DGDPT/pORF-hTRAIL)
utilizing doxorubicin as chemotherapeutic drug and pORF-TRAIL as a
therapeutic drug was developed. HAIYPRH (T7) peptide that can bind to TfR
that are expressed on the BBB and also on the malignant brain tumour cells
was used as a targeting ligand. This multifunctional co-delivery system shows
potential synergistic effect of the chemotherapeutic drug doxorubicin and

therapeutic gene TRAIL to induce tumour cell apoptosis, reducing toxicity in
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healthy cells and increasing the median survival time of tumour-bearing mice

(Liu et al., 2012).

5. Aims and Objectives
The presence of the BBB and the lack of safe and efficacious non-viral delivery
systems are the major hurdles for the delivery of the therapeutic gene to the
CNS. Various receptors like TfR , LfR, LRP1 and LRP2 are widely expressed on
the BBB and serve as endogenous transport systems. DAB dendrimer has been
investigated for the gene delivery to the cancer cells expressing transferrin
receptors. Various studies demonstrated the targeted gene delivery efficacy of
DAB dendrimer. Tf-bearing DAB dendrimer led to enhanced gene expression in
the tumours over-expressing TfRs. In addition, tumour disappearance and
regression was observed in the mice xenograft models without signs of toxicity
(Koppu et al., 2010, Lemarie et al., 2012, Al Robaian et al., 2014). Lf- and Lfc-
bearing DAB dendrimer led to enhanced gene expression in the tumours (Yim et
al., 2015). These studies demonstrate that DAB dendrimer is a safe and
efficacious gene delivery system. It is therefore hypothesized that DAB could be
exploited for targeted gene delivery to the brain by decorating it with Tf, Lf, Lfc
and Angiopep-2 able to bind to specific receptors on the BBB, ultimately leading
to gene expression in the brain. The main aims of this thesis are:

1. Synthesis and characterization of brain targeted gene delivery systems

2. In vitro evaluation of targeting efficiency in murine brain endothelial cells

3. Invivo evaluation of brain targeting efficiency in a mice model
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CHAPTER 2

Materials and Methods
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1. Materials

The following table lists the materials used for the experiments and their

suppliers.

Table 3.1 List of materials and their suppliers

Material Supplier

Ampicillin Sigma Aldrich (Poole, UK)
Angiopep DG peptides (Hangzhou, China)
Colchicine Sigma Aldrich (Poole, UK)
DDAO-Gal Invitrogen (Paisley, UK)

Deuterated water (D20)

Sigma Aldrich (Poole, UK)

Dextrose

Sigma Aldrich (Poole, UK)

Dimethylsuberimidate (DMSI)

Sigma Aldrich, (Poole, UK)

Dimethyl sulfoxide (DMSO)

Sigma Aldrich, (Poole, UK)

Dulbecco’s Modified Eagle Medium

I
Invitrogen (Paisley, UK)

Endotoxin-free Giga Prep Plasmid
purification Kit

Qiagen (Hilden, Germany)
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Material

Supplier

Expression plasmid encoding [3-
galactosidase (pCMV sport 3-
galactosidase)

Invitrogen ( Paisley, UK)

Expression plasmid encoding
tdTomato (pCMV tdTomato)

Clontech (Mountain view, CA)

Foetal bovine serum (FBS)

Invitrogen (Paisley, UK)

Filipin (Filipin complex from
Streptomyces filipinensis)

Sigma Aldrich, (Poole, UK)

Generation 3-Diaminobutyric
polypropylenimine dendrimer (DAB)

Sigma Aldrich (Poole, UK)

Glycine

Sigma Aldrich (Poole, UK)

Hydrochloric acid

Sigma Aldrich (Poole, UK)

L-Glutamine

Invitrogen (Paisley, UK)

Label IT® Cy3 Nucleic Acid Labelling
kit

Cambridge Biosciences
(Cambridge, UK)

Label IT® Fluorescein Nucleic Acid
Labelling kit

Cambridge Biosciences
(Cambridge, UK)

Lactoferricin

Sigma Aldrich (Poole, UK)
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Material

Supplier

Lactoferrin

Sigma Aldrich (Poole, UK)

Luciferase assay reagent

Promega (Southampton, UK)

Lysine

Sigma Aldrich (Poole, UK)

Magnesium chloride

Sigma Aldrich (Poole, UK)

Maltose Sigma Aldrich (Poole, UK)
Mercaptoethanol Sigma Aldrich (Poole, UK)
Methanol Sigma Aldrich (Poole, UK)

Ortho-nitrophenyl-B-D-galactosidase
(ONPG)

Sigma Aldrich (Poole, UK)

Passive lysis buffer 5x (PLB)

Promega (Southampton, UK)

Penicillin-Streptomycin

Invitrogen, (Paisley UK)

Phenylarsine Oxide

Sigma Aldrich (Poole, UK)

Phenylmethyl sulfonyl fluoride
(PMSF)

Sigma Aldrich (Poole, UK)
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Material

Supplier

Phosphate buffered saline (PBS)
tablets

Sigma Aldrich (Poole, UK)

Poly-Lysine

Sigma Aldrich (Poole, UK)

Protease Inhibitor cocktail (PIC)

Sigma Aldrich (Poole, UK)

Quanti-iT™ PicoGreen® dsDNA
reagent

Invitrogen (Paisley, UK)

Sephadex G75

Sigma Aldrich (Poole, UK)

Sodium hydroxide

Sigma Aldrich (Poole, UK)

Tissue culture media

Invitrogen (Paisley, UK)

Human holo-Transferrin

Sigma Aldrich (Poole, UK)

Triethanolamine

Sigma Aldrich (Poole, UK)

Tris-(hydroxymethyl) aminomethane

Sigma Aldrich (Poole, UK)

(TRIS) base
Trypsin Invitrogen (Paisley, UK)
Tween 20 Sigma Aldrich (Poole, UK)
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Material

Supplier

Vectashield® mounting medium with
4’ 6-diamidino-2-phenylindole (DAPI)

Vector Laboratories
(Peterborough, UK)
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2. Methods
The following table summarizes the different methods and the chapters they

were used in.

Table 2.2 Summary of methods and chapters they were used in

Nuclear magnetic resonance (NMR)
spectroscopy

Physico-
chemical
characterization

Size and zeta potential measurements 4,5

In vitro studies Transfection (B-galactosidase gene 3,4,5
expression assay)

Mechanisms of cellular uptake 3,45

Distribution of gene expression within the 3,4
brain

In vivo studies

Statistical
Analysis

56



2.1. Synthesis and purification of targeted dendrimers

Transferrin (Tf) bearing-, Lactoferrin (Lf) bearing-, lactoferricin (Lfc) bearing-
and Angiopep (Ang) bearing- generation 3- diaminobutyric polypropylenimine
dendrimer (DAB) were synthesized in a similar manner to that previously
reported for the preparation of other conjugates (Koppu et al., 2010;
Aldawsari et al., 2011). DAB (24 mg) was added to Tf, Lf, Lfc or Ang (6 mg)
and dimethylsuberimidate (12 mg) in triethanolamine HCI buffer (pH 7.4, 2
mL). The coupling reaction was allowed to take place for 2 h at 25°C whilst
stirring. The purification of conjugates was conducted by size exclusion
chromatography using a Sephadex G75 column. Conjugates were then
freeze-dried. The conjugation of Tf, Lf, Lfc and Ang to DAB was assessed by
'H NMR spectroscopy at magnetic field strength of 400 MHz using a Jeol
Oxford NMR AS 400 spectrometer. Deuterium oxide was used for the

dissolution of DAB-Tf, DAB-Lf, DAB-Lfc and DAB-ANg for performing NMR.

2.2. Physico-chemical characterization

2.2.1 DNA condensation studies

The ability of the DNA to form complex with DAB-Lf, DAB-Lfc and DAB-Ang,
was assessed by PicoGreen® assay, performed according to the supplier's
protocol. The fluorescence of PicoGreen® significantly increases on
intercalation with double stranded DNA. The electrostatic interaction between
the anionic DNA and cationic group of the polymer on formation of the Tf-
bearing DAB—DNA polyplex condenses the DNA and reduces the number of

PicoGreen® binding sites, ultimately reducing the fluorescence intensity for
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the PicoGreen® solution.

PicoGreen® reagent was diluted 200-fold in Tris—EDTA (TE) buffer (10 mM
Tris, 1 mM EDTA, pH 7.5) on the day of the experiment. One mL of complex
dendrimer—DNA at various dendrimer: DNA weight ratios (20:1, 10:1, 5:1,
2:1, 1:1, 0.5:1 and 0:1) was added to 1 mL PicoGreen® solution. The DNA
concentration in the cuvette (10 pg/mL) was kept constant throughout the
experiment. The fluorescence intensity of the complexes in the presence of
PicoGreen® was analyzed at various time points with a Varian Cary Eclipse
Fluorescence spectrophotometer (Palo Alto, CA) (Aexc: 480 nm, Aem: 520 nm).
Results were represented as percentage of DNA condensation (= 100 - %
relative fluorescence to DNA control) (n=4) according to the following
equation:

Fy = (Ft— Fpa)/ (Fo- Fpra)
where

Ft = fluorescence of the dendrimer / DNA complexes

Fo = fluorescence of the DNA alone

Frc = fluorescence of the Picogreen
Data was represented as a mean (n=4) (+x S.E.M) and the values were

plotted using Microcal Origin® v 12.0 software.

2.2.2. Size and Zeta potential measurements

Size and zeta potential of DAB-Lf, DAB-Lfc and DAB-Ang dendriplexes

prepared at various dendrimer: DNA weight ratios (20:1, 10:1, 5:1, 2:1, 1:1,
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0.5:1, 0:1) were measured by photon correlation spectroscopy and laser
Doppler electrophoresis using a Malvern Zetasizer Nano-ZS (Malvern

Instruments, Malvern, UK).

2.3. In vitro studies

2.3.1. Transfection

Transfection efficacy of the DNA carried by DAB-Tf, DAB-Lf, DAB-Lfc and
DAB-ANng dendrimers was assessed by a B-galactosidase transfection assay,
using a plasmid DNA encoding B-galactosidase (pCMV fgal). bEnd.3 cells
were seeded at a density of 2000 cells/well in 96-well plates (n=15). After
72h incubation, the cells were treated with the DAB-Tf-DNA (dendrimer: DNA
weight ratio 10:1), DAB-Lf-DNA and DAB-Lfc-DNA (dendrimer: DNA weight
ratio 2:1) and DAB-Ang dendriplexes at the following dendrimer: DNA weight
ratios: 20:1, 10:1, 5:1, 2:1, 1:1, 0.5:1, 0:1. DNA concentration (10 pg/mL) was
kept constant for all the formulations tested. Naked DNA served as a
negative control, DAB-DNA (dendrimer: DNA weight ratio 5:1) served as a
positive control. After 72 h incubation, cells were lysed with 1X passive lysis
buffer (PLB) (50 pL/well) and incubated for 20 min. The cell lysates were
then analysed for B-galactosidase expression. Briefly, 50 yL of the assay
buffer (2 mM magnesium chloride, 100 mM mercaptoethanol, 1.33 mg/mL o-
nitrophenol-p-galactopyranoside, 200 mM sodium phosphate buffer, pH 7.3)
were added to each well containing the lysates. After 2 h incubation at 37°C,

the absorbance of the samples was read at 405 nm with a Multiscan Ascent®
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plate reader (Thermo Scientific, Waltham, MA). Results were compared with

standard curve of recombinant (-galactosidase (0-5 mU).

2.3.2. Cellular uptake

Imaging of the cellular uptake of the DNA complexed to DAB-Tf, DAB-LT,
DAB-Lfc and DAB-Ang was carried out using epifluorescence microscopy.
Labeling of the (B-galactosidase-encoding plasmid DNA with the fluorescent
probe fluorescein or Cy3 (for DAB-Tf) was performed using a Label IT®
fluorescein or Cy3 Nucleic Acid Labeling kit, as described by the
manufacturer. bEnd.3 cells were seeded on coverslips in 6-well plates
(10° cells/well) (10% cells/well for DAB-Tf) and grown at 37 °C for 72 h. They
were then incubated for different durations with fluorescein or Cy3-labelled
DNA (2.5 ug DNA/well) complexed to DAB-Tf, DAB-Lf, DAB-Lfc and DAB-
Ang, at the dendrimer. DNA weight ratio of 10:1, 2:1, 2:1 and 2:1
respectively. The cells were then washed three times with PBS and fixed with
methanol for 10 min. Upon staining of the nuclei with DAPI, the cells were
examined using an E600FN Upright Epifluorescence microscope (Nikon,
Tokyo, Japan). DAPI was excited with the 405 nm CoolLED pE excitation
system (bandwidth: 415-491 nm), whereas Cy3/fluorescein was excited with

the 470 nm CoolLED pE excitation system (bandwidth: 515-555 nm).

Once the treatment duration allowing maximal DNA uptake was determined,

a similar procedure was performed to compare the cellular uptake of

fluorescein or Cy3-labelled DNA (2.5 upg/well) complexed to DAB-Tf, DAB-LT,
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DAB-Lfc, DAB-Ang and DAB (dendrimer: DNA weight ratios respectively of
10:1, 2:1, 2:1, 2:1 and 5:1) during the optimized treatment duration. Control

samples were treated with naked DNA or remained untreated.

Quantification of cellular uptake was performed using flow cytometry. bEnd.3
cells were grown in 6-well plates (1.6 x 10° cells/ well) at 37 °C for 72 h. The
cells were then treated with fluorescein-labelled DNA (5 ug DNA/well), alone
or complexed to DAB-Tf, DAB-Lf, DAB-Lfc, DAB-Ang and DAB (dendrimer:
DNA weight ratios respectively of 10:1, 2:1, 2:1, 2:1 and 5:1) and during the
optimized treatment duration. Cells treated with DNA only or untreated cells
served as negative controls. After optimized duration of incubation with the
treatments, single cell suspensions were prepared, washed (2 mL PBS
pH 7.4 per well) and pelleted (378 g/3000 rpm for 8 min) 3 times, before
being analysed using a FACSCanto® flow cytometer (BD, Franklin Lakes,
NJ). Ten thousand cells (gated events) were counted for each sample. Their
mean fluorescence intensity was analysed with FACSDiva® software (BD,

Franklin Lakes, NJ).

2.3.3. Mechanisms of cellular uptake

The mechanisms involved in the cellular uptake of DNA complexed to DAB-
Tf, DAB-Lf, DAB-Lfc and DAB-Ang were investigated by pre-treatment of
cells with uptake inhibitors- Phenylarsine oxide (Inhibitor of clathrin-
dependent endocytosis), fillipin (Inhibitor of caveolae-mediated processes),

colchicine (Inhibitor of macropinocytosis), polylysine (Inhibitor of the uptake
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of cationic vectors) and endogenous ligands (Tf, Lf) (Visser et al., 2004, Kim
et al., 2007, Liu & Shapiro 2003). Cells were seeded and grown as described
above. After removal of the medium, they were then pre-treated with
phenylarsine oxide (10 ymol/L), filipin (5 pg/mL), colchicine (10 pmol/L), poly-
I-lysine (400 pg/mL) and free Tf (chapter 3) or free Lf and Lfc (chapter 4) or
for 10 min at 37 °C. The cells were then treated with Cy3- or fluorescein-
labelled DNA (respectively 2.5 and 5 pg/well for qualitative and quantitative
analysis) complexed to DAB-Tf/Lf/Lfc/Ang for optimized treatment duration
before being washed and processed for fluorescence microscopy and flow

cytometer analysis as described above.

2.4.In vivo studies

2.4.1. Biodistribution of gene expression

The biodistribution of gene expression was visualized by bioluminescence
imaging, using an IVIS Spectrum® (PerkinElmer, Waltham, MA).

To determinate the treatment duration leading to the highest gene
expression, female BALB/c mice (n =3, initial mean weight: 20 g) were
injected intravenously with a single dose of DAB-Tf, DAB-Lf, DAB-Lfc and
DAB-Ang carrying luciferase expression plasmid (50 ug of DNA) in
dendrimer: DNA weight ratio of 10:1, 2:1, 2:1 and 2:1 respectively. They were
then intraperitoneally injected with the luciferase substrate d-luciferin
(150 mg/kg body weight) after various treatment durations and anesthetized
by isoflurane inhalation. Light emission was measured 10 min after injection

of the d-luciferin solution, for 2 min, using Living Image® software
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(PerkinElmer, Waltham, MA). The resulting pseudo-color images represent
the spatial distribution of photon counts within the animal. Identical

illumination settings were used for acquiring all images.

A similar procedure was then performed at the optimum treatment duration to
compare the distribution of gene expression resulting from the single
intravenous injection of DAB-Tf, DAB-Lf or DAB-Ang, and DAB dendriplexes
encoding luciferase (50 ug of DNA). Mice treated with DNA only served as

negative control.

Biodistribution of gene expression was also quantified using a -
galactosidase reporter gene expression assay (Zinselmeyer et al., 2003).
Groups of mice (n =5) were injected intravenously with a single dose of
DAB-Tf, DAB-Lf, DAB-Lfc or DAB-Ang and DAB dendriplexes encoding -
galactosidase (50 ug of DNA) (dendrimer: DNA weight ratio of 10:1, 2:1, 2:1
and 2:1 respectively). They were sacrificed at previously optimized duration
after injection and their organs were removed, frozen in liquid nitrogen,
before being analysed for their B-galactosidase levels. For the preparation of
tissue homogenates, a homogenization / lysis buffer (25 mL) was prepared
as below:

e 500 uL protease inhibitor cocktail

e 1000 pL PMSF 50 mM in methanol

e 5mL PLB5X

e 18.5 mL distilled water

63



Organs were weighed and 1 mL of freshly prepared homogenization buffer
was added to each organ (except liver, where 2 mL was added). Organs
were homogenized using a tissue homogenizer (PowerGen 125, Fischer

Scientific) and the resultant tissue homogenates were incubated on ice.

Quantification of (-galactosidase enzymatic activity was performed by
measurement of -galactosidase enzymatic cleavage of its substrate 9H-
(1,3-dichloro-9,9-dimethylacridin-2-one-7-yl) B-D-galactopyranoside (DDAO-
Gal) to 7-hydroxy-9H-(1,3-dichloro-9,9-dimethylacridin-2-one) (DDAO)

product.

A DDAO-Gal Reaction Mix was prepared for each tissue homogenate, as

follows. For 1 sample:

15 uL DDAO-Gal in DMSO (5 mg/mL)

20 uL PMSF

100 uL maltose in PBS (20g / 100 mL)

15 uL protease inhibitor cocktail

150 uL PBS

To 100 uL tissue homogenates, 300 uL of DDAO-Gal reaction mix was
added and incubated at 37°C, with occasional mixing for the appropriate
incubation time optimized for each organ (45 minutes for liver, 90 minutes for
the other organs). A volume of 200 pL of the incubated reaction mixture was

then transferred into another container and incubated in a heating block at
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90° C for 2 minutes. The heated incubation was performed to stop the
enzymatic cleavage of [(-galactosidase on the DDAO-gal substrate and
precipitate a large proportion of proteins. To extract the DDAO product, 800
ML isopropanol were added to dissolve the DDAO and the mixture was
incubated for 20 minutes at 5° C. Subsequently, the mixtures were
centrifuged (7 minutes at 15000 rpm or 1260g). 500 pL of the supernatant
were mixed with 500 pL of 80% (v/v) water-isopropranol mixture and
measured in a fluorescence spectrophotometer (Varian Cary Eclipse
Fluorescence spectrophotometer, Aexc = 630nm, Aem= 650 nm, slit 5 nm). The
fluorescence units were used to calculate the B-galactosidase activity based
on a linear regression (f(x) = a + b.x) fitted to a B-galactosidase standard
curve. The concentration of 3-galactosidase in the organs was determined by
using the following equations, given by a [-galactosidase standard curve
(Zinselmeyer et al., 2003):
Concentration of 3-galactosidase in 100 yL sample C1 (in mU):

C1 = (fluorescence intensity + Intercept) / Slope
Concentration of 3-galactosidase per organ C2 (in muU):

C2 = C1 x (1+ weight sample (ing) / 0.1

2.4.2. Distribution of gene expression within the brain

Distribution of gene expression within the brain was qualitatively assessed by
fluorescence microscopy imaging of the brain sections of mice treated with
DAB-Tf or DAB-Lf dendriplex encoding tdTomato. Mice were intravenously

injected with a single dose of DNA encoding tdTomato, naked or complexed
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to DAB-Tf and DAB dendrimers (50 ug of DNA). They were sacrificed 24 h
after injection. After this point, two different methods were used for Chapter 3

and Chapter 4.

For Chapter 3, the brains were removed, fixed in a solution of 10% formalin
for 48 h. Following fixation, the brains were dehydrated through an ethanol
gradient for 8.5 h, cleared in xylene for 2.5 h, before being embedded in
paraffin wax. Coronal sections were cut at a thickness of 4 ym in different
brain areas (anterior, median and posterior) and left in a 37 °C oven
overnight before being stained with hematoxylin and eosin (H&E) according
to standard procedures. The brain sections were then examined using an
E600FN Upright Epifluorescence microscope. Positivity for tdTomato
expression in the brain was assessed at excitation wavelengths of 530-635

nm and emission wavelengths of 605-655 nm.

For Chapter 4, the brains were removed, immediately frozen on dry ice,
before being embedded in Tissue-Tek® optimal cutting temperature (OCT)
compound. Coronal sections were cut at a thickness of 15 um in different
brain areas (anterior, median and posterior), fixed in ice-cold acetone for 5-
10 min, in -20°C methanol for 5-10 min. They were then washed and
permeabilized in PBS/0.1% Tween-20 for 10 min before being mounted with
Vectashield® medium containing DAPI. The brain sections were then

examined using an E600FN Upright Epifluorescence microscope. Positivity
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for tdTomato expression in the brain was assessed at excitation wavelengths

of 530-635 nm and emission wavelengths of 605-655 nm.
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CHAPTER 3

Transferrin-bearing polypropylenimine
dendrimer for targeted gene delivery
to the brain
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1. Introduction

Receptor-mediated transcytosis (RMT) has been extensively studied for drug
and gene delivery to the brain. Transferrin receptors (TfR) are widely
expressed on the capillary endothelial cells of the BBB (Jefferies et al.,
1984). The TfR, also widely referred to as TfR1 type Il transmembrane
glycoprotein, is involved in the iron metabolism. The iron uptake occurs by
the RMT of the iron-loaded transferrin, also called holotransferrin. Transferrin
(Tf) is part of a class of metal-binding glycoproteins whose major function is
binding and transport of iron in the body. Tf molecule (apotransferrin) can
bind up to 2 Fe®" ions to form ferro-transferrin or holotransferrin. The
conformational changes occurring in the molecule while binding to Fe3* ions
have been shown to play a key role in the selective recognition by TfR The
iron loaded transferrin or holotransferrin has 10 to 100-times higher affinity
for the TfR than that of apotransferrin at physiological pH (Richardson and

Ponka 1997).

Various delivery systems targeting TfR on the BBB have been investigated
for targeted gene delivery to the brain. Tf or anti-TfR antibodies (OX26, 8D3)
were used as a targeting ligand. Pardridge and colleagues have investigated
OX26- and 8D3- targeted pegylated immunoliposomes for enhanced gene
expression in the brain (Shi and Pardridge 2000, Shi et al., 2001). Avidin-
biotin technology has also been explored for the targeted delivery of the

therapeutic nucleic acids to the brain. In one such study, biotinylated peptide
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nucleic acid was bound to a conjugate of OX26 and streptavidin and was

used for selective imaging of brain tumours (Suzuki et al., 2004).

Dendrimers have recently been shown to be promising candidates for brain
delivery, owing to their unique polymer architecture and easily modified
surface groups. PAMAM has been studied as a vehicle to cross the BBB via
TfR targeting (Huang et al., 2007). In this study, Tf was conjugated to
PAMAM through bifunctional PEG and complexed to a plasmid DNA
encoding green fluorescent protein (GFP). After intravenous administration to
the mice, the Tf-bearing PAMAM-DNA complex was able to cross the BBB
and led to the expression of GFP in several brain regions such as the
hippocampus, substantia nigra, the 4™ ventricle, the cortical layer and
caudate putamen. This gene expression was about 2-fold higher than that
observed following the administration of PAMAM and PAMAM-PEG
complexes (Huang et al., 2007). All these gene delivery systems lead to an
increase gene expression in brain, but non-specific gene expression was
also found in other major organs of the body (Shi & Pardridge 2000, Shi et

al., 2001, Huang et al., 2007).

Polypropylenimine (PPI) dendrimers have emerged as a novel nanoscopic
carrier for targeted gene delivery. Dufes and colleagues recently
demonstrated that transferrin (Tf)-bearing generation 3-diaminobutyric
polypropylenimine dendrimer (DAB-Tf) was able to increase the uptake and

gene expression of DNA by cancer cells overexpressing TfR compared to
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non-targeted delivery systems, in vitro and in vivo (Koppu et al., 2010,
Lemarie et al., 2012, Al-Robaian et al., 2014). Importantly, the treatment was

well tolerated by the animals, with no apparent signs of toxicity.
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2. Aims and Objectives
Based on the fact that iron can efficiently reach the brain via TfR-mediated
transcytosis, we now hypothesize whether conjugation of Tf to DAB leads to
increased gene expression in the brain. The main objectives of this chapter
are:

e Synthesis and characterization of Tf bearing DAB dendrimer

e Evaluation of the brain targeting efficacy of DAB-Tf in vitro and in vivo
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3. Results

3.1. Synthesis and characterization

The synthesis and physicochemical characterization of the DAB-Tf was done
in a similar manner as described in Chapter 2. Dimethylsuberimidate (DMSI)
act as a homobifunctional cross linker between DAB and Tf, forming covalent
bonds to the primary amine groups of DAB and amino acids in the transferrin
(Figure 3.1). The similar chemical reaction occurs when Lf, Lfc and
Angiopep-2 is conjugated to DAB. The conjugation of Tf to DAB was
confirmed by *H NMR spectrum. The ratio of the integrals of resonances at
ca. 3.70 and 2.80 for methylene units (d and a) attached to the amino acid
moiety via DMSI linkage and unbound free amine respectively is 1. This
supports that 50 % of the surface primary amine groups on the DAB are
conjugated to transferrin (Koppu et al., 2010). The proposed chemical

reaction and the structure of the final product is shown in Figure 3.1.

The ability of the DAB-Tf to form complex with plasmid DNA through
electrostatic interactions between positively charged DAB-Tf and negatively
charged plasmid DNA was characterized using Pico Green® assay. DAB-Tf
was able to condense more than 70% of DNA at all the dendrimer: DNA
weight ratios. The condensation occurred almost instantaneously and was
found to be stable for atleast 24 hours. It increased with the increasing
dendrimer: DNA weight ratios. DAB-Tf displayed a mean diameter of 287 nm
(PDI: 0.393). The conjugation of Tf on the periphery of the DAB led to the

increase in the size. DAB dendriplex had the mean diameter of 196 nm (PDI:
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0.683). The zeta potential of DAB-Tf dendriplex was

which was less than the unmodified DAB dendriplex (6.42 mV).

1.03 mV,
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3.2. In vitro studies

3.2.1. Transfection

The grafting of Tf to DAB dendriplex led to an increased transfection
compared to DAB dendriplex on bEnd.3 cells (Figure 3.2). The treatment of
bEnd.3 cells with DAB-Tf dendriplex led to a 1.3-fold increase in the gene
expression compared to DAB dendriplex (3.79x103 + 0.23x10® U/mL and
2.85x103 + 0.21x10 U/mL respectively for DAB-Tf and DAB dendriplexes.
Gene expression following treatment with DAB-Tf dendriplex and DAB-
dendriplex was 4.3-fold and 3.3-fold higher than that observed following
treatment with naked DNA (0.87x10° + 0.01x103 U/mL). The cells treated
with naked DNA did not demonstrate any significant increase in the gene

expression compared to untreated cells.
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Figure 3.2 Transfection efficacy of DAB-Tf and DAB dendriplexes in bEnd.3
cells. DAB-Tf and DAB dendriplexes were dosed at their optimal dendrimer:
DNA ratio of 10:1 and 5:1 respectively. Results are expressed as the mean +
SEM of three replicates (n=15). * : P <0.05 compared with DAB-Tf-DNA

3.2.2. Cellular uptake

The uptake of Cy3-labelled DNA complexed to DAB-Tf by bEnd.3 cells was
qualitatively analysed by epifluorescence microscopy. Cellular uptake
commenced as early as 15 minutes, as Cy3-labelled DNA could be
visualized surrounding the nuclei. From all the durations tested, DNA uptake
was most pronounced after treatment of bEnd.3 cells with DAB-Tf dendriplex

for 2 hours (Figure 3.3).
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Figure 3.3 Epifluorescence microscopy imaging of the cellular uptake of
Cy3- labelled DNA (2.5 ug/ well) complexed with DAB-TTf, after incubation for
15 min, 30 min, 45 min, 1 h, 2 h or 4 h with bEnd.3 cells (Blue: nuclei stained
with DAPI (excitation: 405 nm, emission bandwidth: 415-491 nm), green:
Cy3-labelled DNA (excitation: 543 nm, emission bandwidth: 550-620 nm)
(Bar: 10 pm)

Following optimization of the duration of the maximum cellular uptake,
bEnd.3 cells were treated with Cy3-labelled DNA complexed to DAB-Tf, DAB
or in solution for 2 hours. Pronounced uptake of Cy3-labelled DNA
complexed to DAB-Tf was observed. On the contrary, cells treated with DAB
dendriplex or Cy3-labelled DNA solution did not show any Cy3-derived

fluorescence (Figure 3.4).
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DAB-Tf-DNA DAB-DNA
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Figure 3.4 Epifluorescence microscopy imaging of the cellular uptake of
Cy3- labelled DNA (2.5 pg/ well) either complexed with DAB-Tf, DAB or in
solution, after incubation for 2 hours with bEnd.3 cells (Blue: nuclei stained
with DAPI (excitation: 405 nm, emission bandwidth: 415-491 nm), green:
Cy3-labelled DNA (excitation: 543 nm, emission bandwidth: 550-620 nm)
(Bar: 10 pum)

The quantification of the cellular uptake was done utilizing flow cytometry.
Figure 3.5). Cellular fluorescence was highest following treatment with DAB-
Tf dendriplex (7682 + 355 arbitrary units (a.u.)). It was respectively about 1.4-
fold and 2.3-fold higher than the cellular fluorescence observed following
treatment with DAB dendriplex (5531 + 530 a. u.) and DNA solution (3370 +

199 a. u.).
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Figure 3.5. Flow cytometry quantification of the cellular uptake fluorescein-
labelled DNA (2.5 ug/ well) either complexed with DAB-Tf, DAB or in solution,
after incubation for 2 hours with bEnd.3 cells (n=5) * : P <0.05 compared with
DAB-Tf-DNA.

3.2.3. Inhibitor studies

The mechanisms of cellular uptake of the DNA complexed to DAB-Tf were
elucidated by utilizing cellular uptake inhibitors and escalating concentrations
of Tf. Pre-treatment of the bEnd.3 cells with increasing concentrations of free
Tf significantly decreased the cellular uptake of fluorescein-labelled DNA
complexed to DAB-Tf to reach a plateau at Tf concentrations higher than
12.5 uM (Figure 3.6 and 3.7). At a Tf concentration of 20 uM, the cellular
uptake of fluorescently-labelled DNA was 3.8-fold lower than that observed
with DAB-TTf dendriplex without pre-Tf treatment (respectively 2010 + 122 a.

u. and 7682 + 355 a. u.).
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Figure 3.6 Epifluorescence microscopy imaging of the bEnd.3 cellular uptake
of Cy3- labelled DNA (2.5 pg/ well) complexed with DAB-TT, following pre-
treatment with various concentrations of free Tf (ranging from 2.5 pM to 20
MM). (Blue: nuclei stained with DAPI (excitation: 405 nm, emission
bandwidth: 415-491 nm), green: Cy3-labelled DNA (excitation: 543 nm,
emission bandwidth: 550-620 nm) (Bar: 10 ym).
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Figure 3.7 Flow cytometry quantification of the bEnd.3 cellular uptake of
fluorescein- labelled DNA (2.5 pg/ well) complexed with DAB-Tf, following
pre-treatment with various concentrations of free Tf (ranging from 2.5 uyM to
20 uM) (n=5), * : P <0.05 compared with DAB-Tf-DNA.

The cellular uptake of fluorescein-labelled DNA complexed to DAB-Tf was
also partially inhibited by phenylarsine oxide, filipin, colchicine and poly-L-
lysine (Figure 3.8 and 3.9). Colchicine and phenylarsine oxide caused the
most significant inhibition, with a cellular uptake respectively decreased by
2.3-fold and 2.1-fold compared to that observed with DAB-Tf dendriplex
without inhibitory treatment (respectively 3316 + 251 a. u. and 3614 + 140
a.u. following pre-treatment with colchicine and phenylarsine oxide). Filipin

and poly-L-Lysine appear to be less effective inhibitors, leading to a cellular

uptake decreased by respectively 1.7-fold and 1.3-fold compared to DAB-Tf
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dendriplex without pre-treatment (respectively 4532 + 201 a. u. and 5974 +

192 a.u. following pre-treatment with filipin and poly-L-Lysine).

4

Figure 3.8 Epifluorescence microscopy imaging of the bEnd.3 cellular uptake
of Cy3- labelled DNA (2.5 pg/ well) complexed with DAB-Tf, following pre-
treatment with various cellular uptake inhibitors: phenylarsine oxide
(“PhAsQ”), filipin (“Fil.”), colchicine (“Colch.”) and poly-L-lysine (“PLys”).
(Blue: nuclei stained with DAPI (excitation: 405 nm, emission bandwidth:
415-491 nm), green: Cy3-labelled DNA (excitation: 543 nm, emission
bandwidth: 550-620 nm) (Bar: 10 ym)
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Figure 3.9 Flow cytometry quantification of the bEnd.3 cellular uptake of
fluorescein- labelled DNA (2.5 pg/ well) complexed with DAB-Tf, following
pre-treatment with various cellular uptake inhibitors: phenylarsine oxide
(“PhAsQO”), filipin (“Fil.”), colchicine (“Colch.”) and poly-L-lysine (“PLys”).
(n=5), * : P <0.05 compared with DAB-Tf-DNA.

3.3. In vivo studies

3.3.1. Biodistribution of gene expression

The biodistribution of gene expression following intravenous injection of DNA
encoding luciferase complexed to DAB-Tf was first qualitatively assessed by
luminescence imaging, at various treatment durations. Gene expression
appeared to be mainly located in the brain of the mice. The highest gene
expression level was found 24 h following injection of the treatment (Figure

3.10).
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Figure 3.10 Bioluminescence imaging of gene expression after intravenous
administration of DAB-Tf dendriplex (50 pg DNA administered). The mice
were imaged using the IVIS Spectrum at various durations after injection of
the treatment. The scale indicates surface radiance
(photons/s/cm?/steradian).

The gene expression following intravenous administration of DAB-Tf
dendriplex was compared to that observed following administration of DAB-
dendriplex and DNA only, 24 h after administration of the treatments. The
level of gene expression in the brain appeared to be highest following

treatment with DAB-Tf dendriplex (Figure 3.11).
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Figure 3.11 Bioluminescence imaging of gene expression after intravenous
administration of DAB-Tf and DAB dendriplexes (50 ug DNA administered).
(Controls: DNA solution, untreated cells). The mice were imaged using the
IVIS Spectrum 24 h after injection of the treatments. The scale indicates
surface radiance (photons/s/cm?/steradian).

These results were confirmed by the quantification of gene expression in the
major organs of the mice. After the intravenous administration of DAB-Tf
dendriplex in mice, over 2-fold and 5-fold increase in the gene expression
was observed compared to that of DAB dendriplex and DNA solution (37.3 +
42 mU, 16.7 + 7.6 mU and 7.7 £+ 5.3 mU B-galactosidase per organ

respectively for DAB-Tf , DAB dendriplexes and DNA solution) (Figure 3.12).

The levels of B-galactosidase expression in kidneys and heart following

treatment with DAB-Tf dendriplex was similar to that observed after treatment

with DAB-dendriplex and DNA solution (10.5 = 6.1 mU, 12.1 + 3.6 mU and
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10.5+ 7.2 [-galactosidase per organ in the kidneys for respectively DAB-Tf
dendriplex, DAB dendriplex and DNA solution, 2.5 + 1.6 mU, 0.9 + 1.6 mU
and 0.0 £ 3.0 mU pB-galactosidase in the heart for respectively DAB-Tf
dendriplex, DAB dendriplex and DNA solution). In liver, lung and spleen, a
very little gene expression was observed following treatment with DAB-Tf
dendriplex, whereas DAB dendriplex and DNA solution demonstrated high
levels of B-galactosidase (except liver for DAB dendriplex) (0.0 + 11.7 mU
and 11.2 + 8.2 mU B-galactosidase per organ in the liver for respectively
DAB dendriplex and DNA solution, 6.6 + 2.6 mU and 8.2 + 2.8 mU B-
galactosidase in the lung for respectively DAB dendriplex and DNA solution,
158 £ 26 mU and 159 = 1.7 mU B-galactosidase in the spleen for
respectively DAB dendriplex and DNA solution). B-galactosidase gene
expression in the brain was at least 3-fold higher than in any peripheral

organs tested in this study (Figure 3.12).

87



. I DAB-Tf-DNA
& 40 - [ 1DAB-DNA
o 77) DNA
>
E
c 301 *
)
7
o
g
S 20
*
2 * l}
i=] *
3
5 10
&
©
(@) J
: .
(&)
m 0 T T I T T T T T T T T T T '
Brain Liver Lung Spleen Kidneys Heart
Organs

Figure 3.12 Biodistribution of gene expression after a single intravenous
administration of DAB-Tf and DAB dendriplexes (50 ug DNA administered).
Results were expressed as milliunits (-galactosidase per organ (n=5). *: P
<0.05 compared with DAB-Tf-DNA for each organ

3.3.2. Distribution of gene expression in the brain

Within the brain, gene expression was the highest following administration of
DAB-Tf dendriplex (Figure 3.13). It was homogenously distributed in the
brain parenchyma in all the sections of the brain we observed, but did not
appear to have reached the neurons and glial cells. By contrast, tdTomato
gene expression was very limited in the brain following administration of DAB
dendriplex. Some autofluorescence artefacts were visible in the brain treated

with naked DNA or left untreated.
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Figure 3.13 Epifluorescence microscopy imaging of the distribution of gene
expression within the brain after a single intravenous injection of tdTomato-
encoded DNA (50 pg) either complexed with DAB-Tf, DAB or in solution
(Magnification: x 60)
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4. Discussion

Transferrin receptors have been widely investigated for the drug and gene
delivery to the brain. In this chapter, we demonstrated that conjugation of Tf
to DAB, a highly efficient gene delivery system led to an increased gene
delivery to the brain in vitro and in vivo. bEnd.3 cells showed an improved
uptake of DNA (1.4-fold and 2.3-fold) following treatment with DAB-Tf
dendriplex as compared to DAB dendriplex and DNA solution. Similar results
were obtained when bEnd.5 cells were treated 8D3-biotinylated PEG-
stabilized liposomes encapsulating PEI/ oligonucleotide targeting transferrin
receptors and non-targeted liposomes. The cellular uptake was increased 3-
fold (Ko et al., 2009). However, cellular uptake of Tf bearing PAMAM-PEG
dendrimers decreased by 2-fold compared to that of PAMAM-PEG

dendrimers in brain capillary endothelial cells (Huang et al., 2007).

The inhibitor studies investigated the mechanism of cellular uptake of DNA
complexed to DAB-Tf. The inhibitors used acted on the various endocytic
mechanisms of cells. Phenylarsine oxide is an inhibitor of clathrin-mediated
endocytosis (which is a requisite for receptor-mediated endocytosis) (Visser
et al., 2004). Filipin is known to block the caveolae-mediated process in non-
specific adsorptive endocytosis (Ryoung Kim et al., 2007). Colchicine inhibits
macropinocytosis (Liu and Shapiro 2003), which provides non-specific
endocytosis of macromolecules, whereas cationic poly-L-Lysine can inhibit
the uptake of cationic delivery systems. The cellular uptake of DNA

complexed to DAB-Tf was therefore related to endocytosis processes mainly
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to clathrin-mediated endocytosis and macropinocytosis, as phenylarsine
oxide and colchicine demonstrated significant inhibition of the cellular uptake.
Fillipin led to inhibition at a lesser extent displaying lower uptake of the DNA
via caveolae-mediated endocytosis. The zeta potential of DAB-Tf dendriplex
was slightly cationic (1.03 mV) (Koppu et al., 2010), which limited the
possible inhibitory role of poly-L-lysine. These results suggested that both
receptor- and adsorptive-mediated mechanisms might contribute to the
cellular uptake of DNA complexed to DAB-Tf. Pre-treatment of cells with
escalating amounts of free transferrin led to competition between DAB-Tf
dendriplex and the free Tf for binding to TfR, demonstrating that the
internalization mechanism of the DNA complexed to DAB-Tf is mainly via

TfR-mediated endocytosis.

The enhanced B-galactosidase expression following transfection with DAB-Tf
dendriplex resulted from increased cellular uptake after treatment. Both
increases were of the same magnitude (1.4-fold for cellular uptake, 1.3-fold
for gene expression compared to non-targeted DAB dendriplex treatment).
Similar results were obtained when luciferase gene expression in the brain
capillary endothelial cells was 1.8-fold higher after treatment with PAMAM-
PEG-Tf/IDNA as compared to that observed with PAMAM-PEG/DNA (Huang

et al., 2007).

In vivo, intravenous administration of DAB-Tf dendriplex demonstrates higher

luciferase gene expression in the brain compared to DAB dendriplex and
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DNA, after 24 hours of injection. Gene expression is mainly observed in the
brain and no other organs. The threshold of the technique that allowed only

the most intensely luminescent organs to be analysed could explain this.

The biodistribution of the gene expression revealed that DAB-Tf dendriplex
led to an improved B-galactosidase expression in brain after intravenous
administration. The gene expression in the brain was significantly higher to
that observed in the other major organs of the body. We have chosen to use
a B-galactosidase expression assay for quantifying gene expression in the
organs, as the spectrofluorimetric quantification of the reaction product 7-
hydroxy-9H-(1, 3-dichloro-9, 9-dimethyl-acridin-2-one (DDAOQ) in the red part
of the spectrum avoided interferences from haemoglobin which hamper
many in vivo quantification assays (Colin et al., 2000; Zinselmeyer et al.,
2003). Various other studies have demonstrated higher gene expression in
the brain following administration of Tf-bearing gene delivery systems as well
as anti-TfR targeted monoclonal antibody targeted gene delivery systems.
However gene expression was also observed in the other major organs of
the body. After the intravenous administration of PAMAM-PEG-T{/DNA
complex in mice, Huang and colleagues demonstrated a 2-fold increase in
the luciferase gene expression compared to that with PAMAM-PEG/DNA, but
high levels of gene expression were also observed in heart, lung and kidney
(Huang et al., 2007). Similarly, intravenous administration of 8D3-biotinylated
PEG-stabilized liposomes encapsulating PEI/ oligonucleotide targeting

transferrin receptors in mice led to a 10-fold increase in the brain
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accumulation, but tracer activity was mainly found in spleen, liver and lungs.
Pardridge and colleagues have demonstrated high levels of gene expression
in brain in several studies. High level of luciferase gene expression was
observed in the brain 48 hours after the administration of OX26-conjugated
immunoliposomes. However, higher levels of gene expression were
observed in liver, spleen and kidneys too (Shi and Pardridge, 2000).
Additionally, the gene expression in these organs persisted over 6 days (Shi
et al., 2001b). 8D3-conjugated immunoliposomes demonstrated similar
results to that obtained for OX26-conjugated immunoliposomes (Shi et al.,
2001a). In another study, they showed organ specific expression of the lacZ
gene controlled by the opsin promoter after intravenous administration of
8D3-conjugated pegylated immunoliposomes carrying [-galactosidase
expression plasmid. The gene expression was mainly observed in the brain
and eye, but not in the peripheral organs like liver, spleen, lung and heart

(Zhu et al., 2004).

We have chosen to use Tf as a targeting ligand over the anti-TfR antibodies
(OX26, 8D3) due to three major reasons. Firstly, anti-TfR antibodies led to
gene expression in all the TfR-rich organs like liver, lungs and spleen without
distinguishing TfR1 and TfR2. TfR1 is expressed at low levels in most
tissues, but highly expressed on the vascular endothelial cells of the brain
capillaries that contribute to BBB (Jefferies et al., 1984). By contrast, a-
transcript product of TfR2 is mostly expressed on hepatocytes, while its B-

transcript is present on a wide range of tissues but at very low levels. In
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addition, TfR1 has 25-fold higher affinity for Tf than TfR2, which will not be
the case if anti-TfR antibodies were used (Kawabata et al., 2000). It has
been argued that the high plasma concentration of endogenous Tf leads to
the saturation of TfR on the brain microvessels, leading to inefficiency of Tf
as a brain targeting ligand. In this study, the amount of Tf injected as DAB-Tf
was much higher than the endogenous amount of Tf in the plasma (2.68 ug,
corresponding to an endogenous plasma concentration of 25 pM (Seligman,
1983), which limited the risk of competition for binding to the TfR. Another
reason is that it has been shown in various studies that anti-TfR antibodies
are unable to mediate the actual crossing of the endothelial cell layer of the
BBB, leading to capture of antibodies in the brain vasculature. Capillary
depletion studies and morphological examinations of the brain section
suggest that most of the OX26, an anti-TfR antibody was captured in brain
capillaries throughout the parenchyma after intravenous administration
(Moos and Morgan, 2001). Similar results were obtained using OX26
immunoliposomes and 8D3 anti-TfR antibody (Gosk et al., 2004, Paris-
Robidas, 2011). Moreover, there is a huge difference in the affinity of TfR
towards antibody and Tf. The TfR-antibody is a high affinity receptor-antibody
reaction that is not easily reversed however TfR-Tf reaction is readily
reversible, depending on the pH and the iron content of the Tf. This
questions the ability of the anti-TfR antibodies to get released from the
receptor within endosomes to reach the post-capillary brain compartment
(Morgan, 1996). Lastly, OX26 and 8D3 are mAbs originated from mice and

rat respectively. They might have a completely different binding affinity to
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human TfR and may generate an immunological response due to its animal

origin.

In conclusion, we have demonstrated that Tf-bearing DAB polypropylenimine
dendrimer led to an increased gene expression in the brain, which was at
least 3-fold higher than in any tested peripheral organs. Tf-bearing DAB
dendrimer is therefore a highly promising delivery system for gene delivery to

the brain and will be further investigated to optimize its therapeutic potential.
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CHAPTER 4

Lactoferrin- and Lactoferricin- bearing
polypropylenimine dendrimers for
targeted gene delivery to the brain
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1. Introduction

Lactoferrin (Lf) belongs to the transferrin family of iron-binding glycoproteins
weighing approximately 80 KDa. The three dimensional structure of Lf is
similar to other proteins of the transferrin family, except a highly positive-
charged N-terminal region. It is a globular protein consisting of two
homologous iron-binding lobes. Each of these lobes can bind to one Fe3* ion.
Various biological functions of Lf include iron homeostasis, cell growth and
differentiation, immunity against microbial infection, anti-inflammatory activity
and protection against cancer (Ward et al., 2005). Lactoferricin (Lfc) is a
peptide residue that can be produced by proteolysis of Lf by pepsin in acidic
conditions. The two most investigated Lfc peptides are bovine Lfc (bLfc) and
human Lfc (hLfc). Both these peptides are highly positive charged, but there
are considerable differences in their structure. The primary structure of bLfc
is a 25-residue peptide, obtained from bovine Lf (17-41 peptides) that forms
a loop structure through a disulfide intramolecular bond, whereas the exact
structure of hLfc is still controversial and is thought to be consisting of 47- to
49- residue peptide obtained from human Lf. Lfc is believed to have anti-
microbial, antifungal, anti-parasitic, anti-viral, anti-tumour and immune-

modulatory properties (Gifford et al., 2005).

Several studies demonstrate the presence of specific Lf receptors (LfR) in
the brain. It has been documented in vitro and in vivo that receptor-mediated
endocytosis is the major mechanism for the transport of Lf across the BBB.

Huang and colleagues characterized LfR on the BBB, exhibiting two binding
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sites, a high affinity (dissociation constant (Kd) = 6.8 nM) and low affinity (Kad
= 4815 nM). The plasma concentration of the endogenous Lf is 5nM, which is
much lower than the Kd of the LfR on the BBB. This makes Lf more
interesting for delivering therapeutics across the BBB compared to Tf, which

has a higher endogenous plasma concentration (Huang et al., 2007b).

LfR has recently been exploited for targeted delivery of therapeutics to the
brain. Liposomes, polymerosomes, cyclodextrin nanocarriers and polylactic
acid nanoparticles have been modified with Lf for targeted delivery of drugs
to brain (Hu et al., 2009, Chen et al., 2010, Gao et al., 2010, Ye et al., 2013).
Lf-conjugated PAMAM dendrimers have demonstrated targeted gene
delivery to the brain after intravenous administration. The brain uptake of the
Lf-conjugated PAMAM dendrimers and the subsequent gene expression was
much higher to that observed with unconjugated PAMAM dendrimers (Huang

et al., 2008).

We have recently demonstrated that Lf-bearing DAB dendrimer (DAB-Lf)
was able to increase the cellular uptake and gene expression of DNA by
cancer cells compared to non-targeted delivery systems, in vitro and in vivo
(Lim et al., 2015). The treatment was well tolerated by the animals, with no

apparent signs of toxicity.
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2. Aims and Objectives
On the basis of the fact that LfR are highly expressed on the BBB, we now
hypothesize whether conjugation of Lf to DAB dendrimer leads to increased
gene expression in the brain. The main objectives of this chapter are:

e The synthesis and characterization of Lf-bearing DAB dendrimer

e The evaluation of the brain targeting efficacy of DAB-Lf in vitro and in

Vivo
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3. Results

3.1. Synthesis and characterization

3.1.1. Conjugation of lactoferrin and lactoferricin to DAB

The synthesis of DAB-Lf and DAB-Lfc was confirmed by 'H NMR (Figure
4.1). 1H NMR (D20): & DAB (H2N-CH2-CH2-) = 2.58; DAB (-N-CH2-CH2-) =
2.45; DAB (-CH2-CH2-CH2-)=1.60; DAB-Lf/Lfc (Lf/Lfc-HN-CH2-CH2.) = 3.68
DAB-Lf/Lfc (H2N-CH2-CH2-CH2-N-) = 2.78; DAB-Lf/Lfc (-N-CH2-CH2-CH>-) =
2.38-2.70; DAB-Lf/Lfc (-N-CH2-CH2-CH>-) = 1.74. The characteristic triplet
peak for the CH> adjacent to peripheral primary amino group of DAB at 2.58
was shifted to 3.68 ppm in the NMR spectrum of a conjugated DAB- Lf/Lfc
analogue. The ratio of the integrals of resonances at ca. 3.68 and 2.78 for
methylene units (d and a) attached to the amino acid moiety via DMSI
linkage and unbound free amine, respectively is 1. This supports that 50 % of
the surface primary amine groups on the DAB are conjugated to lactoferrin or
lactoferricin. The proposed structure of the final product (DAB-Lf or DAB-Lfc)

is shown in Figure 4.2.
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Figure.4.1 'H NMR spectra (400 MHz) of DAB-Lf (A), DAB-Lfc (B) and DAB
(C) in D20.

101



e S S
Yo é J
(c
oy o
(/C/)/(EWN\\\ J \\\\NH—R
R-HNq) NQ\F'{\L
H,N N/\/\N/ N/\/\N/\/\NHZ
N NH-R
\H H/ NH,

Figure.4.2 Protons of DAB conjugated to Lactferrin/ Lactoferricin (R=DMSI-
Lactoferrin/Lactoferricin)

Table 4.1 Positions of various protons of DAB, DAB-Lf and DAB-Lfc in D20
as depicted by *H NMR (400 MHz)

Positions of various DAB DAB-Lf DAB-Lfc
protons
(H2N-CH2-CH3-) or (a) 2.58 2.78 2.78
(-N-CH2-CH3-) or (b) 2.45 2.38-2.70 2.38-2.70
(-CH2-CH>-CHy>-) or (c) 1.60 1.74 1.74
(Lf/Lfc-HN-CH2-CHy.) or (d) - 3.68 3.68
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3.1.2. Characterization of dendriplex formation

DAB-Lf and DAB-Lfc were able to condense more than 80% and 90% of the
DNA, respectively, at dendrimer: DNA weight ratios of 2:1 or higher (Figure
4.2). DNA condensation occurred almost instantaneously and was found to
be stable over at least 24h. It increased with increasing weight ratios and
was almost complete at a dendrimer: DNA weight ratio of 20:1 for DAB-Lfc
dendrimer. The DNA condensation observed for dendrimer: DNA a weight
ratio of 2:1 or higher was much higher than that observed for the unmodified

dendrimer, which was of 60% at its best and decreasing with time.

The formation of spherical nanoparticles of DAB-Lf and DAB-Lfc
dendriplexes was also demonstrated by transmission electron microscopy
(Figure 4.3). These results demonstrated that DAB-Lf and DAB-Lfc could
condense DNA via electrostatic interactions between the positively charged
dendrimer and the negatively charged DNA. An excess of dendrimer was

however required to ensure efficient DNA condensation.
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Figure 4.3 DNA condensation of DAB-Lf (A) and DAB-Lfc (B) dendriplexes
using PicoGreen® reagent at various durations and dendrimer: DNA weight
ratios : 20:1 (m, black), 10:1 (e, red), 5:1 (A, green), 2:1 (¥, blue), 1:1 (e,
cyan), 0.5:1 («, pink), DNA only (», orange) (empty symbol, dark yellow :
DAB-DNA, dendrimer: DNA weight ratio: 5:1) . Results are expressed as
mean = SEM (n=4)
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Figure 4.4 Transmission electron micrographs of a) DAB-Lf and b) DAB-Lfc
dendriplexes (Bar: 100 nm).
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3.1.3. Dendriplex size and zeta potential measurement

DAB-Lf and DAB-Lfc dendriplexes displayed average sizes less than 300
nm, at all weight ratios tested (Figure 4.4 A). The increase of dendrimer:
DNA weight ratios did not have a significant impact on the dendriplexes size.
Among the two tested targeted dendrimers, DAB-Lf dendriplex at a
dendrimer: DNA weight ratio of 2:1 was found to be the largest, with an
average size of 260 + 18 nm. In contrast, DAB-Lf dendriplex at a dendrimer:

DNA ratio of 0.5:1 was the smallest, with an average size of 208 + 15 nm.

Zeta potential experiments demonstrated that DAB-Lf and DAB-Lfc
dendriplexes were bearing a positive surface charge at all dendrimer: DNA
weight ratios (Figure 4.4 B). The zeta potential values of DAB-Lf dendriplex
reached their maximum (35 £ 2 mV) at a weight ratio of 2, before decreasing
with increasing weight ratios and finally reaching their minimum (23 £ 1 mV)
at a weight ratio of 20. The zeta potential values of DAB-Lfc followed a
similar pattern, namely reaching a maximum (33 £1 mV) at a weight ratio of 1
and then decreasing with increasing weight ratios to attain the same value as

for DAB-Lf dendriplex (23 £ 6 mV at a weight ratio of 20).
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Figure 4.5 Size (A) and Zeta Potential (B) of DAB-Lf and Lfc dendriplexes at
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Figure 4.6 Size distribution by intensity of DAB-Lf (A) and DAB-Lfc
dendriplexes at dendrimer:DNA weight ratios of 2:1.
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3.2. In vitro studies

3.2.1. Transfection

The conjugation of Lf and Lfc to DAB dendriplex led to an increased
transfection compared to DAB dendriplex on bEnd.3 cells (Figure 4.5). The
treatment of bEnd.3 cells with DAB-Lf dendriplex and DAB-Lfc dendriplex led
to a 2.1-fold and 1.5-fold increase in the gene expression compared to DAB
dendriplex respectively (6.01x103 + 0.42x10° U/mL, 4.45x102 + 0.33x10°3
and 2.85x107° + 0.21x10° U/mL respectively for DAB-Lf, DAB-Lfc and DAB
dendriplexes). Gene expression following treatment with DAB-Lf dendriplex
and DAB-Lfc dendriplex was 7-fold and 5.2-fold higher than that observed
following treatment with naked DNA (0.85x102 + 0.01x103 U/mL). The cells
treated with naked DNA did not demonstrate any significant increase in the

gene expression compared to untreated cells.
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Figure 4.7 Transfection efficacy of DAB-Lf, DAB-Lfc and DAB dendriplexes
in bEnd.3 cells. DAB-Lf, DAB-Lfc and DAB dendriplexes were dosed at their
optimal dendrimer: DNA ratio of 2:1, 2:1 and 5:1 respectively. Results are
expressed as the mean + SEM of three replicates (n=15). *: P <0.05
compared with DAB-Lf-DNA and DAB-Lf-DNA.
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3.2.2. Cellular uptake

The uptake of fluorescein-labelled DNA complexed to DAB-Lf and DAB-Lfc
by bEnd.3 cells was qualitatively analysed by epifluorescence microscopy.
Treatment with DAB-Lf and DAB-Lfc dendriplex did not demonstrate any
cellular uptake of fluorescein-labelled DNA until 2 hours, when most

pronounced uptake was observed (Figure 4.6 & 4.7).

Figure 4.8 Epifluorescence microscopy imaging of the cellular uptake of
Fluorescein- labelled DNA (2.5 upg/ well) complexed with DAB-Lf, after
incubation for 30 min, 1 h, 2 h, 3 h or 4 h with bEnd.3 cells (Blue: nuclei
stained with DAPI (excitation: 405 nm, emission bandwidth: 415-491 nm),
green: Fluorescein-labelled DNA (excitation: 543 nm, emission bandwidth:
550-620 nm) (Bar: 10 pm)
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Figure 4.9 Epifluorescence microscopy imaging of the cellular uptake of
fluorescein-labelled DNA (2.5 pg/ well) complexed with DAB-Lf, after
incubation for 30 min, 1 h, 2 h, 3 h or 4 h with bEnd.3 cells (Blue: nuclei
stained with DAPI (excitation: 405 nm, emission bandwidth: 415-491 nm),
green: Fluorescein-labelled DNA (excitation: 543 nm, emission bandwidth:
550-620 nm) (Bar: 10 pm)

Following optimization of the duration of the maximum cellular uptake,
bENnd.3 cells were treated with fluorescein-labelled DNA complexed to DAB-
Lf, DAB-Lfc, DAB or in solution for 2 hours. Pronounced uptake of
fluorescein-labelled DNA complexed to DAB-Lf and DAB-Lfc was observed.
On the contrary, cells treated with DAB dendriplex or fluorescein-labelled

DNA solution did not show any fluorescein-derived fluorescence (Figure 4.8).
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Figure 4.10 Epifluorescence microscopy imaging of the cellular uptake of
fluorescein- labelled DNA (2.5 pg/ well) either complexed with DAB-Lf, DAB-
Lfc, DAB or in solution, after incubation for 2 hours with bEnd.3 cells (Blue:
nuclei stained with DAPI (excitation: 405 nm, emission bandwidth: 415-491
nm), green: Fluorescein-labelled DNA (excitation: 543 nm, emission
bandwidth: 550-620 nm) (Bar: 10 pm).

The quantification of the cellular uptake was done utilizing flow cytometry
(Figure 4.9). Cellular fluorescence following treatment with DAB-Lf dendriplex
(20249 + 649 arbitrary units (a.u.)) was 2.1-fold and 4.1-fold higher that that
observed after treatment with DAB dendriplex (9368 + 383 a.u.) and DNA
solution (4839 = 59 a.u.). It was 2-fold and 3.8-fold higher in case of DAB-Lfc
dendriplex (18824 + 1237 a.u.) when compared to DAB dendriplex and DNA

solution.
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Figure 4.11 Flow cytometry quantification of the cellular uptake fluorescein-
labelled DNA (5 pg/ well) either complexed with DAB-Lf, DAB-Lfc, DAB or in
solution, after incubation for 2 hours with bEnd.3 cells (n=5) * : P <0.05
compared with DAB-Lf-DNA and DAB-Lfc-DNA
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3.2.3. Inhibitor studies
The mechanisms of cellular uptake of the DNA complexed to DAB-Lf and
DAB-Lfc were elucidated by utilising cellular uptake inhibitors and escalating

concentrations of Lf or Lfc.

Pre-treatment of the bEnd.3 cells with increasing concentrations of free Lf (O
UM, 2.5 uM, 5 pM, 7.5 uM, 10 pM, 12.5 uM, 15 pM, 17.5 pM and 20 pM)
significantly decreased the cellular uptake of fluorescein-labelled DNA
complexed to DAB-Lf at concentrations as low as 2.5 pM and remained at
similar levels up to 17.5 pM. (Figure 4.10 A & 4.11 A). At Lf concentration of
20 uM, the cellular uptake of fluorescein-labelled DNA was 4.3-fold lower
than that observed with DAB-Lf dendriplex without pre-Lf treatment

(respectively 4665 + 96 a. u. and 20249 + 649 a. u.).

The cellular uptake of fluorescein-labelled DNA complexed to DAB-Lf was
inhibited by phenylarsine oxide, filipin, colchicine and poly-L-lysine (Figure
4.10 B & 4.11 B). Phenylarsine oxide caused the most significant inhibition,
with a cellular uptake respectively decreased by 8.2-fold compared to that
observed with DAB-Lf dendriplex without inhibitory treatment (2450 + 71.56
a.u. following pre-treatment with phenylarsine oxide). Filipin and Colchicine
appear to be partial inhibitors, leading to a cellular uptake decrease by
respectively 2-fold and 2.1-fold compared to DAB-Lf dendriplex without pre-
treatment (respectively 9773 + 199 a. u. and 9579 + 89 a.u. following pre-

treatment with filipin and colchicine). Poly-L-Lysine caused the least inhibition
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with 1.2-fold decrease in the cellular uptake (15764 = 690 a.u following pre-

treatment with poly-L-Lysine).
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Figure 4.12. Epifluorescence microscopy imaging of the bEnd.3 cellular
uptake of Fluorescein- labelled DNA (2.5 ug/ well) complexed with DAB-Lf
(A) following pre-treatment with various concentrations of free Lf (ranging
from 2.5 yM to 20 uyM) and (B) following pre-treatment with various cellular
uptake inhibitors: phenylarsine oxide (‘PhAsQ”), filipin (“Fil.”), colchicine
(“Colch.”) and poly-L-lysine (“PLys”). (Blue: nuclei stained with DAPI
(excitation: 405 nm, emission bandwidth: 415-491 nm), green: Cy3-labelled
DNA (excitation: 543 nm, emission bandwidth: 550-620 nm) (Bar: 10 ym).
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Figure 4.13 Flow cytometry quantification of the bEnd.3 cellular uptake of
fluorescein- labelled DNA (5 pg/ well) complexed with DAB-Lf, (A) following
pre-treatment with various concentrations of free Tf (ranging from 2.5 uM to
20 uM) and (B) following pre-treatment with various cellular uptake inhibitors:
phenylarsine oxide (“PhAsQ”), filipin (“Fil.”), colchicine (“Colch.”) and poly-L-
lysine (“PLys”) (n=5), * : P <0.05 compared with DAB-Tf-DNA.
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The escalating concentration of the free Lfc (0 uM, 2.5 uM, 5 uM, 7.5 pM, 10
UM, 12.5 uM, 15 yM, 17.5 pM and 20 pM) significantly decreased the cellular
uptake of fluorescein-labelled DNA complexed to DAB-Lfc in bEnd.3 cells.
The decrease was inversely proportional to the concentration of free Lfc used
for pre-treatment (Figure 4.12 A & 4.13 A). At a Lfc concentration of 20 uM,
the cellular uptake of fluorescently-labelled DNA was 3.3-fold lower than that
observed with DAB-Lfc dendriplex without pre-Lfc treatment (respectively

18824 + 1237 a. u. and 5658 * 245 a. u.).

Cellular uptake inhibitors, phenylarsine oxide, filipin, colchicine and poly-L-
lysine also led to a significant decrease in the uptake of fluorescein-labelled
DNA complexed to DAB-Lfc (Figure 4.12 B & 4.13 B). Most significant
inhibition of the cellular uptake was caused by poly-L-Lysine as cellular
uptake decreased by 6.9-fold compared to that observed without inhibitory
treatment (2703 + 87 a.u. following pre-treatment with poly-L-Lysine).
Phenylarsine oxide and Colchicine appear to be partial inhibitors, leading to a
decrease in cellular uptake by respectively 2.5-fold and 2.9-fold compared to
DAB-Lfc dendriplex without pre-treatment (respectively 7374 £ 592 a. u. and
6304 + 169 a.u. following pre-treatment with phenylarsine oxide and
colchicine). Fillipin caused the least inhibition with 1.7-fold decrease in the

cellular uptake (10943 + 352 a.u following pre-treatment with poly-L-Lysine).
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Figure 4.14 Epifluorescence microscopy imaging of the bEnd.3 cellular
uptake of fluorescein-labelled DNA (2.5 pg/ well) complexed with DAB-Lfc (A)
following pre-treatment with various concentrations of free Lfc (ranging from
2.5 uyM to 20 pM) and (B) following pre-treatment with various cellular uptake
inhibitors: phenylarsine oxide (“PhAsQO”), filipin (“Fil.”), colchicine (“Colch.”)
and poly-L-lysine (“PLys”). (Blue: nuclei stained with DAPI (excitation: 405
nm, emission bandwidth: 415-491 nm), green: Cy3-labelled DNA (excitation:
543 nm, emission bandwidth: 5§50-620 nm) (Bar: 10 pm)
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Figure 4.15. Flow cytometry quantification of the bEnd.3 cellular uptake of
fluorescein- labelled DNA (5 pg/ well) complexed with DAB-Lf, (A) following
pre-treatment with various concentrations of free Tf (ranging from 2.5 uM to
20 uM) and (B) following pre-treatment with various cellular uptake inhibitors:
phenylarsine oxide (“PhAsQ”), filipin (“Fil.”), colchicine (“Colch.”) and poly-L-
lysine (“PLys”) (n=5), * : P <0.05 compared with DAB-Tf-DNA.
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3.3. In vivo studies

3.3.1. Biodistribution of gene expression

The biodistribution of gene expression following intravenous injection of DNA
encoding luciferase complexed to DAB-Lf and DAB-Lfc was first qualitatively
assessed by luminescence imaging, at various treatment durations. Gene
expression appeared to be mainly located in the brain of the mice after
treatment with DAB-Lf dendriplex. The highest gene expression level was
found 24 h following injection of the DAB-Lf dendriplex (Figure 4.14).

However no gene expression was observed after treatment with DAB-Lfc

[}
[0

Figure 4.16 Bioluminescence imaging of gene expression after intravenous
administration of DAB-Lf dendriplex (50 ug DNA administered). The mice
were imaged using the IVIS Spectrum at various durations after injection of
the treatment. The scale indicates surface radiance
(photons/s/cm?/steradian).

dendriplex (Figure 4.15).
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Figure 4.17 Bioluminescence imaging of gene expression after intravenous
administration of DAB-Lfc dendriplex (50 pg DNA administered). The mice
were imaged using the IVIS Spectrum at various durations after injection of
the treatment. The scale indicates surface radiance
(photons/s/cm?/steradian).

Gene expression following intravenous administration of DAB-Lf dendriplex
was compared to that observed following administration of DAB dendriplex
and DNA only, 24 h after administration of the treatments. The level of gene
expression in the brain appeared to be highest following treatment with DAB-

Lf dendriplex (Figure 4.16).
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Figure 4.18 Bioluminescence imaging of gene expression after intravenous
administration of DAB-Tf and DAB dendriplexes (50 pg DNA administered).
(Controls: DNA solution, untreated cells). The mice were imaged using the
IVIS Spectrum 24 h after injection of the treatments. The scale indicates
surface radiance (photons/s/cm?/steradian).

These results were confirmed by the quantification of gene expression in the
major organs of the mice. After the intravenous administration of DAB-Lf
dendriplex in mice, over 6.4-fold increase in gene expression in the brain was
observed compared to that of DAB dendriplex (116.1 + 9.0 mU and 17.9 +
11.3 mU B-galactosidase per organ respectively for DAB-Lf and DAB
dendriplexes) (Figure 4.17). On the contrary, very little gene expression was
observed in the brain following intravenous administration of DAB-Lfc

dendriplex (Figure 4.17).
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There was no significant difference between the levels of (B-galactosidase
expression in liver and spleen following treatment with DAB-Lf dendriplex,
DAB-dendriplex and DNA solution (70.9 £ 14.9 mU, 45.1 + 9.0 mU and 45.1
+ 6.9 B-galactosidase per organ in the liver for respectively DAB-Lf
dendriplex, DAB dendriplex and DNA solution, 17.6 + 15.0 mU, 33.8 + 24.3
mU and 10.5 £ 10.5 mU (-galactosidase in the spleen for respectively DAB-
Lf dendriplex, DAB dendriplex and DNA solution). In lung, kidneys and heart,
a very little amount of B-galactosidase expression was observed following
treatment with DAB-Lf dendriplex, whereas DAB dendriplex and DNA
solution demonstrated significantly high levels of expression (except heart)
(46.30 £ 10.6 mU and 3.5 £ 3.6 mU [-galactosidase per organ in the lung for
respectively DAB dendriplex and DNA solution, 28.9 + 18.7 mU and 41.5 +
29.1 mU B-galactosidase in the kidneys for respectively DAB dendriplex and

DNA) (Figure 4.17).
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Figure 4.19 Biodistribution of gene expression after a single intravenous
administration of DAB-Lf and DAB dendriplexes (50 pg DNA administered).
Treatment duration was 24 hours. Results were expressed as milliunits 3-
galactosidase per organ (n=5). * : P <0.05 compared with DAB-Lf-DNA for
each organ

3.3.2. Distribution of gene expression in the brain

Within the brain, tdTomato gene expression following administration of DAB-
Lf dendriplex was visible in the dentate gyrus and in the granule cell layer of
the hippocampus, in the median brain section (Figure 4.18). It appeared to
be distributed in the cytoplasm of the cells rather than in their nuclei. By
contrast, there was no gene expression visible in the median brain following
injection of naked DNA, or in the anterior and posterior sections of the brain

following any of these two treatments.
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Figure 4.20 Epifluorescence microscopy imaging of the distribution of gene
expression within the brain after a single intravenous injection of tdTomato-
encoded DNA (50 pg) either complexed with DAB-Lf or in solution (Bar: 10

pm).
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4. Discussion

Various studies demonstrate the presence of lactoferrin receptors (LfR) in the
brain and the receptor-mediated uptake of Lf (Fillebeen et al., 1999, Talukder
et al.,, 2003, Suzuki et al., 2005, Huang et al., 2007). In this chapter, we
successfully synthesized Lf- and Lfc- bearing DAB dendrimers, and
demonstrated an increased gene delivery to the brain in vitro and in vivo (for
DAB-Lf only). The NMR results showed that DAB has been successfully
conjugated with Lf and Lfc. Percentage conjugation of the amino acids with
the dendrimer was found to be 50% for both lactoferrin and lactoferricin, as
previously observed when preparing amino acid- and transferrin -bearing
DAB using the same simple one-step synthesis (Koppu et al., 2010;

Aldawsari et al., 2011).

The conjugation of Lf and Lfc to DAB did not destabilize DNA condensation.
However, an excess of DAB was required for an efficient DNA condensation.
The ability of DAB-Lf and DAB-Lfc dendriplexes to condense DNA was
measured using Picogreen® reagent at various durations and dendrimer:
DNA weight ratios. That stability of DNA complexation is directly related to

the increase in the dendrimer: DNA weight ratio.

The hydrodynamic diameter of both DAB-Lf and DAB-Lfc dendriplexes was
higher compared to the unmodified DAB dendriplex, which had an average
size of 196 nm (PDI: 0.683) (Aldawsari et al., 2011). This increase in size

was due to the conjugation of Lf and Lfc on the periphery of DAB dendrimer.
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Moreover, the conjugation of Lf and Lfc to DAB increased the overall positive
charge of the dendriplexes compared to non-targeted DAB-DNA (6 mV)
(Aldawsari et al., 2011) for weight ratios over 2:1. This zeta potential increase
is most likely due to the presence of the positively charged amino acids of Lf
and Lfc. It would eventually lead to an increase of the electrostatic
interactions of the dendriplexes with negatively charged cellular membranes,
resulting in an improved uptake by the BBB via receptor-mediated
endocytosis and absorptive-mediated endocytosis jointly (Chen and Liu

2012).

bEnd.3 cells showed an improved uptake of DNA following treatment with
DAB-Lf (2.1-fold and 4.1-fold) and DAB-Lfc dendriplex (2-fold and 3.8-fold)
as compared to DAB dendriplex and DNA solution. Similar results were
obtained when bEnd.3 cells were treated with Lf-bearing PEG-poly-(lactide)
(PEG-PLA) nanopatrticles encapsulating coumarin-6 targeting lactoferrin
receptors and non-targeted PLA nanoparticles. The cellular uptake was
increased 1.45-fold (Hu et al., 2009). Lf-conjugated polymersomes
demonstrated similar effects, when their cellular uptake by bEnd.3 cells was
1.56-fold higher than the non-conjugated polymersomes (Gao et al., 2010).
Similarly, the treatment of bEnd.3 cells with Lf-conjugated PEG-liposomes
demonstrated a 3.4-fold increase in the cellular uptake to that observed with
non-conjugated PEG-liposomes. The results can also be compared to Lf-
bearing PAMAM-PEG dendrimer that demonstrated a 2-fold increase in the

cellular uptake to that observed with Tf-bearing PAMAM-PEG dendrimer.
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(Huang et al., 2008). However this is the first time Lfc has been investigated

as a brain-targeting ligand.

Utilizing cellular uptake inhibitors and escalating concentration of the free
ligands investigated the mechanism of cellular uptake of the DNA complexed
to DAB-Lf and DAB-Lfc. The inhibitors act on the various endocytic
mechanisms of cells. Phenylarsine oxide is an inhibitor of clathrin-mediated
endocytosis (which is a requisite for receptor-mediated endocytosis) (Visser
et al., 2004). Filipin is known to block the caveolae-mediated process in non-
specific adsorptive endocytosis (Ryoung Kim et al., 2007). Colchicine inhibits
macropinocytosis (Liu and Shapiro 2003), which provides non-specific
endocytosis of macromolecules, whereas cationic poly-L-Lysine can inhibit
the uptake of cationic delivery systems. The cellular uptake of DNA
complexed to DAB-Lf was therefore related to endocytosis processes mainly
to clathrin-mediated endocytosis as phenylarsine oxide led to significant
inhibition of cellular uptake. Fillipin and colchicine demonstrated inhibition to
a lesser extent, thus proving lower uptake of DNA via caveolae-mediated
endocytosis and macropinocytosis. The cationic zeta potential of DAB-Lf
dendriplex (35 mV) should demonstrate significant inhibition by poly-L-
Lysine, but least inhibition was observed, owing to much stronger cellular
uptake by receptor-mediated endocytosis. These results suggested that
receptor-mediated endocytosis, adsorptive-mediated endocytosis and
macropinocytosis might contribute to the cellular uptake of DNA complexed

to DAB-Lf. Pre-treatment of cells with escalating amounts of free lactoferrin
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led to competition between DAB-Lf dendriplex and free Lf for binding to LfR,
demonstrating that the internalization mechanism of the DNA complexed to
DAB-Lf is mainly via LfR-mediated endocytosis. Similar results were
demonstrated when significant inhibition of the cellular uptake of Lf-bearing
PAMAM-PEG dendrimer was observed when BCECs were pre-treated with
phenylarsine oxide, fillipin, colchicine and excess free Lf (Huang et al., 2008).
On the contrary, cellular uptake of DNA complexed to DAB-Lfc was mainly
inhibited by poly-L-Lysine owing to the cationic zeta potential of DAB-Lfc
dendriplex (32.5 mV). Phenylarsine oxide and colchicine demonstrated
inhibition to a lesser extent, thus proving lower uptake of the DNA via
clathrin-mediated endocytosis and macropinocytosis. The caveolae-mediated
endocytosis contributed least to the cellular uptake of the DNA complexed to
DAB-Lfc, as fillipin led to least inhibition. These results suggested that all
receptor-mediated endocytosis and macropinocytosis contributed majorly to
the cellular uptake of DNA complexed to DAB-Lf. Pre-treatment of cells with
escalating amounts of free Lfc, led to competition between DAB-Lfc
dendriplex and free Lfc for binding to TfR and LfR. It demonstrated that the
internalization mechanism of the DNA complexed to DAB-Lf is mainly via
TfR- and LfR-mediated endocytosis. It can be suggested that DAB-Lfc

dendriplex acts on the lower affinity binding sites of both TfR and LfR.

The enhanced B-galactosidase expression following transfection with DAB-Lf

and DAB-Lfc dendriplex resulted from increased cellular uptake after

treatment. In case of DAB-Lf dendriplex, both increases were of the same
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magnitude (2.1-fold for both cellular uptake and gene expression compared
to non-targeted DAB dendriplex treatment). Similar results were obtained
when luciferase gene expression in the brain capillary endothelial cells was
3.6-fold higher after treatment with PAMAM-PEG-Lf/DNA as compared to

that observed with PAMAM-PEG/DNA.

The biodistribution of the gene expression revealed that DAB-Lf dendriplex
led to an improved B-galactosidase expression in brain after intravenous
administration. Gene expression in the brain was significantly higher than
that observed in the other major organs. This results from the higher uptake
of DAB-Lf dendriplex in the brain. Various other studies have demonstrated
higher gene expression in the brain following administration of Lf-bearing
gene delivery system, but non-specific gene expression was also observed in
other major organs of the body. After intravenous administration of PAMAM-
PEG-Lf/DNA complex in mice, Huang and colleagues demonstrated a 5.2-
fold increase in the luciferase gene expression compared to that with
PAMAM-PEG/DNA, but high levels of gene expression were also observed in
liver, lung and kidney (Huang et al., 2008). Similar results were obtained in
the biodistribution studies of coumarin-6-loaded Lf-PEG-PLA nanoparticles,
as the brain concentration was 3-fold higher than coumarin-6 loaded PEG-
PLA nanopatrticles. But high concentration was also observed in blood (Hu et
al., 2009). The results can also be compared to Lf-conjugated PEG-
liposomes encapsulating coumarin-6 that demonstrated a 1.4-fold increase in

the brain uptake compared to that observed with PEG-liposomes, but non-
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specific uptake in spleen also increased (Huang et al., 2013). Another study
led to a 3.5-fold increase in the brain uptake of Lf-modified B-cyclodextrin
nanocarrier, compared to that observed with B-cyclodextrin nanocarriers, but

higher uptake was also found in liver, spleen and kidneys (Ye et al., 2013).

On the contrary, DAB-Lfc dendriplex demonstrated no gene expression in the
brain. In vitro studies hinted that the cellular uptake of DAB-Lfc dendriplex
may have occurred via receptor-mediated endocytosis. DAB-Lfc dendriplex
might bind to the low affinity-binding site on the TfR or LfR that does not lead
to its endocytosis on the abluminal site of the brain. The exact mechanism

behind the discrepancy of the result needs to be investigated further.

In conclusion, the grafting of Lf and Lfc to DAB dendriplex has been shown to
enhance DNA uptake in bEnd.3 murine brain capillary endothelial cells
compared to the unmodified dendriplex in vitro. In vivo, the intravenous
injection of Lf-bearing DAB dendriplex resulted in an enhanced gene
expression in the brain, which was significantly higher than in any other
major organs of the body. It also decreased gene expression in the lung and
the kidneys, compared to that observed following treatment with DAB
dendriplex. Lfc-bearing DAB dendriplex did not demonstrate gene expression
in the brain. Lf-bearing DAB dendrimer is therefore a highly promising
nanocarrier for gene delivery to the brain following intravenous

administration.
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CHAPTER 5

Angiopep-2-bearing
polypropylenimine dendrimer
for targeted gene delivery to the brain
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1. Introduction

Low-density lipoprotein receptor related proteins 1 and 2 (LRP-1 and 2) are
multifunctional receptors expressed on the endothelial cells of the BBB,
neurons of the cerebrum and cerebellum and astrocytes (Dehouck et al.,
1997, Gabathuler, 2010). LRP1, which is also known as CD91 or
a2macroglobulin receptor, is a multi-ligand scavenger and signalling receptor
weighing 600-KDa and consisting of two associated polypeptide chains:
membrane spanning C-terminal fragment weighing 85-KDa and an
extracellular N-terminal fragment weighing 515-KDa. LRP1 can bind to more
than 30 extracellular ligands. LRP2, also known as megalin is one of the
largest cell surface transmembrane glycoprotein weighing 517-KDa. It is
structurally very similar to LRP1. LRP2 is also widely expressed in neurons

and astrocytes (Spuch et al., 2012).

Angiopeps are a family of peptides that were derived from the Kunitz domain
of a protease inhibitor, Aprotinin, which is a LRP1 and LRP2 ligand. Demeule
et al. (2008) derived 96 peptides from aprotinin and tested their endocytosis
efficiency in an in vitro model of the BBB. Out of these, 8 peptides
demonstrating the highest BBB transcytosis were radioiodinated and re-
evaluated by in situ brain perfusion in mice followed by capillary depletion
analysis. Peptide 67, also known as Angiopep-1 with an amino acid
sequence TFFYGGCRGKRNNFKTEEY, was selected for further analysis
due to its high level of transcytosis and higher brain parenchymal distribution

volume compared to the other 7 peptides. For further analysis, amino acid
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sequence of Angiopep-1 was modified to prevent peptide dimerization or
disulfide bond formation with serum proteins. Cysteine at position 7 in the
amino acid sequence was replaced by serine and the peptide was now
designated as Angiopep-2. There was no significant difference observed in
the brain parenchymal distribution of Angiopep-2 as compared to that of
Angiopep-1. However, the brain uptake of Angiopep-2 was 5-fold higher than

that of Aprotinin (Demeule et al., 2008).

Angiopep-2 was further investigated as a peptide vector for drug delivery to
the brain. It was conjugated with the highly potent anti-cancer drugs
paclitaxel, doxorubicin and etoposide. These conjugates demonstrated
higher brain uptake compared to the drugs alone (Regina et al., 2008, Che et
al.,, 2010). Jiang and colleagues demonstrated the first evidence of
Angiopep-2 used as a ligand for targeted gene delivery to the brain.
Angiopep-2 bearing PAMAM-PEG dendrimers demonstrated an increased
brain uptake when compared to that of PAMAM-PEG. In the mouse brain,
gene expression was observed in cortical layer, caudate putamen,
hippocampus and substantia nigra (Ke et al., 2009). Angiopep-2 has also
been exploited as a targeting ligand for drug delivery to the brain. Micelles
encapsulating antifungal drug amphotericin B and electro-responsive
hydrogels encapsulating the antiepileptic drug phenytoin sodium, decorated
with angiopep-2 on the surface, led to a significantly higher brain penetration
(Shao et al., 2010, Ying et al., 2014). PAMAM decorated with tumour

vasculature targeting cyclic peptide and angiopep-2 led to an increased
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penetration across the BBB and demonstrated a high imaging capability for

experimental brain tumours (Yan et al., 2012).
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2. Aims and Objectives
On the basis of the fact that LRP1 and LRP2 are highly expressed on the
BBB, we now hypothesize whether conjugation of Angiopep-2 to a highly
efficient gene delivery system, DAB dendrimer, leads to an increased gene
expression in the brain. The main objectives of this chapter are:

e The synthesis and characterization of Angiopep-2 bearing DAB

dendrimers (DAB-ANQ)
e The evaluation of the brain targeting efficacy of DAB-Ang in vitro and

in vivo
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3. Results

3.1. Synthesis and characterisation of Angiopep- bearing DAB
dendrimers

3.1.1. Conjugation of Angiopep-2 to DAB

'H NMR confirmed the synthesis of DAB-Ang dendrimer. Figure 5.1 shows
the peaks of the bound and the unbound DAB dendrimer. H NMR (D20): &
DAB (H2N-CH2-CHz-) = 2.58, DAB (-N-CH2-CH2-) = 2.45, DAB (-CH2-CHo-
CH2-)=1.60; DAB-Ang (Ang-HN-CH2-CH2-) = 3.70, DAB-Ang (H2N-CH2-CH2-
CH2-N-) = 2.84, DAB-Ang (-N-CH2-CH2-CH,-) = 2.42-2.68, DAB-Ang (-N-
CH2-CH2-CH2-) = 1.81. Multiple small peaks between 1.29 and 3.41
corresponded to the protons for Angiopep-2. The characteristic triplet peak
for the CHz adjacent to peripheral primary amino group of DAB at 2.58 was
shifted to 3.70 ppm in the NMR spectrum of a conjugated DAB-ANg
analogue. The ratio of the integrals of resonances at ca. 3.70 and 2.84 for
methylene units (d and a) attached to the amino acid moiety via DMSI
linkage and unbound free amine, respectively is 1. This supports that 50 % of

the surface primary amine groups on the DAB are conjugated to Angiopep-2.
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Figure 5.1 *H NMR spectra (400 MHz) of DAB-Ang (A) and DAB (B) in D20
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3.1.2. Characterisation of dendriplex formation

DAB-Ang was able to condense more than 70 % of the DNA at all the
dendrimer: DNA weight ratios (Figure 5.2). DNA condensation occurred
almost instantaneously and was found to be stable over at least 24h. The
condensation of DNA increased with the increasing dendrimer: DNA weight
ratio. It was much higher than that observed for the unmodified dendrimer,

which was of 60% at its best and decreasing with time.

100

60 -

40

DNA condensation (%)
o

20 o

0 T T T T T T T T T 1
0 5 10 15 20 25

Duration (h)

Figure 5.2 DNA condensation of DAB-Ang dendriplexes using PicoGreen®
reagent at various durations and dendrimer: DNA weight ratios : 20:1 (m,
black), 10:1 (e, red), 5:1 (A, blue), 2:1 (¥, pink), 1:1 (¢, green), 0.5:1 («,
black), DNA only (», orange) (empty symbol, light green : DAB-DNA,
dendrimer: DNA weight ratio: 5:1) . Results are expressed as mean + SEM
(n=4)
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3.1.3. Dendriplex size and zeta potential measurement

The average sizes of DAB-Ang dendriplexes at dendrimer: DNA weight ratios
from 0.5:1 to 5:1 were less than 300 nm. At dendrimer: DNA ratio of 10:1 and
20:1 the size of the dendriplex increased and displayed a hydrodynamic
diameter of 721 + 339 nm an d 354 = 89 nm respectively (Figure 5.3 A).The
zeta potential of the dendriplexes remained close to neutral for all the tested

ratios (Figure 5.3 B).
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Figure 5.3 Size (A) and Zeta Potential (B) of DAB-Ang dendriplexes at
various dendrimer: DNA weight ratios: 20:1, 10:1, 5:1, 2:1, 1:1, and 0.5:1.
Results are expressed as mean = SEM (n=4).
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3.2. In vitro studies

3.2.1. Transfection

The conjugation of Ang to DAB dendriplex led to an increased transfection
compared to DAB dendriplex on bEnd.3 cells (Figure 5.4). The highest level
of transfection in bEnd.3 cells after treatment with DAB-Ang at various
dendrimer: DNA weight ratios was obtained at DAB-Ang: DNA weight ratio of
2:1. The treatment of bEnd.3 cells with DAB-Ang dendriplex (2:1) led to a
1.9-fold increase in the gene expression compared to DAB dendriplex
(3.06x1072 + 0.11x10°3 U/mL and 1.57x10° + 0.07x103 U/mL respectively for
DAB-Ang and DAB dendriplexes. Gene expression following treatment with
DAB-ANng dendriplex and DAB-dendriplex was 3.5-fold and 1.8-fold higher
than that observed following treatment with naked DNA (0.86x10-3 + 0.01x10-
3 U/mL). The cells treated with naked DNA did not demonstrate any

significant increase in the gene expression compared to untreated cells.

Taking into consideration the results of DNA condensation assay, size and

zeta potential measurements and transfection, DAB-Ang dendriplex at a

dendrimer: DNA weight ratio of 2:1 was chosen for further investigations.
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Figure 5.4 Transfection efficacy of DAB-Ang dendriplex at various
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ratio of 5:1 in bEnd.3 cells. Results are expressed as the mean + SEM of
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3.2.2. Cellular uptake

The uptake of fluorescein-labelled DNA complexed to DAB-Ang by bEnd.3
cells was qualitatively analysed by epifluorescence microscopy. Cellular
uptake commenced at 1 h as fluorescein-labelled DNA could be visualized in
the nuclei of the bEnd.3 cells. From all the durations tested, DNA uptake was
most pronounced after treatment of bEnd.3 cells with DAB-Ang dendriplex for

3 hours (Figure 5.5).

Figure 5.5 Epifluorescence microscopy imaging of the cellular uptake of
fluorescein-labelled DNA (2.5 pg/ well) complexed with DAB-Ang, after
incubation for 15 min, 30 min, 1 h, 2 h, 3 h or 4 h with bEnd.3 cells (Blue:
nuclei stained with DAPI (excitation: 405 nm, emission bandwidth: 415-491
nm), green: Fluorescein-labelled DNA (excitation: 543 nm, emission
bandwidth: 550-620 nm) (Bar: 10 um)

Following optimization of the duration of the maximum cellular uptake,
bENnd.3 cells were treated with fluorescein-labelled DNA complexed to DAB-

Ang, DAB or in solution for 3 hours. Pronounced uptake of fluorescein-
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labelled DNA complexed to DAB-Ang was observed. On the contrary, cells
treated with DAB dendriplex demonstrated much less cellular uptake to that
compared to DAB-ANng dendriplex. Fluorescein-labelled DNA solution did not

show any cellular uptake (Figure 5.6).

DAB-Ang-DNA DAB-DNA

\-

Untreated

Figure 5.6 Epifluorescence microscopy imaging of the cellular uptake of
fluorescein-labelled DNA (2.5 pg/ well) either complexed with DAB-Ang, DAB
or in solution, after incubation for 3 hours with bEnd.3 cells (Blue: nuclei
stained with DAPI (excitation: 405 nm, emission bandwidth: 415-491 nm),
green: Fluorescein-labelled DNA (excitation: 543 nm, emission bandwidth:
550-620 nm) (Bar: 10 pm)

The quantification of the cellular uptake was done utilizing flow cytometry

(Figure 5.7). Cellular fluorescence was highest following treatment with DAB-

147



Ang dendriplex (25567 £+ 500 arbitrary units (a.u.)). It was respectively about
1.7-fold and 5.1-fold higher than the cellular fluorescence observed following
treatment with DAB dendriplex (14473 £ 594 a. u.) and DNA solution (4999 +

311 a. u.).
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Figure 5.7 Flow cytometry quantification of the cellular uptake fluorescein-
labelled DNA (5 pg/ well) either complexed with DAB-Ang, DAB or in
solution, after incubation for 3 hours with bEnd.3 cells (h=15) *: P <0.05
compared with DAB-Tf-DNA.

3.2.3. Inhibitor studies
Utlilizing cellular uptake inhibitors elucidated the mechanisms of cellular

uptake of the DNA complexed to DAB-Ang. Pre-treatment of the bEnd.3 cells
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with phenylarsine oxide, fillipin, colchicine and poly-L-Lysine led to partial
inhibition of the cellular uptake (Figure 5.8 & 5.9). Colchicine and
phenylarsine oxide caused the most significant inhibition, with a cellular
uptake respectively decreased by 1.7-fold and 1.6-fold compared to that
observed with DAB-Ang dendriplex without inhibitory treatment (respectively
15000 = 609 a. u. and 15040 + 443 a.u. following pre-treatment with
colchicine and phenylarsine oxide). Filipin and poly-L-Lysine appear to be
less effective inhibitors, leading to a cellular uptake decrease by respectively
1.2-fold each compared to DAB-Ang dendriplex without pre-treatment
(respectively 20766 = 325 a. u. and 21228 + 405 a.u. following pre-treatment

with filipin and poly-L-Lysine).

Figure 5.8 Epifluorescence microscopy imaging of the bEnd.3 cellular uptake
of fluorescein- labelled DNA (2.5 pg/ well) complexed with DAB-Ang,
following pre-treatment with various cellular uptake inhibitors: phenylarsine
oxide (“PhAsQ”), filipin (“Fil.”), colchicine (“Colch.”) and poly-L-lysine
(“PLys”). (Blue: nuclei stained with DAPI (excitation: 405 nm, emission
bandwidth: 415-491 nm), green: Fluorescein-labelled DNA (excitation: 543
nm, emission bandwidth: 5§50-620 nm) (Bar: 10 ym)
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Figure 5.9 Flow cytometry quantification of the bEnd.3 cellular uptake of
fluorescein- labelled DNA (5 pg/ well) complexed with DAB-Ang, following
pre-treatment with various cellular uptake inhibitors: phenylarsine oxide
(“PhAsQ”), filipin (“Fil.”), colchicine (“Colch.”) and poly-L-lysine (“PLys”).
(n=15), * : P <0.05 compared with DAB-Ang-DNA.

3.3. In vivo studies

3.3.1. Biodistribution of gene expression

The biodistribution of gene expression following intravenous injection of DNA
encoding luciferase complexed to DAB-Ang was first qualitatively assessed
by luminescence imaging, at various treatment durations. Gene expression
appeared to be mainly located in the brain of the mice. The highest gene
expression level was found 24 h following injection of the DAB-Ang
dendriplex, but gene expression prevailed up to 11 days after treatment

(Figure 5.10).
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Figure 5.10 Bioluminescence imaging of gene expression after intravenous
administration of DAB-Ang dendriplex (50 pg DNA administered). The mice
were imaged using the IVIS Spectrum at various durations after injection of
the treatment. The scale indicates surface radiance
(photons/s/cm?/steradian).

Gene expression following intravenous administration of DAB-Ang dendriplex
was compared to that observed following administration of DAB-dendriplex
and DNA only, 24 h after administration of the treatments. The gene

expression in the brain appeared to be highest following treatment with DAB-

Ang (Figure 5.11).
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Figure 5.11 Bioluminescence imaging of gene expression after intravenous
administration of DAB-Tf and DAB dendriplexes (50 ug DNA administered).
(Controls: DNA solution, untreated cells). The mice were imaged using the
IVIS Spectrum 24 h after injection of the treatments. The scale indicates
surface radiance (photons/s/cm?/steradian).

The quantification of biodistribution of gene expression showed unexpected
results (Figure 5.12). After the intravenous administration of DAB-Ang
dendriplex in mice, there was no significant difference in the gene expression
in the brain as compared to DAB dendriplex (128.1 £ 14.3 mU and 163.9 *
35.4 mU [B-galactosidase per organ respectively for DAB-Ang and DAB
dendriplexes). The gene expression in the spleen was significantly higher
than DAB dendriplex and DNA solution (83.6 2.1 mU, 0+ 7.6 mU and O
26.8 mU [B-galactosidase per organ for respectively DAB-Ang dendriplex,
DAB dendriplex and DNA solution). The gene expression in kidneys and
heart was at similar levels after treatment with DAB-Ang dendriplex and DAB

dendriplex (223.2 £ 66.8 mU and 399.6 £+ 114.3 mU B-galactosidase per
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organ in the kidneys for respectively DAB-Ang dendriplex and DAB
dendriplex, 146.83 £ 22.6 mU, and 150.6 + 54.64 mU [-galactosidase in the

spleen for respectively DAB-Ang dendriplex and DAB dendriplex).
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Figure 5.12. Biodistribution of gene expression after a single intravenous
administration of DAB-Ang dendriplex, DAB dendriplex and DNA solution (50
ng DNA administered). Treatment duration is 24 hours. Results were
expressed as milliunits B-galactosidase per organ (n=5). *: P <0.05
compared with DAB-Ang-DNA for each organ
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4. Discussion

LRP1 and LRP2 receptors are multifunctional receptors expressed on the
BBB that can bind to a variety of ligands, such as Apolipoprotein E, tissue
plasminogen activator (tPA), amyloid precursor protein, melanotransferrin,
plasminogen activator inhibitor 1, receptor associated protein, a2
macroglobulin, HIV-1 Tat protein, heat shock protein 96, heparin cofactor Il ,
angiopeps and many others. These receptors are physiologically involved in
controlling the permeability of the BBB and post-ischaemic lesion formation
in response to active tPA (Herz 2003). Various ligands have demonstrated
the increased uptake of the nanoparticles in the BBB via LRP1- and LRP2-
mediated endocytosis. Polysorbate-80 coated nanoparticles have been
investigated for a drug delivery of various drugs like dalargin, doxorubicin,
loperamide and tubocurarine that normally do not circumvent the BBB
(Schroder and Sable 1996, Blasi et al., 2007). Apolipoprotein E-conjugated
albumin nanoparticles led to an increased uptake in the brain as compared to
the unconjugated nanopatrticles (Zensi et al., 2009). Mellanotransferrin (P97),
another protein of the Tf family, demonstrated an increased efficiency to
cross BBB via LRP1- and LRP2-mediated endocytosis (Demeule et al., 2002,
Gabathuler et al., 2005). Amongst all the ligands of the LRP, Angiopep-2 has
shown an increased transcytosis across the brain (Demeule et al., 2008a,
Demeule et al., 2008b, Ke et al., 2009). In this chapter, we exploited

Angiopep-2 as a ligand for brain targeted gene delivery system.

154



The NMR results demonstrated that DAB has been successfully conjugated
to Ang. The conjugation of Ang to DAB did not destabilize DNA
condensation, but led to an increased condensation for a longer period of
time. However, an excess of DAB was required for an efficient DNA
condensation. The stability of the complexed DNA was directly related to the
rise in the dendrimer: DNA weight ratio. There was an increase in overall size
of the DAB-ANng dendriplex as compared to the unmodified DAB dendriplex
that had an average size of 196 nm (PDI: 0.683) (Aldawsari et al., 2011).
This was due to the conjugation of angiopep-2 on the periphery of the DAB
dendrimer. However, this conjugation led to a decrease in the overall positive
charge of the dendriplex compared to DAB dendriplex (6 mV) (Aldawsari et
al., 2011). This zeta potential decrease was most likely due to the presence

of the negatively charged amino acids (glutamic acid) of Angiopep-2.

The cellular uptake of the DNA in bEnd.3 cells showed a marked increase
following treatment with DAB-Ang dendriplex as compared to that observed
with DAB dendriplex and DNA solution. Similar results were obtained when
BCEC cells were treated with BODIPY-labelled PAMAM-PEG-Ang
dendrimer. The cellular uptake was increased by 4.8-fold compared to the
control (Ke et al., 2009). The formulation of 1, 2-Distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (PE-PEG)-
based micelles loaded with an antimicrobial agent, amphotericin B, and
surface-modified with angiopep-2 demonstrated similar effects, when their

cellular uptake by BCECs was 1.5-fold and 6-fold higher than the non-
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conjugated PE-PEG micelles loaded with amphotericin B and free
amphotericin B respectively (Shao et al., 2010). The results can also be
compared to the treatment of BCECs with Angiopep-targeted PEG-
multiwalled carbon nanotubes (MWNTS), that led to a significantly higher

cellular uptake compared to unconjugated PEG-MWNTSs (Ren et al., 2012).

The inhibitor studies investigated the mechanism of cellular uptake of the
DNA complexed to DAB-Ang. The inhibitors used act of the various endocytic
mechanisms of cells. The cellular uptake of DNA complexed to DAB-Ang
was related to endocytosis processes mainly to clathrin-mediated
endocytosis and macropinocytosis as phenylarsine oxide and colchicine led
to significant inhibition of cellular uptake. Fillipin demonstrated inhibition to a
lesser extent, attesting the lower uptake of DNA via caveolae-mediated
endocytosis. The zeta potential of DAB-Ang dendriplex was neutral, leading
to much lesser inhibition by poly-L-lysine. This result suggested that
receptor-mediated endocytosis and macropinocytosis might largely
contribute to the cellular uptake of the DNA complexed to DAB-Ang, whereas
adsorptive-mediated transcytosis may be a less favoured mechanism.
Similar results were obtained when pre-treatment of cells with a2
macroglobulin, a LRP1 specific ligand, in an in vitro BBB model lead to a 26
% decrease in the passage of Angiopep-2 (Demeule et al., 2008a). All the
inhibitors, phenylarsine oxide, fillipin, colchicine and poly-L-Lysine collectively
inhibited the cellular uptake of the PAMAM-PEG-Ang/DNA nanoparticles in

BCECs, but colchicine led to the most significant inhibition (Ke et al., 2009).
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These results demonstrate that the uptake of DAB-Ang dendriplex was more
selective and specific compared to the PAMAM-PEG-Ang/DNA. The
increased cellular uptake following transfection with DAB-Ang dendriplex led

to an enhanced 3-galactosidase expression.

The qualitative analysis of the biodistribution of gene expression using IVIS
revealed that there was an improved -galactosidase expression in the brain
following intravenous injection of DAB-Ang dendriplex, compared to DAB-
dendriplex. The gene expression in the brain was visible for up to 11 days
after treatment. However, the quantification of biodistribution of gene
expression showed different results. After intravenous administration of DAB-
Ang dendriplex, gene expression in the brain was similar to that observed
after treatment with DAB dendriplex. Further investigations are needed to
explain the difference in the contradictory results of these experiments.
These results are not in line with Demeule and colleagues, who
demonstrated a significantly higher uptake of Angiopep-2 in the brain as
compared to transferrin (2.5-fold), lactoferrin and other ligands (Demeule et
al., 2008a, Demeule et al., 2008b). When Angiopep-2 was conjugated to
paclitaxel, doxorubicin and etoposide, the conjugates showed a much higher
brain drug concentration (Paclitaxel: 5-fold, doxorubicin: 7-fold, etoposide:
10-fold) compared to the drug alone (Regina et al., 2008, Thomas et al.,
2009, Che et al., 2010). The gene delivery system designed using PAMAM-
PEG-Ang demonstrated a 3-, 5- and 8-fold increase in the brain uptake of the

dendrimer depending on the amount of Angiopep-2 conjugated, compared to
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that observed with PAMAM-PEG (Ke et al., 2009), The brain uptake of the
Angiopep-conjugated micelles encapsulating amphotericin B was 1.6-fold
higher than the non-conjugated micelles encapsulating amphotericin B (Shao
et al., 2010). In an interesting study, van Rooy and colleagues demonstrated
that Angiopep-2 conjugated liposomes have less brain uptake compared to
the transferrin-conjugated liposomes and unconjugated liposomes. This
study demonstrated that the type of nanoparticle (shape, size and surface
properties) to which the ligand is conjugated has a major influence on the

uptake of the nanoparticles (van Rooy et al., 2011).

In conclusion, we have successfully synthesized Angiopep-2 bearing DAB
dendrimer that has enhanced efficiency of DNA uptake in bEnd.3 cells
compared to that of DAB dendrimer in vitro. The in vivo results need further

investigations.
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CHAPTER 6

General Discussion
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1. CNS disorders- prevalence and costs
According to the World Health Organization (WHO), around 25-30 % of the
population in Europe is suffering from one or more CNS disorders (Olensen
& Leonardi, 2003). Some other surveys put this figure to a whopping 38 %.
These statistics also include the mental health disorders. The total economic
costs for these disorders surmount to € 386 billion (2004 prices) for the most
prevalent disorders, out of which only € 13 billion (3 %) accounted for drug-
related costs (Andlin-Sobocki et al., 2005). Some of the disorders, such as
depression, epilepsy, schizophrenia and pain, have responded well to the
traditional small-molecule neuropharmaceuticals that cross the BBB, but
others are still non-responsive or are heavily depended on pharmacotherapy.
Some of these diseases are:

e Alzheimer’s disease or other dementias

e Huntington’s disease

e Parkinson’s disease

e Brain cancer

e HIV infection of the brain

e Amyotrophic lateral sclerosis

e Stroke

e Brain and spinal cord injuries

e Ataxias

e Brain genetic disorders
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The following table shows the prevalence of some of the most prevalent CNS

disorders in UK, Europe and globally:

Table 6.1 Prevalence of most common CNS disorders in UK, Europe and
globally (Andlin-Sobocki et al., 2005; Tanner et al., 2008; Beitz, 2009; Cancer
Research UK; Parkinson’s prevalence in the UK, 2009; World Alzheimer’s
report, 2009)

Alzheimer’s disease 815,827 4.8 million 36 million
or other dementias

Huntington’s disease 7,692 38,000-55,000 350,000-700,000
Parkinson’s disease 127,000 1.2 million 7-10 million
Brain cancer 17,000 135,000 1.4 million

Stroke 133,000 1.1 million 33 million

The above mentioned numbers will rise in the future, not only due to the
increase in the population, but also due to the increase in the median age of
the people in UK and Europe and to the rising healthcare costs. In Europe,
only 15 % of the total healthcare spending is allotted to the treatment of CNS
disorders. The total economic cost of the brain disorders is higher than that
of the diabetes and cancer together. The drugs that are used for the
treatment of the CNS disorders only account for 8 % of the total drug sales

(Andlin-Sobocki et al.,, 2005). These figures reflect a need for drastic
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changes in the healthcare policies as well as an urgent necessity to develop

novel therapies for the treatment of CNS disorders.

2. The neglected BBB problem in the CNS drug development process

The unprecedented rise in the number of the CNS disorders has generated
enormous research activities in an attempt to develop new drugs for the
treatment of these disorders. However, most of the research by industrial
leaders is still focused on the traditional drug discovery programs that are
based on the discovery of new therapeutic molecules, rather than developing
new approaches to target the brain and circumvent the BBB, which is a major
hurdle in the development of therapies for CNS disorders. For a traditional
neuropharmaceutical molecule to cross the BBB, it has to be lipid-soluble
and weigh less than 500 Da, which makes the CNS drug development quite
limited. Figure 6.1 shows the graph representing the complexity of CNS drug
development process. Around 40-60 % of the drugs/therapies for the
treatment of CNS disorders remain in the pre-clinical or early phase of
development. The percentage of CNS drugs in the clinical phases (Phase 1-
3) of development ranges between 21-32 %, with less than 5 % of them
reaching Phase 3 of clinical trials. Only less than 1-2 % of the total drugs are
actually launched, demonstrating the complexity of the CNS drug
development processes. Over 5-15 % of the drugs showed no development
over a span of 18 months or more and 5-15 % of the drugs were
discontinued at some phase of drug development (Kwon et al., 2004,

Pogacic and Herrling, 2007; Kramp 2011). Majority of the drugs failed to
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reach higher phases of clinical development, mainly due to their inability to
cross the BBB. However, to date, there is not a single industrial leader
having a freestanding BBB drug development platform. The 20" century drug
development program was driven by a chemistry-driven platform by
discovery of small molecules, however the 215 century shall be driven by a
biology-driven pharmaceutics platform for drug development especially in the
area of CNS disorders (Pardridge et al., 2002). More efficient design in the
CNS drug development programs would be to merge the traditional drug
discovery program and the novel drug delivery platform so that increased

number of therapies could be actually brought from bench to bedside.
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Figure 6.1 Percentage of CNS drugs in different stages of drug development
in 2004, 2007 and 2011 (Kwon et al., 2004; Pogacic and Herrling 2007,
Kramp 2011)
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3. Novel platforms for non-invasive brain delivery

The major strategy in the development of novel strategies for the prevention,
diagnosis and treatment of CNS disorders would be to design systems that
are able to effectively cross the BBB and efficaciously treat the disorder.
There are various nanomaterials that have been pre-clinically tested for the
targeted delivery of diagnostics and therapeutics to the brain (Nunes et al.,
2012). As an outcome of this thesis, we hereby provide a novel platform
based on the DAB dendrimer for targeted gene delivery to the brain. The
conjugation of Tf, Lf and Angiopep-2 to DAB dendrimer led to an enhanced
exogenous gene expression in the brain in vitro and in vivo compared to the
DAB dendrimer. However, further investigations will be required for DAB-
Ang. Utilizing these novel brain targeted delivery systems will be even more
advantageous in pathology, because the level of expression of many
receptors that are targeted by these delivery systems will be significantly high

in the brain during a pathological state compared to the normal brain.

There is a high expression of TfR in the brain with neoplasms compared to
the normal brain tissue (Recht et al.,, 1990). In a study by Prior and
colleagues (1990), the authors demonstrated that TfR is also highly
expressed in 101 types of the tumours generating from human central and
peripheral nervous system. The level of expression also depends on the type
and grade of tumours. TfR type 2 is highly and frequently expressed in
glioblastoma multiforme (GBM), which is the most common and aggressive

brain tumour (Calzolari et al., 2010). TfR is also highly expressed in cerebral
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ischemia, haemorrhage and stroke (Moos and Morgan, 2004). Several TfR-

targeted delivery systems have demonstrated successful diagnostic and

therapeutic effects in pre-clinical studies (Table 6.2). Tf-bearing DAB

dendrimers could therefore provide an efficient means for the delivery of

drugs, genes and other therapeutic and diagnostic agents in these

pathologies.

Table 6.2 Various platforms for the TfR-targeted delivery of therapeutic and
diagnostic agents to the CNS

Delivery system Major findings

OX26-Brain-
derived
neurotrophic
factor (BDNF)
conjugate

0OX26-
Radiolabelled
epidermal growth
factor (EGF)
conjugate

8D3- ABL-40

conjugate

OX26-Basic
fibroblast growth
factor (bFGF)
conjugate

cTfRMADb-Glial-
derived
neurotrophic
factor (GDNF)
conjugate

eincreased uptake of BDNF in the
brain

243 % increase
performance of
stroke symptoms

in the motor
rats presenting

e Successful imaging of  the
experimental brain tumours in rats
bearing human U87 glioma cells

e Visualization and quantification of
B-amyloid plaques in a mouse
model of Alzheimer’s disease

eTime dependent 80 % and 67 %
reduction in the infarct volume in the
brain with treatments administered
immediately or 60 min respectively
in cerebral ischaemia

e Increased brain uptake of GDNF

e Therapeutic action in 3
experimental models of Parkinson’s
disease

Reference

Pardridge et
al., 1998
Zhang and
Pardridge,
2006

Kurihara and
Pardridge,
1999

Lee et al.,
2002

Song et al.,

2002

Fu et al., 2010
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Delivery system

Tf- and Tamoxifen-
modified
liposomes
encapsulating
Epirubicin

Tf-modified cyclo-
[Arg-Gly-Asp-d-
Phe-Lys]
(c[RGDfK])-
paclitaxel
conjugate (RP)
loaded micelle
(TRPM)

Tf- and p-
aminophenyl-a-D-
mannopyranoside-
conjugated
liposomes
encapsulating
daunorubicin

cTfRMADb-a-L-
iduronidase fusion
protein

CTfRMADb-ScFv
fusion protein

Tf-conjugated
SPION

e Inhibition of the tumour volume in a
C6 glioma rat model

eLonger survival time of the rats
compared to the control treatments

eIncreased cellular uptake in brain
microvascular endothelial cells

¢ Anti-cancer activity in intracranial U-
87 MG glioma mice model.

eMean survival time significantly
longer compared to paclitaxel

e Inhibition of the tumour volume in a
C6 glioma rat model

eLonger survival time of the rats
compared to the control treatments

e Reversal of Mucopolysaccharidosis
type 1 or Hurlers syndrome in a
mice model

eReduction of lysosomal inclusion
bodies in the brain by 73 %

e AB42 was reduced by 40 % in an
Alzheimer’'s disease mice model,
without  elevation  of  AB¥#?
concentrations in the plasma

eNo cerebral microhemorrhage was
observed in the treated mice.

eDemonstrated capability as a MRI
contrast agents in a C6 glioma rat
model

Tian et al.,
2010

Zhang et al.,
2012

Ying et al.,
2010

Boado et al.,
2011

Zhou et al.,
2011

Jiang et al.,
2012
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Delivery system

Tf-modified
paclitaxel-loaded
polyphosphoester
hybrid micelles

T7-conjugated
PEG-dendrigraft
poly-L-Lysine
covalently linked

to doxorubicin and

encapsulating
pORF-hTRAIL

Tf-modified PEG-
graphene oxide
encapsulating
doxorubicin

Tf- and folate-
modified
liposomes
encapsulating
doxorubicin

Tf-conjugated
magnetic silica
PLGA
nanoparticles
encapsulating
doxorubicin and
paclitaxel

Tf- and TAT
peptide-modified
liposomes
encapsulating
doxorubicin

e Increased brain accumulation

e Anti-tumour activity in intracranial
U87 glioma mice model.

e Prolonged survival time
demonstrated compared to control
groups

e Targeted drug and gene co-delivery
system successfully synthesized

e Synergistic increase in the anti-
tumour activity in a U87 orthotropic
glioma mice model.

eProlonged survival time compared
to control groups.

eincreased uptake in the C6 rat
glioma model

elLonger survival time compared to
the doxorubicin and other controlled
treatment groups

¢ Antitumour-activity in C6 glioma rat
model. Mean  survival time
significantly longer compared to
doxorubicin and other treatment
groups

eNon-toxic  on healthy
compared to doxorubicin

cells

e Strongest tumour inhibition in an
intracranial U87 MG glioma mice
model

e Increased brain and tumour uptake
e Anticancer-activity in  orthotropic
glioma model. Mean survival time
was significantly longer compared
to doxorubicin

Zhang et al.,
2012

Liu et al.,
2012

Liu et al.,
2013

Gao et al.,
2013

Cui et al.,
2013

Zong et al.,
2014
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Several lines of evidence suggest an increased LfR expression in
Parkinson’s disease. Iron accumulation in the substantia nigra of the
Parkinson’s disease occurs via lactoferrin receptors (Faucheux et al., 1995;
Berg et al., 2001). Overexpression of LfR is also reported in Alzheimer’s
disease and other neurodegenerative disorders, owing to the fact that higher
iron accumulation is observed in the neuronal cells of these disorders,
ultimately leading to cell death (Qian and Wang, 1998). Lf-bearing DAB
dendrimers can be a promising platform for the delivery of therapeutics in
neurodegenerative disorders that overexpress LfR. We have recently
demonstrated that Lf-bearing DAB dendrimers led to a substantial tumour
regression in laboratory animals and that transport of these Lf-dendrimers
occured through TfR on the tumour cells. (Lim et al., 2015). This delivery
system can also be further investigated for the treatment of brain tumours.
Various preclinical platforms that have already pre-clinically proven results

have been mentioned in Table 6.3

Table 5.3 Various platforms for the LfR-targeted delivery of therapeutic and
diagnostic agents to the CNS

Delivery system Major findings

Lf-conjugated e Gene therapy for rotenone-induced Huang etal.,
PAMAM chronic Parkinson rat model 2010
encapsulating

hGDNF gene eIncreased locomotor  activity,

reduced dopaminergic neuronal

loss and enhanced monoamine
neurotransmitter levels after

repeated multiple dosing via
intravenous injection
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Delivery system Major findings

Lf-conjugated e Anticancer activity in C6 glioma rat Pang etal.,
polymersome model. Decreased glioma volume 2010
encapsulating e Significantly longer mean survival

doxorubicin and time compared to control treatments
tetrandrine

Lf-conjugated e Anticancer activity in C6 glioma rat Chen et al.,
procationic model. Mean survival time was 2011
liposome significantly longer compared to
encapsulating control treatments

doxorubicin

Lf-conjugated e Co-administration with tLyp-1, a Miao etal,
PEG-PLA tumour penetration enhancement 2013
nanoparticles peptide led to enhanced anti-tumour
encapsulating activity in C6 glioma bearing mice

paclitaxel model

eSurvival times were significantly

longer compared to control

treatments
Lf-conjugated eMRI imaging of glioma in a rat Zhouetal,
micelles model 2015

encapsulating
super
paramagnetic iron
oxide
nanoparticles

LRP1 and LRP2 are multifunctional receptors linked to many CNS
pathologies. Increased expression of LRP1 and LRP2 is observed in stroke.
They serve as a receptor for amyloid 3 precursor protein and ApoE, that are
genetically linked to Alzheimer’s disease. The expression of LRP1 and LRP2

significantly decreases with age, ultimately leading to AD development due to
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the decrease in clearance of Ap-anti-af complexes. As LRP1 and LRP2

inhibit inflammatory processes, they are

linked with the majority of

neurodegenerative disorders that has a neuroinflammatory process involved

(Chen and Liu, 2012). Overexpression of LRP1 and LRR2 is also observed in

brain tumours. Table 6.4 lists some of the Angiopep-2 targeted platforms pre-

clinically evaluated for the CNS therapeutics. Angiopep-2 bearing DAB

dendrimers can also be investigated further for pre-clinical testing.

Table 6.4 Various platforms for the Angiopep-2 targeted delivery of
therapeutic and diagnostic agents to the CNS

Delivery system Major findings

Angiopep-2-
conjugated
PAMAM-PEG

loaded with pORF-

TRAIL

Angiopep-2-
conjugated
liposome
encapsulating
PpEGFP-hTRAIL
and paclitaxel

Angiopep-2
functionalized
PEGylated
oxidized multi-
walled carbon
nanotubes
encapsulating
doxorubicin

¢ Anticancer-activity by gene therapy

in C6 glioma mice model. Mean
survival time was significantly
longer compared to  control
treatments

e Synergistic increase in the anti-
tumour activity in a U87 orthotropic
glioma mice model. Decrease in the
tumour volume

eProlonged survival time compared
to the control treatment

e Anticancer-activity in C6 glioma
mice model. Mean survival time was
significantly longer compared to
control treatments

Huang et al.,

2011

Sun et al.,
2011

Ren et al.,
2012
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Delivery system

Angiopep-2- eincrease brain penetration of Shao etal.,
BTNl Amphotericin B 2012
micelles e Anti-fungal activity demonstrated in
encapsulating an intracerebral fungal infection
Amphotericin B murine model. Prolonged survival
times reported compared to control
treatments
Angiopep-2- e Anti-tumour activity in a U87 Xinetal,
conjugated PEG- orthotropic glioma mice model 2012
eVl EMTeEl o Decrease of tumour volume
nanoparticles e Prolonged survival time compared
encapsulating to the control treatments

Paclitaxel

Angiopep-2- and e Synergistic increase in the anti- Yangetal.,
tLyp-1-conjugated tumour activity in a U87 orthotropic 2014
cationic glioma mice model

liposomes e Decrease in the tumour volume

encapsulating

VEGF siRNA and

docetaxel

Angiopep-2- and e Anticancer activity in C6 glioma Gao etal,
Activatable cell mice model. Mean survival time was 2014
penetrating significantly longer compared to

peptide (ACP)- control treatments

functionalized

PEG-

Polycaprolactone

nanoparticles

encapsulating

docetaxel

Angiopep-2- e Non-invasive imaging agents in the Ruanetal.,
conjugated PEG- C6 orthotropic glioma mice model 2014
carbonaceous

nanodots

Angiopep-2- e Tumour microenvironment sensitive Ruan et al.,
decorated PEG- doxorubicin delivery in C6 glioma 2015

gold nanoparticles mice model

encapsulating e Anti-tumour activity and prolonged
doxorubicin survival times compared to the

control treatments
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Tf-, Lf- and Ang- bearing DAB dendrimers thus provide a safe and efficacious
novel platform for the delivery of therapeutic and diagnostic agents to the
brain, utilizing the endogenous receptor mediated transcytosis pathways that
are already present at the BBB. These targeted dendrimers can be
conjugated to different modalities like drugs, peptides, therapeutic genes and

imaging agents, and customized for specific applications.
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CHAPTER 7

Conclusion and Future work
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1. Conclusion

The development of novel CNS targeted drug and gene delivery systems has
been limited due to the presence of the BBB and due to the lack of safe and
efficacious delivery systems. In this thesis, dendrimers modified with various
targeting ligands were synthesized, characterized and evaluated for their

efficiency for targeted gene delivery to the brain.

Chapter 1 provides a general introduction on the most common CNS
disorders, the BBB and gene therapy. CNS disorders, such as brain
neoplasms, Alzheimer's disease, Parkinson’s disease and Huntington’s
disease, lead to the worst decline in the quality of life of the patient. BBB
consists of specialized endothelial cells of the brain microvessels, supported
by astrocytes and pericytes to form a functional neurovascular unit controlling
the movement of molecules on either side. BBB is highly compromised in the
CNS pathology. Various strategies, both invasive and non-invasive, have
been investigated for the delivery of the therapeutics to the brain. Receptor-
mediated transcytosis has emerged as the most promising solution for the
delivery of the therapeutics to the brain. Gene therapy is a novel therapeutic
approach that includes replacing a faulty gene with a functional or healthy
gene. It is a highly promising approach for the treatment of CNS disorders,
as the genetic basis of most of them is known. However, delivering gene to
specific tissues or cells requires a gene delivery system. Viral delivery

systems are efficient, but unsafe and unpredictable. Non-viral gene delivery
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systems, such as liposomes, polymers and dendrimers have been

investigated for gene delivery to the brain.

Chapter 2 describes the materials and methods used for experiments.
Methods are broadly categorized in to three: Synthesis and characterization
of targeted dendrimers, in vitro studies on immortalized murine brain capillary

endothelial cells and in vivo studies in a mice model.

Chapter 3 describes the evaluation of transferrin-bearing DAB-
polypropylenimine dendrimer for gene delivery to the brain. Transferrin, an
iron-binding protein when grafted on a DAB dendrimer led to 2-fold increase
in the gene expression in the brain to that observed with unconjugated DAB
dendrimer in vivo. The non-specific gene expression in the other major

organs was at least 3-fold lower to that observed in the brain.

Chapter 4 focuses on the synthesis, characterization, in vitro and in vivo
evaluation of lactoferrin- and lactoferricin-bearing DAB-polypropylenimine
dendrimers for targeted gene delivery to the brain. After intravenous
administration, lactoferrin-bearing DAB dendrimer resulted in a 6.4-fold
increase in gene expression compared to that observed with unconjugated
DAB dendrimer. Lactoferricin-bearing DAB dendrimer exhibited an increased
cellular uptake and gene expression in vitro compared to that observed with
DAB dendrimer. However, no gene expression in the brain was observed in

Vivo.
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Chapter 5 describes the synthesis, characterization, in vitro and in vivo
evaluation of Angiopep-2-bearing DAB-polypropylenimine dendrimer for
targeted gene delivery to the brain. In vitro, Angiopep-2-bearing DAB
dendrimer led to a 1.7-fold and 1.9-fold increase in the cellular uptake and
gene expression respectively, compared to DAB dendrimer. In vivo,
bioluminescence imaging also demonstrated higher gene expression in the
brain compared to the DAB dendrimer, but quantification of biodistribution
showed different results. Further investigations will be needed to confirm

both results.

Chapter 6 discusses the results obtained in this thesis, placed in the overall
context of CNS drug development. It describes the prevalence of the CNS
disorders in UK, Europe and globally and the healthcare costs related to
these disorders. The pharmaceutical industry needs to revolutionize the way
to develop CNS therapies by implementing novel strategies to circumvent the
BBB in a non-invasive manner. Various platforms that have been pre-

clinically tested for CNS disorders are described.
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2. Future work

Due to their high efficiency to circumvent the BBB and enhance the

exogenous gene expression in the brain, the dendrimers described in this

thesis can be developed further in various ways, as described below.

Table 7.1 Possible future developments of brain-targeted dendrimers

Future work

Modality

Description

Bifunctional | Dendrimers bearing 2 ligands | e Lysine and Arginine are
dendrimers | on their surfaces: cell-penetrating peptides
e Transferrin/lactoferrin/angio | that can lead to Adsorptive-
pep-2 and lysine mediated transcytosis
e Transferrin/lactoferrin/Angio | across the BBB, in addition
pep and arginine to receptor-mediated
transcytosis, resulting in
higher brain penetration
Dendrimers bearing 2 ligands | eBrain tumour targeting
on their surfaces eHigher targeting efficiency
e Transferrin/lactoferrin/angio | as receptors for all ligands
pep-2 and epidermal growth | are overexpressed on most
factor brain tumours
e Transferrin/lactoferrin/angio | e Treatment using drugs that
pep-2 and vascular | are unable to cross the BBB
endothelial growth factor by themselves
eGene therapy using
therapeutic genes
Targeted Dendrimer-drug conjugate eDelivery of various drugs
drug for various CNS disorders
delivery e Treatment of disorders by
targeted drug therapy
Gene Dendrimer-therapeutic gene | e Treatment of disorders by
therapy complexes targeted gene therapy
Delivery of | Dendrimer-superoxide iron | eTargeted MRI imaging of
imaging oxide nanoparticles conjugate | brain tumours
agents
Delivery of | Dendrimer- e Treatment of disorders by
peptides, peptide/protein/enzyme targeted peptide and protein
proteins and | conjugate therapy and enzyme
enzymes replacement therapy
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The targeted dendrimers developed in this thesis have shown to be highly
efficient gene delivery systems for brain targeting and will be further

investigated for the delivery of diagnostic and therapeutic agents in CNS

disorders.
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Review

Transferrin and the transferrin receptor for
the targeted delivery of therapeutic agents to
the brain and cancer cells

The potential use of many promising novel drugs is limited by their inability to specifically reach their site of action
after intravenous administration, without secondary effects on healthy tissues. In order to remediate this problem,
the protein transferrin (Tf) has been extensively studied as a targeting molecule for the transport of drug and gene
delivery systems to the brain and cancer cells. A wide range of delivery approaches have been developed to target
the Tf receptor and they have already improved the specific delivery of Tf-bearing therapeutic agents to their site
of action. This review provides a summary of the numerous delivery strategies used to target the Tf receptor and

focuses on recent therapeutic advances.

Recent advances in the fields of pharmacology
and chemistry have led to the discovery of
numerous potential drups with promising thera-
jpeutic effects on vanous pathologies. However,
the clinical use of these drugs following intra-
venous administration is currently limited by
the lack of specific delivery to the pathological
site, resulting in toxicty and secondary effects to
healthy tissues. In arder to remediate this prob-
lem and enhance the therapeutic index of the
drugs, itis crucial o target these drug candidates
to their site of action.

For more than 20 years, the transferrin (TF)
jprotein has been extensrvely studied as a tarpeting
maoiety for drug- and pene-delivery systems as it is
non-toxic, non-immunogenic and biodegradable
. TF receptors (TfRs) are highly expressed on
the brain capillary endothelinm, which forms the
blaod-brain barrier (BEB) in conjugation with
other cellular components, such as pericytes and
astrocytes i vire (2. As intravenously admin-
istered TF was observed to reach the brain by
receptor-mediated transcytosis across the BEB
|24), the TfR-tarpeting stratepy quickly became
the object of intense i igation for the brain
delivery of CNS drug candidates: 100% of large-
maolecule drugs and more than 98% of small-
molecule drugs are otherwise prevented from
jpenetraring the brain by the BBB (3. In addition,
TfRs are present in abundance on the surface of
cancer cells (s-9), thus, allowing a specific uptake
of TfR-tarpeted therapeutic drugs and penes by
cancer cells overexpressing TfRs.

The objective of this review was w present,
in a succinct form, the numerous TR-tarpeting

strategies developed so far in laboratory
settings, while focusing on recent promising
breakthrowghs in this research area.

Tf & the TfR: an introduction

T structure & function

Tfis part of a family of ubiquitous iron-binding
glycoproteins including ovotransferrin, lacto-
ferrin and melanotransferrin, whose primary
function is the binding and transport of iron
o). It is 2 monomeric rotein contain-
ing appoximately 700 amino acids, with a large
molecular mass (approximately 80 kDa). The
polypeptide chain is folded into two structurally
similar globular domains, known as the M- and
C-lobes, and connected by a short linear pep-
tide linker [11). Each lobe contains one binding
site for Fe™ with a very high affinity (107 M=
ar pH 7.4) p2). The iron-free TF (apoTf) can,
therefore, bind up to two Fe™ ions to form
ferro-TF (also called holoTf). The conforma-
tional changes of the protein occurring during
iron binding have been demonserated to play a
key role in the selective recognition by the TFR.
Consequently, diferric Tf has a 10- to 100-times
higher affinity for the TFR. than that of apaTfat
physiological pH 113) and is, therefore, preferred
as a TR ligand in tarpeting studies.

The principal biological funcrion of T is o
bind and distribute iron in the body. TF is the
main iron-transporting protein in the body. It
binds circulating iron taken from the diet and
tr:lnsponsu into the systemic ciroulation to var-
ious tarpet tissues. This transport is extremely
important as iron is required for various
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the CME. Itis formed by brain
microvascular endothelial cells
The resulting continuous

biological processes, such as DNA synthess,
oxygen transport and electron transfer ).

Due w its wron-binding mechanism, TF also
protects the cells against the toxic effects that
could be penerated by the presence of free iron
in the drculation. It is only up to 30—40%
iron-samurated under physiological conditions 14).

In addition to its key role as iron ransporter,
TF has been observed to bind other cations
such as copper, gallium, znc, manganese and
aluminmm jons [104.

u TR

Cellular uptake of iron-loaded TF occurs
through recepror-mediated endocytosis. The
TIR, referred to as TFR1 or CD71 in literamure,
isa type I1 transmembrane glycoprotein involved
in iron uptake and cell growth repulation ;13).
It consists of two identical monomers with an
approximate molecular mass of 90 kDa each,
linked by two disulfide bonds 1. Each mono-
mer is made of three distinct regions: a short
M-terminal cymplasmic domain, 3 hydrophobic
transmembrane domain and a large, globular,
extracelilar C-terminal domain that contains
the binding site for TF (1,06 As each monomer
may bind 2 molecule of TF, up to two molecules
of Tf may bind one TfR and up to four Fe* ions
within one TF-TfR complex can be taken up by
the cell. The recycling rate of TFR1 is very short
(approximately 10-20 s) and can occur 100
times for each single receptor (r7), making this
receptor particulardy efficient for the delivery of
iron and therapentics to cells.

Another member of the TFR family, referred to
a5 TFR2, has been discovered. Although its extra-
cellular domain has 66% similarity with TFR1,
TFR2 has a much lower affinity for TF than TFR1
(25-fold lower) ). In addition, its expression is
not correlated to iron levels in the cells. [is ot-tran-
while its B-transcript s present on a wide range
of tissues, but at very low levels 1g). TFR2 would,
therefore, be a less efficient target for TRmediated
drugand gene delivery to the brain or cancer cells.

TFR1 is expressed at low levels in most human
tissues, but is highly expressed on the vascular
endothelium of brain capillaries (2. It is also
expressed at levels up to 100-fold higher than
those on normal cells on highly proliferative cells
such as cancer cells (s-3). Its increased expression
on tumors is generally correlated with cancer
progression and tumor stage (s-3).

This high expression of TfR.on brain capillaries
and cancer cells, together with the ability of the

receptor to internalize with its hipand, make this
recepior a highly promising target for the delivery
of therapeutics o the brain and cancer cells.

TiR-mediated delivery of therapeutic
agents to the brain

Most therapeuric molecules, including small-
maolecule drugs, proteins, peptides and penes,
cannodt reach the brain after intravenous admin-
istration due to their inability tw cross the BBB
[45). As a result, vanious drugs with promising
therapeutic effects in vitre are found to be inef-
fective for the treatment of neurological diseases
such as Parkinson's and Alrheimer's diseases, as
well as brain neoplasms.

Widely expressed on the BBE, the TfR has
been widely investigated for the delivery of drugs
and penes to the brain. The strategy employed
would be to use Tfor antibodies directed apainst
TR as TfR-targeting moieties. Therapeutic
agents entrapped in TFR-targeted delivery sys-
tems would then be able to cross the BBB and
be delivered into the brain.

8 Targeted drug delivery

Many drugs are unable tw cross the BBE. In
order to overcome this problem, therapeuric
maolecules have been encapsulated in delivery
systems able to recognize the TFR and w deliver
their cargo to the brain. A wide range of deliv-
ery strategies, inchding the linkage of drups
THanti-TfR antibody, complexation with TR-
targeted quantum rods, entrapment of the drugs
in TfR-tarpeted liposomes, lipid nanocapsules,
nanoparticles and micelles, have been investi-
gated for TFR-mediated delivery of drugs to the
brain {Fiause 1).

Linkage of drugs to THanti-TFR antibody
Therapeutic agents can be delivered across the
BBB following their linkage to either the Tfora
molecule able to specifically recognize the TER.

026, a mouse monoclonal antibody against
the rat TFR1, has been explored as a drug-deliv-
ery agent to the brain. It was used as an alterna-
tive to TF itself in order to prevent any evenmal
vector failure linked to a saturation of TiRs ps.
This antibody presents the advantage of binding
to an extracelalar domain for the TR differ-
ent from the Tibinding site and is, therefore,
independent from TF binding. It has been thor-
oughly studied for the brain delivery of mumer-
ous drugs following intravenous administration
(14-3). For example, it was conjugated to the
hydrophilic anticancer drug methotrexate by a
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TiR-targetad lipeaome
{cationic Bposomes for
gene delivery)

TiR-targsted micelle
Ti-tameted cyclodexrin
TiF-targated quantum rod ItH-1argeted lipid
immunocapsule
 Drug | Bwidin ¥ TiAmaAb
TiR-targeted nanoparticle Linkage of drug to THTIRmAD

TiR-targeted dendrimer

Figure 1. Formulation strategies used for the delivery of drugs and nucleic acids to the
brain and tumor. TiR-targeted quantum rod [z7.26); TiR-targeted lipid immunonanocapsule (3,54);
Linkage of drug to THTfRmAb (54-58); TiR-targeted liposome [59-s5.6%); TiR-targeted nanoparticle
|s6.7); TiR-targeted cyclodextrin (o71); TiR-targeted micelle j72); TfR-targeted dendrimer [73-78).

Formulation name in blue: delivery to the brain; formulztion name in green: delivery to the tumor;
formulation name in black: delivery to either brain or tumaor.
Ti: Transferrin; TiR: Transferrin receptor; TiRmADL: Monodlonal antibody anti-transferrin receptor.

hydrazone bond. Approximately six molecules of
methotrexate were attached per antibody. After
intravenous injection to rats, the conjugate was
demonstrated to be able to cross the BBB via
TfR-mediated transcytosis and to deliver the
drug to the brain, as confirmed by immuno-
histochemical detection of the conjugate in the
brain parenchyma [z0].

In another example, the BDNF, a neuro-
protective agent, could not cross the BBB after
intravenous administration and was unable o
exert its neuroprotective effect in the first hours
after regional brain ischemia because the BBB
is still intact at this stape. However, the intra-
venous administration of OX26 conjugated to
BDNF resulted ina 243% increase in motor per-
formance of rats presenting stroke symptoms in
comparison with the drug alone jz).

0X26 has also been used to deliver many
other drugs, such as neuropeptides (vaso-
active intestinal peptide) () and proteins
(nerve growth factor) (29 to the rat brain after

intravenous administration. As OX26 is specific
to the rat TfR, another moneclonal antibody
anti-mouse TFR, named 803, has been used as
a TfR1-targeting vector in the mouse (9], This
antibody, conjugated to radiolabeled A+, has
been used w visualize and quantify B-amylod
plaques in a mouse model of Alrheimer's disease
i24). A chimeric form of the 803 antibody was
also conjugated to the GDNF, a neurotrophin
with therapeutic potential on Parkinson's dis-
ease. The GDNF-antibody fusion protein was
able to cross the BBB after intravenous injection
and was found to be therapeutically acuve in
three neurobehavioral models of experimental
Parkinson's disease in mice [z5).

Various approaches have been developed
for the linkage of the drugs to TF or ano-TFR
antibodies. Among them, the avidin/biotin
technology appears to be particularly promising
for the delivery of drugs to the brain. The non-
covalent binding between avidin and biotin 1s
extremely strong (K, ~10* M) and stable in the
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circulation, but is labile in the dsswes j2¢), thus,
facilitating the release of the drug once it reaches
the brain. The avidin/biotin stratepy was, for
example, used to link OX26 and the vasoactive
intestinal peptide and resulted in an increase
of cerebral blood flow following intravenous
administration of this complex to rats 1),

This approach has also been successful in
delivering high-molecular-weight enzymes
to the brain. For example, the intravenous
administration of 116-kDa B-galacrosidase
linked to the 8D3 monoclonal antibody via
streptavidin—biotin binding resulted in a ten-
fold increase in brain uptake of the enzyme,
withour loss of activity, in a mouse madel (z7).
In this sudy, brain delivery was confirmed by
brain capillary depletion method and brain
histochemistry.

TfR-targeted quantum rods

Quantum rods are semiconductor nano-
particles widely used as luminescent probes
for various biological applications. In addition
to their well-known optical properties, they
can be functionalized and carry therapeutic
malecules. For example, T-conjugated quan-
tum rods complexed to the antiretroviral drug
saquinavir were successfully transported across
an in visro BBE model throngh TfR-mediated
LrAnsCytosis (16,19).

TfR-targeted liposomes & lipid nanocapsules
TfR-targeted liposomes are self-assembling
vesicular structures based on ane or more lipid
bilayers encapsulating an agqueous core and
able w recopnize the TFR. They can encap-
sulate hydrophilic drugs in their agueous core
or entrap lipophilic drugs in the lipid bilayer
membrane. The use of conventional liposomes
for brain drug delivery was ininally limited by
their size (which has to be smaller than 200 nm
in diameter to allow drug delivery across the
BBB (30)) and by their rapid clearance by the
reticuloendothelial system 2. However, the
latter problem was overcome by incorporating
PEG-derivatized lipids in the lipid bilayer of the
liposomes or by coating them with PEG, result-
ing in the formation of sterically stabilized (also
called stealth) liposomaes.

Tfbearing liposomes have been used for
the cerebral delivery of the anticancer drug
5-fluorouracil. The intravenous administration
of this therapeutic system resulted in a 17-fold
increase in the brain uptake of the drug com-
pared with that ohserved with the free drug, as

radiolabeled drug (2.

Antibody-directed liposomes, or immuno-
liposomes, have also demonstrated to be prom-
ising vectors for the tarpeted delivery of drugs
to the brain. OX26 antibody was conjugated to
PEG-coated liposomes encapsulating the anti-
cancer agent daunomycin, which has a very low
permeability through the BBB. Brain d.el.marv af
(0¥ 26-bearing liposomes was higher than that of
the non-targeted stealth liposomes, conventional
liposomes or free daunomycin, following intra-
venous administration of the formulations
to rats, as demonstrated by pharmacokinetic
analysis [13).

Another lipid-based vector for brain wargeting,
the lipid nanocapsule, has recently been devel-
oped as amgytuprmrtlheemappeddmg
from chemical and enzymatic degradation. This
nmanovector is made of a hydrophilic surfaceant,
Sohatol® H515 (BASF, Germany), surrcunding
an oily core +4). The conjugation of 0X26 anti-
body to the surface of the lipid nanocapsules
doubled their concentration in the brain com-
pared with non-targeted formulations, 24 hafter
intravenous administration to rats ().

TiR-targeted nanoparticles

Manoparticles are palymeric collodal spheres
made of natural or artificial polymers and range
in size from 10 to 1000 nm. They can entrap
drups in their matrix, encapsulate them in their
core or carry them on their surface. Like ipo-
somes, they can be coated with PEG to prevent
their clearance by the reticuloendothelial system.

Manoparticles made of poly(butyl cyanoac-
rylate) or poly(p,i-lactide-co-glycolide acid)
(PLGA) are among the most frequently used
nanoparticle formulations for drug delivery
to the brain j3s-39). For example, Tfbearing
PLGA nanoparticles F_ntl:lp]:ling the analgesic
tramadol exhibited antinociceptive effects in
rats for 24 h following their intravenous admin-
istration (#9]. Similar resules were obtained
in rats following intravenous treatment with
0¥ 26-bearing PLGA nanoparticles entrapping
endomorphins (s,

In another study, gold nanoparticles linked to
the peptide CLPFFL} had the capacity to destroy
the apprepates of B-amyloid, similar to the ones
found in the brains of patients suffering from
Alzheimer's disease, but were unable to cross the
BBB. Their conjugation to a peptide sequence
recognizing the TFR allowed them to cross the
BBE and to reach the brain of rats following
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intravenous administration, as demonstrated by
quantification of gold in brain tissue [d0).

TfR-targetad hybrid miczlles
Micelles are small spherical structures with a
hydrophilic surface and a hydrophobic core
region. They recently attracied a lot of interest for
the delivery of drugs to the brain due to their small
size and ease of preparation (4. A polyphospho-
ester hybrid micelle, consisting of TFconjugated
PEG-poly(&-caprolactone) and the amphiphilic
block copolymer poly (&-caprolactone)-block-
polyethyl ethylene phosphate), was used to
encapsulate the BEB-impermeable anticancer
drug, pachitaxel (42). This TE-bearing formulation
enhanced intravenous delivery of the drug to the
brain by 1.8-fold when compared with the non-
tx.rgetedmlcd.l.es:md resulted in an improved
antiglioma activity in mice bearing intracranial
glioma (42,43). In these smudies, only TFbearing
formulations entrapping paclitaxel led to signifi-
cant therapeuric effects on orthotopic glioma,
thus, rejecting the hypothess that the delivery
of the anticancer drug to the tumors may have

It is also important to note that the therapeu-
tic effect of a hydrophobic drug, which is often
used as a measure for drug-delivery efficiency,
may be explained by binding of the drug carrier
system to the brain endothelium or its uptake
by endothelial cells, followed by diffusion of the
d.rl.Lg:Fl.u‘ther into the brain Pareur]:rrrua It does
not necessarily mean that the drug carrier sys-
tem crossed the BBE. The use of non-targeted
delwvery systems as controls is, therefore, highly
important to confirm the TfR-mediated BEB
Crossing.

® Targeted gene delivery

Numerous brain-related diseases could be can-
didates for treatment by pene therapy. Unfortu-
nately, the inability of the nudleic acids tw cross
the BBB limits their therapeutic applications.
In addition, a wuiuplﬂde‘xpmﬂm of the exo-
genous gene throughout the entire brain would
be needed for the treatment of most cerebral
disorders.

Viral delivery systems have been widely used
for gene delivery as they facilitate highly effi-
cient transfer and expression of exopenous penes,
but they can be immunegenic, cytopathic or
recombinogenic, thus, limiting their repeated
administrations [44). On the other hand, non-
viral delivery systems have been explored
as promising alternatives for pene delivery.

Various approaches have been used to formu-
late TfR-targeted non-viral gene medicines able
to transport nucleic acids to the brain following
iniravenous ad ministration (Fiouse 1).

TiR-targeted liposomes

Various formulations of TER-targeted liposomes
have been investigated for the delivery of nucleic
acids across the BBB.

Plasmid DNA encoding B-palactosidase has
been delivered to the rat brain following its
encapsulation in OX26-bearing stealth lipo-
somes 4], This delivery system crossed the BBB
via TfR-mediated transcytosis and lad to gene
expression deep within brain parenchyma. Some
levels of gene expression were also ohserved in the
liver and the spleen (4s).

This tarpeting stratepy has also demonstrated
efficacy in an experimental model of Parkinson’s
disease. In order to remediate the deficency in
striatal tyrosine hydoxylase characteristic of the
disease, Parkinson's disease rat models were intra-
venously injected with TfR-tarpered liposomes
carrying a tyrosine hydoxylase expression plas-
mid. This administration led to a normalization
of striatal tyrosine hydexylase immunoreactvity.
By contrast, rats treated with nontargeted lipo-
somes did not show any improvement of their
pathology, thus highlighting the importance of
TFR. for brain delivery 4.

TfR-targeting can also be used for the brain
delivery of RNAI in brain cancer therapy. One
of the therapeuric strategies used in this instance
was to knockdown the human EGF receptor
which has a pro-oncogenic function in tumor
cell growth and is overexpressed on tumaors. The
plasmid used encoded a RMA antisense to a spe-
cific region of the human EGF receptor mRMNA.
The liposomes encapsulating the nucleic acid
were conjugated to an antibody, ant-TfR, w
cross the BBE and to an antibody anti-human
insulin receptor to reach the mmor once inside
the brain. Intravenous administration of the for-
mulation every week in mice with US7 intra-
cranial brain tumaors resulted in a 100% increase
in survival time of the animals 47).

Similar experiments were also carried out in
mice, using the rat 803 monoclonal antibody
against mouse TFR instead of OX26, which
specifically recognizes rat TFR. 8D3-conjugated
PEGylated liposomes encapsulating plasmid
DMNA encoding B-palactosidase were able to
deliver their cargo to the brain of mice fol-
lowing intravenous administration. When the
enxyme expression was driven by a brain-spedific
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Dendrigrafit: Dendrimeric-
stepwise conpugation of
tree-shaped branches on a
central core.

promoter, such as the glial fibrillary acidic pro-
tein promoter, gene expression was ohserved in
the brain, especially in the astrocytes, but not in
any peripheral organs j4s).

TiR-targeted conjugatesicomplexes

Another stratepy to deliver nucleic acid therapeu-
tics to the brain is to attach them to TfR-targeting
ligands with the use of the avidin/biotin tech-
nology. This approach allowed Suzuki and col-
leagues to image endogenous gene expresgon in
the beain with sequence-specific antisense radio-
pharmaceutics |49). In this study, the biotinylated
peptide nucleic acids were antisense apents to the
rat GFAP mRMA or the rat caveolin-1ot {CAV)
mRNA. They were chelated to a radionudlide
and bound to a conjugate of streptavidin and
0X26. The intravenous administration of TfR-
tarpeted GFAP anti-sense to rats bearing brain
glial tumors did not image beain cancer, due w
the downregulation of GEAP mRNA in cancer.
However, TFR-targeted CAV antisense did lead
to sedective imaging of brain cancer as a result of
the administration of the delivery system, owing
to the upregulation of CAV mRNA in brain plal
AT [49].

Using the same avidin/biotin approach, the
intravenous administratton of a TfR-tarpeted
siRNA led to 69-81% decrease in luciferase pene
expression in brain cancer (5.

Dendrimers have recently been demonstrated
to be promising candidates for brain delivery,
owing to their unique polymer architecture and
easily modified surface groups. They are syn-
thetic polymeric macromolecules of nanometer
size composed of multuple branched monomers
that emerge radially from the central core [s1).
Due to their unusual structure, dendrimers are
characterized by the following properties that
differentiate them from other polymers and
make them attractive for gene delivery: mono-
disperse size, modifiable surface functionality,
multivalency, water solubility and available
internal cavity eventually suitable for drog
delivery s1).

So far, only one dendrimer, polyamidoamine
(PAMAM), has been studied as a vehicle to cross
the BEE via TR targeting (s2). In this study,
Tfwas conjugared to PAMAM through bifunc-
tional PEG and complexed to a plasmid DNA
encoding GFP. After intravenous administra-
tion to mice, the Ti-bearing PAMAM-DNA
c was able to cross the BBB and led to the
expression of GFP in several brain regions such
as the hippocampus, subsesnia nigna, the fourth

ventricle, the cortical layer and candase pusamen.
This pene expression was approximately rwo-
fold higher than that observed following the
administration of PAMAM and PAMAM-PEG
complexes |51).

In other studies, a dendrigraft, poly-1-lysine,
was developed as a delivery system for the
co-administration of the anticancer drug doxo-
rubicin and a therapeutic plasmid DMNA encod-
ing THF-related apoptosis-inducing ligand
for brain tumor therapy. The combination of
gene therapy and chemotherapy within one
TfR-targeted delivery system was hypothesized
to provide a synerpistic therapeutic effect for the
treatment of glioma. The pepride HATYPRH
(T7) was used as a TfR-targeting ligand. Doxo-
rubicin was covalently conjugated to the dend-
rigrafi via a pH-trippered hydrazine bond, while
the DNA was complexed to the carrier. Follow-
ing intravenous administrarion to mice bearing
orthotopic glioma tumors, the TiR-targeted
system was shortly detected in the brain and
in the glioma (within 1 h post-administration).
The combination treatment then resulted in a
synergistic growth inhibition of the mumors,
with a survival time increased by about 20 days
compared with controls (o).

Most studies described above demonstrated
that their TfR-targeted delivery systems were
able to cross the BEB by TfR-mediated tran-
scytosis, by showing that nontargeted deliv-
ery systems were not able to do so. The proof
of such transport mechanism could also be
wbtained either by capillary depletion method
wor morphological investigation of brain tissue.

TiR-mediated delivery of therapeutic
agents to cancer cells

Traditional chemotherapeutic drups can suc-
cessfully eradicate tumors, but often have their
use limited due to their non-specific toxicity
to normal cells. To overcome this major prob-
lem, many tumor-targeting stratepies are cur-
rently under development (s3). Among them,
TFR targeting has been the object of intense
research in the field of cancer therapy, owing
to the overexpression of this receptor on malig-
nant cells that can be up to 100-fold higher
than thar observed in normal cells (s-%). This
overexpression of TfR on cancer cells is much
higher than that observed on the BBB and there-
fore limits any delivery of chemotherapeutics
to the brain, instead of tumors. Furthermore,
TfR-targeted delivery systems were shown to be
highly useful for the systemic treatment of brain
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tumors, as they were able to transpore therapeu-
tic agents across the BEB and to increase their
delivery to brain tumors following intravenous
administration, as further described below [30;50).

m Targeted drug delivery

A wide range of delivery strategies, inclnding the
linkage of drugs w TF entrapment of the drugs
in TfR-tarpeted liposomes, vesicles and nano-
particles, have been investigated for TFR-mediated
delivery of drugs to tumors (Frouse 1).

Linkage of drugs wo Tf

Many anticancer drugs have been conjugated
to either T or an antibody against TfR. One
of them, doxorubicin, is an effective and widely
used anticancer anthracyclin drug that exhib-
its severe adverse effects, such as cardiotoxicity,
nephrotoxicity by myelosuppression due to
non-specific drug distribution and emergence
of drup-resistant cancer cells. To overcome these
limitations, doxorubicin was conjugated with TF
by glutaraldehyde crosslinking. This resulted
in an increase of the in wisre cytotoxicity of
the conjugate, with an IC, decrease of up to
57-fold compared with the free drug in L329
murine fibrosarcoma cells (171 fn vive siudies
on nude mice beanng H-MES(0-1 tumors dem-
onstrated that the intravenously administered
Tf-doxerubicin conjugate significantly
decreased the size of the tumors and conse-
quently increased the life span of the ani-
mals by 69%, compared with 30% following
administration of doxorubicin solution [54).

Conjugation of dexerubicin to TF could
also overcome the resistance of some cancer
cells to doxorubicin solution, for example in
KB human oral carcinoma cells and MCE-7
human breast cancer cells j55). The resistance oo
free doxorubicin could be further overcome by
conjugating THdoxorubicin conjugate with the
antineoplastic drug gallium nitrate, which is a
competitive inhibitor of the circulating holoTT.
The Ti-doxorubicin-gallium nitrate conju-
gate was able o decrease the IC, by 100-fold
in doxorubicin-resstant MCF-7 human breast
cancer cells (4.

TF has also been conjugated to asplatin, an
alkylating agent used for treating testicular,
ovarian and bladder cancers. The resulting con-
jugate was able to avoid metastatic growth of
breast carcinoma cells in the lungs during i vive
experiments on rats. In additon, a clinical trial
for advanced breast cancer has demonstrated a
high response rate w the Tf-cisplatin conjugate

in four out of 11 patients, inchuding one complete
response, with only minor side effects (s7).

TfR-targeted liposomes & vesicles
Encapsulating an anticancer drug in TEbearing
lipossmes or other lipid-based vesicles can lead
to an increase in antiproliferative efficacy
and reduction of nonspecific adverse effects.
The intravenous administration of Tfbearing
liposomes encapsulating doxorubicin in nude
mice bearing HepG2 human hepatoma subouta-
‘neous tumaors resulted in an increase of drug con-
centration in mumors and a subsequent decrease
of tumor growth, compared with doxorabicin
solution [s3).

Liposomes can also be conjupated to anti-TFR.
monoclonal antibodies instead of TE Such a
strategy was used by Suwnuki and colleagues, who
liposomes conjugated to the anti-human TR
monoclonal anubedy OKT9, on K562/ADM
human leukemia cells resistant to free doxo-
rubicin (). In this iv vire study, TER-targeted
doxsrubicin was taken up by the cells, thus result-
ing in an increased cytotoxic activity compared
with the drug solution.

Tfbeanng palmitoyl glycol chitosan-based
vesicles were also tested for the delivery of doxo-
rubicin o A431 human epidermoid carcinoma
and the drug-resistant A2780AD human ovar-
ian carcinoma cells jso). Increased celbular uptake
and cytotoxicity were ohserved for Tfbearing
formularions as compared with doxorubicin solo-
tion. fn vive, however, none of the vesicular for-
mulations could significantly delay the prowth
of A431 tumors after a single administration and
were less active than the drug solution.

THbearing vesicles were also found to be
extremely useful to evalnate the therapentic
efficacy of promising anticancer drugs unable
to reach the tumors at therapeutic concentra-
tions. This was the case for example for toco-
trienol, 2 member of the vitamin E family of
compounds. The authors have demonstrated
that the entrapment of tocotrienol within
TEbearing vesicles led o tumor regression and
increase of the animal survival following intra-
venous administration te mice bearing A431
tumars [s1]. In a follow-up study, the authors
demonstrated that intravenously administered
Tf-bearing multilamellar vesicles entrapping
tocotrienol led to complete tumor eradication
for 40% of B16-F10 murine melanoma and
20% of A431 tumors, as well as improvement of
animal survival jsz.65. A similar stratepy allowed
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the authors to demonstrate that trearment with
the green tea extract, epigallocatechin gallate,
encapsulated in TFbearing vesicles resulted in
tumor suppression of 409 of 4431 and Bl6-F10
tumors following intravenous adminiseration of
the targeted formulation js4).

TiR-targeted polymers & nanoparticles
Polymers and nanoparticles have become
promising drug-delivery systems for cancer
therapy, due to their multfunctional structure
that allows the simultaneous transport of van-
ous drugs to cancer cells, leading to synergistic
therapeuric effects in rive. Polymers used as sin-
gle polymenic systems or as part of nanoparticles
are also biodegradable and nontoxic. They can
be of natural origin, such as the i
chitosan, or synthetic, such as poly(lactic acid)
and PLGA. TfR-targeting nanoparticles could
be formulated o allow various kinetics of drug
release depending of the pathology t be trearad.
For example, a dowly releasing polymer could be
more advantapeous for cancer treatment whereas
a faster release may be required for acute brain
disorders jg5). Tfbearing PLGA-based nano-
particles loading the mitotic inhibitor paclicae]
increased the delivery of their carpo to C6 rat
glioma subcutaneous umors compared with the
nontargeted vehicles, after 24 h of intravenous
administration to rats (ss). In another study,
50% of treated 5-180 tumor-bearing mice
showed a complete mumor regression following
the intravenous administration of THbeaning
PEGylated polyicyancacrylate) nanoparticles
entrapping paclitaxal. The life span of the ani-
mals was significantly increased, with three mice
surviving over 60 days post-treatment with the
TfR-targeting nanoparticles j&7).

m Targeted gene delivery
The possibility of using penes as medicines to
treat patients suffering from cancer is still ham-
pered by the lack of safe carrier systems able o
specifically deliver the therapeutic nucleic acids
to the tumors after intravenous administration.
There is therefore an urgent need to develop
efficacious pene-delivery systems that should
be target-specific, nontoxic, noninflammatory,
biodegradable and nonimmunogenic.
Among all the delivery systems currently
beinp developed. non-viral delivery systems
mist suited to fulfill these requirements.
Muoreover, they have the advantages of being easy
to prepare, flexible regarding the size of nucleic
acid t be carried and suirable for repeated

administrations as they are much safer than
viral vectors (s8). TfR-mediated gene delivery
using these vectors is a promising stratepy since
it provides an oppormunity to achieve specific
gene delivery to tumors while increasing the
transfection efficiency in cancer cells (Fiouse 1).

TfR-targeted liposomes

Cationic liposomes complexed with DNA have
been used extensively for the delivery of nucleic
acids to cancer cells in viere and in rive. The
negatively charged DMNA can be complexed
to the positively charped liposomes by elec-
trostatic interactions to form lipoplexes. The
intravenous injection of a Thbeanng lipoplex
encoding for the tumor-suppressor protein p53
resulted in high level of p53 pene expression in
tumors, contrarily to thar observed with nontar-
gered lipoplexes, in mice bearing subcutaneous
DU145 human prostate tumors (s3], In com-
bination with radiotherapy, the TfR-targeting
lipoplex encoding p53 exhibited complets tumor
regression without recurrence & months after
treatment [s5).

TfR-targeted cyclodesxtring

Cyclodextrins are a family of cyclic macro-
molecules consisting of 6-8 plucopyranoside
units linked together by glycosidic bonds to form
a nng. They are charactenized by their toroidal
modecular strucrure with hydroxyl groups ori-
entated toward the outside. As a result, cydo-
dextrins are soluble in their agueons environ-
ment while being able to host small hydrophobic
drugs in their internal cavity to form inchision
complexes (7).

Cyclodextring containing polycations have
demonstrated efficacy in transporting nucleic
acids such as plasmid DNA and siRMA. A
TfR-rargeting PEGylated imidazole-modified
cyclodextrin was mixed with the siIRMNA target-
ing the EW5-FLI1 fusion protein known to be
a transcription factor involved in tumorigenesis.
Intravenous administration of this system in
mice decreased gene expression of EWS-FLI in
short-term effect (71).

TiR-targeted micelles

TfR-targeting micelles have demonstrated effi-
cacy to deliver nucleic acids to tumors intra-
venously. Micelles made of a copolymer of
PEG-poly(ethylenimine) biotin were associated
to hiotinylated TF by avidin/biotin noncovalent
binding (7). This micellar formulation was

et Dell. (2013} 4(5)
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demonstrated to enhance the umor delivery of
antisense oliponucleotides apainst the human
multidrug resstance protein-1 (which plays a
role in multidrug resistance) in MCF-7ADR
human breast carcinoma as well as in KBV
human oral epidermoid carcinoma (72).

TfR-targetad polymers & dendrimers
Many Tf-bearing polycationic polymers have
been used to condense nepatively charged DNA
and to deliver it to cancer cells. Among them,
polylysine and polyethylenimine (PEI) have
been widely used for this purpose and both were
found to be very efficient vectors for pene trans-
fer to cancer cells. In the K-562 human erythro-
leukemic cell line, most of the cell population
was found to express the transfected reporter
genes following intravenous trearment with the
THbearing palyhsine polyplex (73).

Similarly, TFbearing PEI was used to deliver
a plasmid DNA encoding for TNFa, a cyto-
kine with promising anticancer properties but
also nonspeafic toxicity limiting its potential
use. Systemic treatment of mice bearing either
suboutaneous Meuro?a neuroblastoma, MethA
fibrosarcoma or M-3-melanoma cells with this
targeted formulation resulted in anti-tumor
effects on the three tumor models, with com-
plete regression of MethA tumors (7é75). The
treatment was well tolerated by the animals.

In addirion to their role as drug carriers, den-
drimers have also been investipated as potential
wvehicles for nucleic acids. PAMAM dendrimer
coated with PEG was tarpeted to TFR by con-
jugation with the peptide T7. It was able tw
co-deliver the drug dexorubicin together with
a therapeatic plasmid encoding TMF-related
apoptosis-inducing ligand (7s). A synergistic effi-
cacy was ohserved between the rwo therapeuric
agents following intravenous administration on
mice bearing subcutaneous Bel-7402 human
hepatoma mmors. The TfR-tarpeting system
inhibited 77% of tumor prowth, which was much
higher than that obtained with non-targeted
dendriplex or the free drug. The inhibition was
also achieved using a smaller dose (7).

Recently, the authors have also demonstrated
that an intravenously administered generation
3-diaminobutyric polypolypropylenimine den-
drimer conjugated to TF by crosshnking and
complexed to plasmid DNA encoding TNFou
led o complete disappearance of 90% of A431
human epidermoid carcinoma tumors, com-
pared with the 40% complete tumor regression
ohserved with the nontargeted dendriplex (77).

In another study, the authors used this targeted
dendrimer to assess the therapentic potential of
P73 a member of the p53 family of transcription
factors. We demonstrated that the intravenous
administration of Tfbearing, p73-encoding
3-diaminobutyric polypropylenimine dendrimer
dendriplex led to a sustained inhibition of tnmor
growth and complete tumor suppression for
10% of A431 and B16-F10 tumors in mice 78).
The treatments with both dendnplexes were well
tolerated by the animals.

Conclusion

A major challenge for the development of
potential drugs with promising therapentic
effects resides in their inability to specifically
reach the pathological site following intravenous
administration, withour generating sscondary
effects to healthy tissues.

In the past few decades, the protein TF has
been extensrvely explored as a targeting mole-
cule for the transport of drug and pene delivery
systems to the brain and cancer cells. A wide
range of delivery approaches highlighted in this
review are currently under investigation in lab-
wratory settings and have already led w sgnifi-
cant improvements in the systemic delivery of
Tf-bearing therapeutic systems o their site of
action. Clinical trials exploring the efficacy of
Tthearing therapeurics are already under way.
These advances therefore demonstrate that the
targeting of TR has a huge potential for the

nt of more specific and safer pene and
drug-based therapeutics.

Future perspective

TFR targeting has demonstrated promise for the
delivery of nucleic acids and drugs across the
BBE and to tumaors. The ressarch area is expand-
ing fully, and i currently the object of intense
patenting worldwide.

In the future, it is likely that researchers
will continue to develop novel TfR-tarpeted
delivery systems or other techniques to further
increase the specificity of the tarpeting to the
pathological tissues. In addition, it will probably
become impartant to focus on how to increase
the transfection efficacy to optimize the thera-
peutic effect of potential pene medicines. One
possibility would be to develop a strategy for
facibitating the release of nucleic ands from the
endosome to the cytoplasm of the cells.

Although hiphly promising, most current
research on TfR-based targeted delivery of
drugs and nucleic acids is stll at an early stage
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are already under way. One of them, which aims
to test the efficacy of a TFosplatin conjupate
for advanced breast cancer, has already reported
highly positive results in a Phase [ study (57 and
will hopefully pave the way for many more trials
o come.

More generally, targeting the delivery of
a drug to its site of action can dramatically
increase its therapeutic potential. Given the sig-
nificant improvements already realized in the
field of TFR tarpeting, it is likely that tarpeted
delivery technologies will play a crucial role in
the development of future therapeutics.
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Introduction

= The use of promising novel therapeutics is limited by their inability to specifically reach the pathological site after intravenous
adminitration, resulting in towicity to healthy tEswes.

= Transferrin {Tf} has been extensively studied as a targeting moiety for drug- and gene-delivery systems, as its receptors are overaxprassed
on the blood-brain barrier and on ancer cells.

Tf receptor-mediated delivery of therapeutic agents to the brain & to ancer cells

= A wide range of delivery systems targeting the Tf recaptor have been developed for the delivery of nucdleic adds and drugs.

= Ti-bearing vehicles entrapping nudeic acids and drugs have been demonstrated to specifically deliver their cargo to their required site of
action and to improve their therapeutic effects.

Condusion

= Ti-bearing delivery systermns ane, therefore, highly promising for the delivery of therapeutics to the brain and tumors in wiro and in vive,

and shaould be further inwestigated.
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The possibility of wsing genes a5 medidnes to treat brain diseases k curently limited by the lack of safe and
efficadous delivery systems alle to cross the blood-brain barrer, this resulting ina failure to reach the brain
after intravenos administration.

O the basis that iron @n effectively ready the birain by wsing transfermn receptors for crossing the bdood - brain
barrier, we propaose to ivvest gate if a transie mn-bearing generation 3- pol ypropylend mine dend mer would

ﬁ:;‘::m allow the transport of plasmid DNA tothe brain after intravenous administration.
Bl by b Invira, the conj wgation of transferrinto the polypropy enim ine dendrimer increxsed the DNA uptake by bEnd 3
Gene delivery murine brain endothel loma cells overespressing transferrin receptors, by aboat 1.4-fold and 23-fold compared
Denchr imet o that observed with the non-targeted dendriplex and naked DMA. This DNA uptake appeared to be optimal
Transkerrin fellowing 2 v inciha don with the treatment.
Invvive, the | nirave nows inj ection of transferrin-bean ng dendriplex more than doubled the gene e xpresion inithe
brain comparned o the unmaodifi ed dendriplex. while decreasing the non-specific gene expression imthe lung.
Gene expresson was atleast 3-fol d higher im the brain than inamy tested per phe ral organs and was at its highest
24 h following the injection of the treatments.
These results suggest that transfer in-bear ng pol ypropyle nimine dendrimer is 2 hi ghly prom sing gene delivery
system to the brain
D 2014 Ekevier BV All ighs reserved.
1. Introduction However, the BBE does possess specific receptor-mediated transport

Gene therapy has emerged as a promising strategy to treat cerebral
diseases such as glioma Alzheimer's and Parkinson's diseases whichaf
fect a large percentage of the world's population and hardly respond to
intravenously administered, small molecule treatment | 1-4]. Although
the genetic basis for many of these diseases is known, the possibility
of using genes as medicnes is currently limited by the lack of safe and
efficacious delivery systems able to cross the blood-brain barrier
[BBB) and to deliver DNA to the brain after intravenous administration.

The BEB acts as an entrance gateway, restricting the movernent of
ions and nutrients to the central nervous system while protecting the
brain against harmful blood-borne substances and invading organisms
|2.5]. Its permeability properties prevent the delivery of more than
98X of drugs, including nudeic acids to the brain |2.3].In addition, local-
lyadministered treatments fail to achieve a widespread gene expression
in the target cells throughout the entire brain, which is necessary for a
successhul treatment of most cerebral pathologies (23 6]

* Comesponding author. Tel: +44 141 548 3796; fac: +44 141 552 2562
E-mailaddress (Dufes@stathacuk (C Duls)

Thttpsy i xdoiorg 101016 connel 2014 DE.006
[168- 35590 2014 Elsevier BV All rights reserved.

mechanismsthatcan potentially be exploited as ameansto ampet drugs
and genes to the brain The transferrin receptor (TIR) is of particularin-
terest because it is overexpressed on the brain capillary endothelial cells
|7]. The antibodies that bind to the TR have been shown to sdectively
target the brain microvascular endothelium due to the high levels of
TIR expressed by thesecells | B-10]. This strategy has been widely inwes-
tigated for the delivery of drugs and genes to the brain [11].

Several strategies have been explored to formulate TIR-targeted de-
Iivery systems able to transport nudeic acids to the brain following
intravenous administration [11 . Numerous non-viral gene delivery
systemns are current by under development, due to theit low immunoge-
nicity, stability, unrestricted plasmid size and versatility in types of
modifications [12,13]. Among these delivery systems, generation 3-
diaminobutyric polypropylenimine dendrimer (DAB ) appears to be
particularly promising. We recently prepared a transferrin (Tf)-bear-
ing generation 3-diaminobutyric polypropylenimine dendrimer
(DAB-TF), able to increase the cellular uptake and gene expression
of DNA by cancer cells overexpressing transferrin receptors com-
pared to non-targeted delivery systems, in vitro and in vive [14]
Impartantly, the treatment was well tolerated by the animals, with no
apparent signs of toxicity.
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Building on this study, we now would like to investigate if this TF-
bearing gene delivery system could improve the delivery of DNA to
the brain, in vitro and in vivo f‘olluwing intravenous administraton

2 Materials and methods
2.1. Cell [ines and reggents

Human holo-transferrin, generation 3-diaminobutyric paly pro-
pylenimine dendrimer (DAB), dimethylsuberimidate and all other
chemicals and reagents that are not specifically mentioned below were
obtained from Sigma-Aldrich [Poole, UK). The expression plasmids
encoding B-galactosidase [ pCMVsport B-galactosidase ) and td Tomato
[pCMV-tdTomato) were respectively purchased from Invitrogen (Paidey,
UK) and Clontech [Mountain View, CA). They were propagated in
Escherichio coli and purified using an Endotoxin-free Giga Plasmid
Kit (Qiagen, Hilden, Germany ). Vedashield® mounting medium with
4 G-diamidino-2-phenylindole [(DAPI) came from Vector Laboratories
[Peterbarough, UK). Passive bysis buffer, Label IT® Cy3- and fluorescein-
MNucleic Acid Labeling kits were respectively obtained from Promega
[Southampton, UK) and Cambridge Biosciences [(Cambridge, UK).
bEnd.3 murine brain capillary endothelial cell line was purchased
from LGC Standards (Teddington, UK), while cell culture media were
obtained from Invitrogen (Paisley, UK).

22 Synthests and characterization of fransfmin- bearing DAB dendrimer

Transferrin (TF)} was conjugated to generation 3-diaminobutyric
polypropylenimine dendrimer (DAB) by using dimethylsuberimidate
(DML} as a cross-linking agent, as previously reported [14,15]. DAB
(24 mg) was added to transferrin (6 mg) and dimethylsuberimidate
(12 mg) in triethanolamine HO buffer (pH 74, 2 mL). The reaction
took place for 2 h at 25 *C while stirring. The conjugate was purified
by size ecdusion chromatogmphy using a Sephadex G75 column and
freeze-dried. The conjugation of Tf to DAB was assessed by 'H NMER
spectmscopy using an Ok ford NMR AS 400 spectrometer (Jeol, Peabody,
MA)

23, In vitro biological chamacterization

23.1. Cell culture

Immortalized bEnd 3 cells overexpressing TF receptors were grown
as manalayers in Dulbeceo's Modified Fagle Medium (DMEM ) supple-
mented with 105 (v/v) fetal bovine serum, 1% (v/v) 1-glutamine and
0.5% (v/v) penidllin-streptomycin Cells were cultured at 37 *Cin a
humid atmosphere of 5% carbon dicide.

232 Cellular uptake

Imaging of the cellular uptake of the DNA camried by DAB-TF was
carried out using epifluorescence microscopy. Labeling of the p-
galactosidase-encoding plasmid DNA with the fluorescent probe Cy3
was performed using a Label IT® Cy3 Nucleic Acid Labeling kit, as de-
seribed by the manufacturer. bEnd 3 cells were seeded on coverslips in
B-well plates [10‘t cellswell ) and grown at 37 “C for 72 h They were
then incubated for different durations [ 15, 30, 45, 60, 120, 240 min)
with Cy3-labeled DNA (2.5 pg DNA/well ) compleced to DAB-TF at the
dendrimer:DNA weight ratio of 10:1. The cells were then washed
three times with PBS and fixed with methanol for 10 min Upon staining
of the nuclei with DAPI, the cells were examined using an EGOOFN
Upright Epiflucrescence microscope (Mikon, Tokyo, Japan ). DAP was
excited with the 365 nm CoollED pE excitation systemn | bandwidth:
435-485 nm ), whereas Cy3 was excited with the 470 nm Cool LED pE ex-
citation systemn [bandwidth: 515-555 nm).

Onee thetreatment duration allowing maximal DNA uptale wasde-
termined, a similar procedure was performed to compare the cellular
uptake of Cy3-labeled DNA (25 pe/well) complexed to DAB-TF and

DAB (dendrimer:DMNA weight ratios respectively of 10:1 and 5:1) [ 14,
16] during the optimized treatment duration. Control samples wene
treated with naked DNA or remained unireated.

Quantification of celhilar uptake was performed using flow cytome-
try. Labeling of plasmid DMNA with the fluorescent probe fluorescein
wias performed using a Label M@ Fluorescein Mudeic Add Labeling kit,
as described by the manufacturer. bEnd3 cells were grown in G-well
plates (16 10° cells/well ) at 37 “Cfor 72 h. Thecells wem then treat-
ed with fluorescein-labeled DNA (5 g DNAwell), alone or complexed
to DAB-Tf and DAB (dendrimer:DNA weight ratios respectively of 10:1
and 5:1). Untreated cells served as a negative control After 2 h incuba-
tion with the treatments, single cell suspensions were prepared,
washed (2 mLPBS pH 7.4 per well) and pelleted (378 g for 8 min) 3
times, before being analyzed using a FACSCanto® flow cytometer [ BD,
Franklin Lakes, NJ). Ten thousand cells (gated events) were counted for
each sample. Their mean fluorescence intensity was analyzed with
FACSDiva® software (BD, Franklin Lakes, NJL

233 Mechantsms of cellular uptake of DNA complexed to DAB-TF
dendriplex

The mechanisms involved in the cellularuptake of DNA compleed to
DAB-TF dendriplex were investigated by treatment with uptake inhibitors
and escalating concentrations of free T Cells were sreded and grown a
described above, After removal of the medium, they were then pre-
treated with phenylarsine oxide [ 10 pmol L), filipin (5 pg/mL), colchicine
(10 pmal /L), poly-i-lysine (400 pg/mL) and varous concentrations of
free TFranging from 2.5 to 20 pmaol /L for 10 min at 37 *C The cells were
then treated with Cy3- or fluorescein-labeled DNA (respectively 2.5 and
5 pgawell for qualitative and quantitative analysis) complexed to DAB-
TFfor 2 h, before being washed and processed for fluorescence micrasco-
py and flow cytometer analysis as described above.

234 In vitro transfection

Transfection efficacy of the DNA camried by DAB-TF dendrimer was
assessed with a plasmid DNA encoding Pgalactosidase (pCMVY Bgal),
using a P-galactosidase transfection assay. bEnd 3 cells were seeded at
a density of 2000 cells well in 95-well plates (n = 15). After 72 h
incubation, the cells were treated with ﬂ'leDAE-dee’ndriplex at the
dendrimer:DNA weight ratio of 10:1, which has previously been
shown to give the highest transfection on other cancer cell lines |14,
15]. DNA concentration (10 pg/ml) was kept constant for all the
formulations tested. Naked DNA served as a negative control, DAB-
DNA [ dendrimer:DMA weight ratio 5:1) served as a positive contral.
After 72 h incubation, cells were lysed with 13 passive lysis buffer
[PLB) (50 pLiwell) for 20 min. The cell lysates were subsequently
analyzed for B-galactosidaseexpression, Briefly, 50 pl of the asay buffer
(2 mM magnesium chlorde, 100 mM menaptosthanol, 133 mgimL o-
nitrophenoHp-galactopyranoside, 200 mM sodium phosphate buffer,
pH 7 3) was added to each well containing the hysates After 2 hincuba-
tion at 37 °C, the absorbance of the samples was read at 405 nmwith a
Multiscan Ascent® plate reader | Thermo Scentific, Waltham, MA).

24 In vive study

24.1. Animals

Female BALB/c mice were housed in groups of five at 19 °C to 23 °C
witha 12-hlight-dark cycle. They were fed a conventional diet [Rat and
Mouse Standard Expanded, BEK Universal, Grimston, UK) with mains
water ad libitum. The in wive experiments described below were ap-
proved by the local ethics committee and performed in accordance
with the UK Home Office regulations

242 Biodistribution of gene expression

The biodistribution of gene expression was visualized by biolumi-
nescenoe imaging, using an VIS Spectrum® [PerkinElmer, Waltham,
MA)L
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Fig. 1. Epiflvorescence micrascopy i maging afthe cellular uptake of Cy3-lbeled DNA (25 pg/well) complexed with D AB-T{ after incubation for 15 min, 30 min 45 min, 1 h 2 har4d hwith
bEnd 3cd k Blue mucleistained with DAP! (exctation: 365 nm, handwaid th: 435485 nm), green: Cy3-labela] DNA {excitation: 470 nm, band wadth: 515.555 nm) (Bar: 10 pm). (For in-
terprtation of the references © color in this figure legend, the rexder is referred to the web version of this article )

To determinate the treatment duration leading to the highest gene
expression, female BALB/c mice (n = 3, initial mean weight: 20 g) were
injected intravenously with a single dose of DAB-Tf camying luciferase
expression plasmid (50 pg of DNA). They were then intraperitoneally
injected with the ludferase substrate p-ludferin (150 mg/kg body
weight) after various treatment durations and anesthetized by
isoflurane inhalation. Light emission was measured 10 min after injec-
tion of the p-ludiferin solution, for 2 min, using Living Image® software
(PerkinElmer, Waltham, MA). The resulting pseudo-colorimagesrepre-
sent the spatial distribution of photon counts within the animal Identi-
cal illumination settings were used for acquiring all images | 17).

A similar procedure was then performed at the optimum treatment
duration to compare the distribution of gene expression resulting from
the single intravenous injection of DAB-Tf and DAB dendriplexes
encoding luciferase (50 pg of DNA).

Biodistribution of gene expression was also quantified using aB-
galactosidase reporter gene expression assay. Groups of mice (n = 5)

DAB-T{-DNA

Untreated

Fig. 2 Epifluo rescence micrasm py imaging of the a=llular uptake of Cy3- labeled DNA
{25 pg/well) either complexed with DAB-T{ DAB or in solution, after incubasion for2 h
withbEnd 3 cells Blue: nudei stained with DAP] (exd tation: 365 nm, bandwidth: 435
485 nm), green: Cy3-labeled DNA {excitation: 470 nm, bandwidth: 515-555 nm) {Bar:
10 pm). (For interpretation of the references © i in this figure legend, the reader is re.
ferred o the web version of this article )

were injected intravenously with a single dose of DAB-Tf and DAB
dendriplexes encoding luciferase (50 pg of DNA). They were sacrificed
24 h after injection and their organs were removed, frozen in liquid
nitrogen, before being analyzed for their B-galactosidase levels as
previously described [18].

2.4.3. Distribution of gene expression within the brain

Distribution of gene expression within the brain was qualitatively
assessed by fluorescence microscopy imaging of the brain sections of
mice treated with DAB-Tfdendriplex encoding tdTomato. Mice werein-
travenously injected with a single dose of DNA encoding tdTomato,
naked or complexed to DAB-Tf and DAB dendrimers (50 pg of DNA).
They were sacrificed 24 hafterinjection and their brains were removed,
fixed in a solution of 10% formalin for48 h. Following fixation, the brains
were dehydrated through an ethanol gradient for 8.5 h, dleared in xy-
lene for 2.5 h, before being embedded in paraffin wax. Coronal sections
were cut at a thickness of 4 um in different brain areas (anterior, median
and posterior) and left in a 37 “°C oven overnight before being stained
with hematoxylin and eosin (H&E) according to standard procedures.
The brain sections were then examined using an EGOOFN Upright
Epifluorescence microscope. Positivity for tdTomato expression in the
brain was assessed at exdtation wawelengths of 530-635 nmand emis-
sion wavelengt hs of 605-655 nm.
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Fig. 3. Bow cytometry quantification of the c=llular uptake of fluarescein-labeled DNA
{25 pg/well) either complexed with DAB-T{ DAB or in solution, after incubaton for2 h
with bEnd 3 cells (n = 15). *: P < 005 compared with DAB-TRDNA.
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Fig. 4 Epifluarscence micrascopy imaging of the bEnd3 aellular uptake of Cy3-lbded DNA (25 pgiwell) P

] with DAB-TL folk with various af

free Tf (ranging from 2.5 pM © 20pM ). Blue: nudei staned with DAR {exdtation: 365 nm, bandwad th: 435 48 5nm), green: Cy3-libeled DNA (exctation: 470 nm, handwid ¢h:515.555nm)
{Bar: 10 pm). (For interpretation of the references to colar in this figus legend, the rexder is refirred to the web versian of this attide )

25, Statistical analysis

Results were expressed as means 4 standard error of the mean
(S.E.M.). Statistical significance was assessed by one-way analysis of
variance (ANOVA) and Tukey multiple comparison post-test (Minitab®
software, State College, PE). Differences were considered statistically
significant for P values lower than 0.05.

8000
L
3 *
2z aood| | =
[}
z
E
o
Q
3000 *
@ *
b * *
= H—‘—H—v—‘
w
0 T T T T T T T T T 1
0 25 65 75 10 125 16 175 20

Concentration of free Tf (uM)

Fig. 5. Flow cytametry quantification of the bEnd 3 celluler uptake of fluorescein -Lbeled
DNA (25 pg/well) caomplexed with DAB-TY, fallowi ng pre-treatment with various concen-
trations of free Tf ( ranging fram 2.5 pM © 20 M) (n = 15). *: P < 005 compared with
DAB-TR.DNA.

3. Results and discussion
3.1. In vitro biological characterization

3.1.1. Cellular uptake

Theuptake ofCy3-labeled DNA complexed to DAB-Tf by bEnd.3 cells
was qualitatively confirmed by epifluorescence microscopy. Cy3-
labeled DNA was disseminated in the cytoplasm from as early as 15
min after the start of the treatment. Following various treatment dura-
tions, the DNA uptake in cells appeared to be most pronounced after
treatment with DAB-Tf dendriplex incubated with the cells for 2 h
(Fig. 1).

We then evaluated the cellular uptake of Cy3-labeled DNA either
administered as complexed to DAB-Tf and DAB, or as a solution,
following 2 h incubation (Fig. 2). The treatment of the cells with DAB-
Tf dendriplex resulted in a pronounced DNA uptake in the cytoplasm
of the cells. By contrast, cells treated with DAB dendriplex or DNA solu-
tion did not show any Cy3-derived fluorescence, highlighting the need
of a targeted delivery system to carry DNA to bEnd3 cells. The diffuse
Cy3derived fluorescence may be due to the homogeneous distribution
of the fluorescently-labeled DNA in the cytoplasm following the escape
of the DAB-Tf dendriplex from the endosomes and the release of the
DNA from its dendritic carrier.

These results were quantitatively confirmed by flow cytometry
(Fig. 3). Cellular fluorescence was highest following treatment with
DAB-Tfdendriplex ( 7682 4 355 arbitrary units (a. w)). It was respec-
tively about 1.4-fold and 23-fold higher than the cellular fluorescence
observed following treatment with DAB dendriplex (5531 4+ 530 a u)
and DNA solution (3370 4+ 199 a.u).

In this study, we successfully demonstrated that the conjugation of
Tf on DAB improved DNA uptake by bEnd3 murine brain capillary
endothelial cells, compared to control dendriplex and naked DNA
treatments. Tf receptor-mediated uptake of DNA has been widely
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Fig. & Epiflu orescences microscopy imaging of the bEnd 3 cdlulr uptake of Cy3-labelea] DNA (25 pgfwell) complecsd wi th DAR-T L following pre-treztment with various celThilaru praie
inhihitars: phemylarsine axide [“Fhis0), filipin (“FiL™). caldhidne | “Colch = ) and paly-lysine | “Plys" | Blue: nudei stined with DAP] [ewdtaton: 365 nm, handwddéh: 43 5485 nm),
green: Cy3-labeled DNA [excitution: 430 nm, bandwidth: 515-555 nm) (Rar: 10 pm) { Par interpretation of the refenenoes to ailar in this figure legend, the reader i neferned to the

weeh version of this adtide.)

studied on cancer cell lines and brain capillary endothelial cells [11,14,
15,19-30] Although the differences between treatments were less pmo-
nounced inour study, our resu ltswene in accordance with previous data
obtained by Ko and colleagues |24], who revealed that the uptake of
TIR-targeting biotiny lated PEG-stabilized lippsomes encapsulating
PElfoligod emgynucleotide was about 3-fold higher compared to that of
non-targeted nanoparticles, in the bEnd5 mouse brain endothelial cell
line. This outoome was also in line with our previous studies, in which
we demonstrated that the conjugation of TF to DAB increased the DNA
uptake by TOEG glioblastoma, PC-3M-luc-06, DU 45 and INCaP pros-
tate cells overexpressing TF receptors [14,19).

3.1.2. Mechanisms of cellular uptake of DNA complexed to DAB-TF
dendriplex

Pre-treatment of the bEnd 3 cells with various concentations of free
Tt significantly decreased the cellularuptake of fluorescein-labeled DNA
compleced to DAB-TE with increasing concentrations of free TE, to reach
aplateau at Ticoncentrations higherthan 125pM (Figs. 4and 5 ). AtaTr
concentration af 20 p, the oo lular uptake of flumescently-labeled DNA
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Fig. 7. Flow cytometry quantification of the bEnd 3 celhilar uptake of fluoresosin-libeled
DA (25 pgiwell) comiplenced with DAB-TE following pre-trestment with varios el lr
upiake inhibiiors: phenylars ine adde (“Phas O7), filipin (*FiL*L caldchicne | “Calch = ) and
paly=t=lysine ["PLys"L (n = 151 *: P <= (L5 compared with DAB-TRDNA.

was 3.E-fold lower than that observed with DAB-TF dendriplex without
pre-TF treatment | respectively 2010 4 122 3 w and 7682 4 355 a. u).

The cellular uptake o ffluo rescein- abeled DMA compleced to DAB-TE
wias also partially inhibited by phenyarsine oxide, filipin, colchicine and
poly-t-dysine [Figs. 6 and 7). Cokchidne and phenylasine oxide caused
the most significant inhibition, with a cellular uptake respectively
decreased by 23-fold and 2.1-fold compared to that observed with
DAB-TT dendriplex without inhibitory treatment [ respectively 3316 4+
251 a.uw. and 3614 4 140 au following pre-treatment with colchicine
and phenylarsine code ). Filipin and poly-L-Lysane appear to be less ef-
fective inhibitors, leading to acd lular uptake decreased by respectively
1.7-fold and 1.3-fold compared to DAB-TT dendriplex without pre-
treatment [respectively 4532 4 201 2. w and 5974 4 192 a.u following
pre-treatment with filipin and poly-1-Lysine).

These nhibitors act on various endocytic mechanisms on the BRE.
Phenylarsine oxide is an inhibitor of dathrin-mediated endooytosis
[which is a requisite for receptor-mediated endooytosis) |31 | Filipinis
known to block the caveolae-mediated process in non-specific adsorp-
tive endocytosis | 32]. Colchicine inhibits macropinocytosis [33 |, which
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Fig. & Transfection efficucy of DAB-TTand DA dendripleces in bEnd 3 c=llx. DAB-TF and
DAB dendriplex e were dosed at their optimal dend rimerDNA ratio of 10:1 and 5:1
respectively. Resulis are expressed s the mean + 5PM of three replicates (n =
151 *: P <005 compared with DAB-TR-DNA.
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provides non-specific endocytosis of macromolecules, whereas cationic
poly-1-Lysine can inhibit the uptake of cationic delivery systems.

The cellular uptake of DNA complexed to DAB-Tf was therefore relat-
ed to endocytosis processes, including dathrin-mediated endocytosis,
macropinocytosis, and to a lesser extent caveolae-mediated endocytosis
The zeta potential of DAB-Tf dendriplex was slightly cationic (1.03 mV)
|14}, which limited the paossible inhibitory role of poly-i-lysine. These
results suggested that both receptor- and adsorptive-mediated mecha-
nisms might contribute to the cellular uptake of DNA complexed to
DAB-TE.

Increasing amounts of Tf could significantly inhibit the cellular
uptake of DNA complexed to DAB-TY, suggesting that the Tf receptor-

DAB-T{-DNA

Fig. 10. Biol

eimaging of g aer admi

mediated mechanism might be the main mechanism of cellular inter-
nalization of DNA complexed to DAB-TL.

3.1.3.In vitro transfection

The conjugation of Tf to DAB dendriplex led to an increased ransfection
compared to unconjugated DAB dendriplex on bEnd 3 cells (Fig. 8). Gene
expression following treatment with DAB-Tf dendriplex was 1.3-fold
higher than following treatment with DAB dendriplex (3.79 x 103 4
0.23 x 10~3 U/mL and 285 x 10~* 4 021 x 10~ U/mL respectively
for DAB-Tf and DAB dendriplexes).

Thetreatment of bEnd.3 cells with TF-bearing and DAB dendriplexes
resulted in an increasein gene expression by about 4.3-fold and 3 3-fold

Lusrexence

DAB-DNA W

nn

Courts

af DAB-Tfand DAB dendriplexes (S0 g DNA administered). (Contrals: DNA solution ). The mice wes

imaged using the IVES Spectrum 24 hafter m)ednnuh}t treatments. The scale indictes suface radance (photonsA/on®/steradian).
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respectively, compared to that observed following treatment with
naked DNA (0.87 x 10~* 4 0.01 x 10~ U/mL). The cells treated with
naked DNA did not show any significant transfection increase
compared to untreated cells.
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The enhanced B-gal ion following DAB-Tf dendriplex treat-
ment most likely resulted ﬁnm the lnwwd cellular uptake observed
with this treatment. Both increases were of the same magnitude (1.4-
fold for cellular uptake, 13-fold for gene expresson compared to non-
targeted DAB dendriplex treatment). These transfection results were
in line with those described in the literature. For example, Huang and
colleagues reported that the luciferase expression in brain capillary
endothelial cells treated with Tf-bearing PEG-PAMAM dendriplex was
1.8-fold of that obtained with PAMAM dendriplex and PEG-PAMAM
dendriplex [26]. In our previous experiments, the conjugation of Tfon
DAB dendriplex already led to similar increases of gene expression, by
1.3-fold on both T98G and PC-3 cells, and by 2.2-fold on A431 cells,
compared to thatobserved following treatment with DAB dendriplex
[14,19].

32.In vivo study

Distribution of gene expression following i injection of
DAB-Tf dendriplex encoding luciferase was first qualitatively assessed
by luminescence imaging, at various treatment durations Gene expres-
sionappeared to be mainly located in the brain of the mice. The highest
gene expression level was found 24 h following injection of the treat-
ment (Fig. 9).

Gene expression bllowing administration of DAB-Tf dendriplex was
then compared to that observed following administration of DAB
dendriplex and DNA only, 24 h after administration of the treatments.
The level of gene expression in the brain appeared to be highest

inaferas ianaftdTomat-encoded DNA (50 g ) either complexed

Fig 1260 sgingof theditrinion of g
with DAB-TF, DAB orin nm(upiﬁanm *60).
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following treatment with DAB-TF dendriplex (Fig. 10). In addition, lucif-
erase expression appeared to be very limited in organs other than the
brain. This might be explained by the threshold of the technigue that
probably allowed only the most intensely luminescent tissues to be
analyzed.

These results were confimmed by quantification of gene expressonin
the major argans of the mice. The intravenous administration of DAB
dendriplex led to gene expression mainly in the brain [(16.7 4+ 7.6mU
P-galactosidase per organ) and the spleen (158 4+ 2.7 ml B-
galactosidase per argan), followed by the kidneys (121 + 3.6 mU
B-galactosidase per organ) and then the lung (6.6 + 2.6 mll B-
galactosidase per organ) (Fig. 11).

By contrast, the conjugation of TF to DAB significantly increased by
more than 2-fold the gene expression in the brain (373 4 42 mUB-
galactosidase for DAB-TF dendriplex), while there was very little p-
galactosidase detected in the liver, the lung and the spleen. Inthe kid-
neys and the heart. gene expression reached similar levels to what
was observed following treatment with DAB dendriplex (105 =+
6.1 mll and 121 4+ 36 mU B-galactosidase per organ in the kidneys
for respectively DAB-Tf dendriplex and DAB dendriplex 2.5 4 1.6mU
and 0.9 4 1.6 ml P-galactosidase in the heart for respectively DAB-TF
dendrple: and DAB dendriplex). B-galactosidase gene expression in
the brain was at least 3-fold higher than in any peripheral organs tested
in this study.

The amount of TF injected as DAB-TF was much higher than the
endogenous amount of Tfin the plasma [ 268 pg, comesponding to an
endogenous plasma concentration of 25 pM [34 |, which limited the
risk of competition for binding to the TR

W havechosen to usea B-galactosid ase expression assay for quan-
tifying gene expressioninthe organs, as the spectrofluorimetic quanti-
fication of the reaction product 7-hydroey-9H-(1, 3-dichloro-9, 9-
dimethyl-acridin-2-one [DDAQ) in the red part of the spectrum avoided
imterferences from hemoglobin which hamper many in vive quantifica-
tion assays [18.35].

Within the brain, gene expression was the highest following
administration of DAB-Tfdendriplex (Fig. 12). It was homogenously
distributed in the brain parenchyma in all the sections of the brain we
observed, but did not appear to have reached the neurons and glial
cells. By contrast, tdTomato gene expression was very limited in the
brain following administration of DAB dendriplex. Some autofluores-
cence artifacts were visible in the brain treated with naked DNA or left
unireated.

This communication presents evidence that DAB-Tf dendriplex led
to improved gene expression in the brain following intravenous admin-
istration To our knowledge, it is the first time that the intravenous
administration of a TH-bearing non-viral delivery system resulted in
such intense effects.

Other groups have already demonstrated gene transfer capabilities
of THbearing and TiR-targeting gene delivery systems following intra-
venous administration, but with much smaller gene expression in the
brain and much larger non-specific expression in other organs. For ex-
ample, the intravenous administration of liposomes encapsulating
palyethyenimine #*P-gligodemomucleotide polyplexes and conjugated
to BD3 anti-mouse TF receptor monockonal antibody, resutted in anin-
creased brain uptake, but with the tracer activity being found mainly
in liver, spleen and kidneys [ 24].

Similar gene expression levels and tissue expresion pattemns were
seen when lipoplexes encoding luciferase were conjugated with the
036 anti-rat Tf receptor monoclonal antibody, Following 48 hafter in-
travenous administration of this lipoplex, the exogenous gene was
expressed in the brain with levels as high as 0.2 pg'mg protein, but was
also mainly found in peripheral tissues such as the liver, spleen and
lung | 36]. Another study using asimilar lipoplex reported that the luci fer-
ase gene expression in brain was comparable to that of ung or spleen
|22). Similarly, the injection of 8 D3-bearing PEGylated immunolipoplexes
encoding B-galactosidase also led to a similar pattern of distribution, with

gene expression being found in the brain, but mostly in the liver and
spleen [20.22]

The differences in the biodistribution of gene expression may be
explained by the targeting of different TIR and the use of TFinstead of
anti-TfR antibodies as a targeting moiety. Both TFR1 and TFRZ are mem-
bers of the Tf receptor family. TIR1 is expressed at low levels in most
human tissues, but is highly expressed on the vascular endothelium of
brain capillaries [T]. It is also expressed at levels up to 100-fold higher
than those on normal cells on highly proliferative cells such as cancer
cells [37], making this receptor a promising target for the delivery of
therapeutics to the brain and cancer cells. By contrast, the c-ransoript
product of TIR2 is mostly expressed on hepatocytes, while its B-
transcript is present on a wide range of tissues but at very low
levels [38). In addition, TFR1 has a much higher affinity for Tfthan
TFR2 (25-fold higher) |38], which is not the case for anti-TIR mono-
clonal antibodies. TAR1 would therefore be a more effident target for
transierrin-mediated gene delivery to the brain or cancer cells,

Previous studies using the dendrimer polyamidoamine [FAMAM)
instead of OAB hawve shown thatthe gene expression of intravenously
administered Tf-bearing PAMAM dendriplex was about 2-fold higher
in the brain than that of non-targeted dendriplex. Gene expression of
luciferase, however, was mainly found in the heart and lung 26].

In a previous study done on tumaor-bearing mice, we demonsrated
that the intravenous administration of DAB dendrimer conjugated to
transferrin (TF), whose receptors are also overex pressed on cancer
cells, resulted in gene expression mainly in the tumorsafter intravenous
administration | 14]. Thus, DAB-Tf dendrimer complexed to a TNFa-
encoding DMA led to a rapid and sustained tumor regression over one
month, resulting in complete suppression of 906 of the tested A431 -
maors and regresgon of the remaining 105 | 14]. In this study, we wanted
to imvestigate if the targeting properties af this dendrimer could lead to an
enhanced delivery of DNA to the brain after intravenous administration,
on mice without tumors. We demonstrated that this is indeed the case.

In conclusion, we have demonstrated that transferrin-bearing DAB
palypropy lenimine dendrimer led to an increased gene expression in
the brain, which was at least 3-fold higher than in any tested peripheral
organs, Transferrin-bearing DAB dendrimer is therefore a highly prom-
ising delivery systemn for gene delivery to the brain and will be further
imvestigated to optimize its therapeutic potential
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Dendrimers are emerging as potential nonviral vectors for the efficient delivery
of drugs and nucleic acids to the brain and cancer cells. These polymers are highly
branched, 3D macromeolecules with modifiable surface functionalities and available
internal cavities that make them attractive as delivery systems for drug and gene
delivery applications. This article highlights the recent therapeutic advances resulting
from the use of dendrimers for brain targeting and cancer treatment.
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Th: treatment Df hfﬂiﬂ diSCBSCS ﬂﬂl:l canccr
represent major thcmpcmic c.hallcngcs in
modern medicine. Cerebral discases, such as
Alzhcimcr’s and Parkinsnn’s diSCSSCS, aff:ct
a Iargc percentage of the world’s popnla—
tion and barc.ly rcspond o imravcnously
administered, small-molecule  trearments
[1.2]. In addition, cancer remains one of the
lcading causes of mortality, acmunting for
8.2 million deaths in 2012 [3].

Recent multidisciplinary
rescarch have led to the diswvcry of numerous

advances in

promising drugs against cercbral discases and
cancecr. Hawc\':f, most Of tl'l:sc dl‘ugs fai] w
specifically reach the pathological site, resule-
ing in sccondary cffects on healthy tissues.
Iﬂ Oldcf to mmcdy this Pml)lcm, .][ is tl'lcl'ﬂ'
fore crucial to be able to deliver these drug
candidares specifically to their site of action.
In this context, dendrimers arc emerging
as potential nonviral vectors for cfficiently
delivering drugs and nucleic acids to the
brain and cancer cells. They are polymeric
moleccules with perfectly branched muldiple
monomers that emerge radially from a cen-
tral core, similar to a tree (dendron in Greek)
[4]. Their modifiable surface funcrionalities
and available internal cavities make them
attractive as delivery systems for drug and
gene delivery applications (for compari-
son of the advantages and disadvantages of

dcndrim:rs Wilh ()th:[ dC.IiVEI)’ S)’SIC]’DS,
p]casc sce [j]). These symm:trica] molecules
can be symhcsiud to a definite size in a
]'EPI‘()dI.lI.’jI)IC mannecr iﬂ Dl‘d:l‘ w form SPhCl‘i—
cal macromolecules, as initially described
by the Vigtle group in the late 1970s [4], as
well as the Tomalia group and the Newkome
group in the 1980s [47-9]. The dendrimers
can be synthcsizcd mainly hy two methods:
Tomalia—typc divcrgcnt symhcsis, in which
the dendrimer is formed in a stepwisc man-
ner from the core to the pcriph:ry [10]; and
Fréc.hct—typc convergent symhcsis, in which
thc dCl'lleﬂS arc synthcsizcd ﬁl‘St ﬂﬂd I]'lCl'l
anchored to a multifuncrional core [11].

Dendrimer can be divided into three
stmctnral dnmains:

¢ A multivalent surface, which has been
largely cxploited by many investigators
as a mcans Of ac.hicving I]'IC conjugation
of targeting moictics and the binding
of drugs or nucleic acids for therapeuric
applications;

* Dendrons delimiting the void spaces
shiclded by the surface — this domain has
been used for the encapsulation of various
chemically sensitive drugs;

L4 Thc corcg, which allaws thc attad‘lmcm Of
the dendrons (Figure 1) 12].
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Figure 1. 2D representation of a dendrimer.

Each of these three parts can be tailored for a desired
function of the dendrimers, such as drug delivery,
molecular sensors, enzyme mimics and bicimaging
{Figure 2}. This article will mainly focus on the recent
therapeutic advances that have been made using den-
drimers for brain targeting and cancer therapy (for
further reading regarding the therapeutic, imaging and
diagnostic applications of dendrimers, please see [13-15]).

Dendrimers for brain delivery
Diseases of the CNS, such as Alzheimer's discase, Hun-
tington's disease, Pardkinson’s disecase and brain cancer,
currently represent 11% of the global burden of disease.
The number of new drugs that have been approved for
the treatment of CINS disorders remains very low due to
their inability to cross the blood-brain barrier (BBB), a
key regulating site for drug access to the brain that acts
as an entrance gateway for various nutrients to the brain
while protecting it ﬁumpcﬂtmia]l}r Inmiccorrpcunds [L3].
The barrier function of the BBB is a combination of a
physical barrier, a transport barrier and a metabolic bar-
rier 116]. The low and sclective permeability of BBB can
be credited to its unique biological propertics:
*  The lack of fenestrations, vesicular transport and
pinocytosis in the endothelial cells 7

+ The physical barrier due to the presence of tight
junctions between a.djal:\:m endothelial cells 191;

+  The transport barriers resulting from the expression
of various transporters, inc].uding GLUT-1, LATI,
transferrin receptors (TFRs), nsulin receptors,
LEPl1, LRP? and the ATP Fa.mil)’ of efAux trans-
porters, such as Pﬂh’cﬂpﬂd‘:in and the mul[i.drug
resistance-related proteins. These transporters and
receptors are expressed on the capillary endothelial
cells of the BBB and only carry specific molecules
to or from the brain 12015

+  Although the multitasking BBB plays an cssential
role in the development of the CNS as a complex

integrated network, it poses a major problem for
treatment strategics that require the delivery of
drugs and nucleic acids to the brain for the treat-
ment of CM5 disorders. However, this issue can
be overcome by exploiting the specific transport
systems expressed on the BBB for the transport
of therapeutics to the brain. Various dendrimers
based on this delivery strategy have been developed
and preclinically evaluated. Among other nano-
materials, they appear to be particularly promising
in this application due to the various advantapes
they offer, such as monodispersity, lack of immu-
nogenicity, permeation through biological barriers,
improved drug stability and maintenance of drug
levels in the ﬂﬂ:raptutica]l}' desirable range 12].

Dendrimers for TfR targeting

Out of all of the tismes in the body, the expression
of the TfRs is mainly found in the brain capillary
endothelium that forms the BBB 121). TFRs are respon-
sible for the transport and distribution of iron in the
bc-dy th.mugh an imn—bindirg gl}ncoprmcin, transfer-
rin (TF). Ower the last two decades, TFhas been exten-
sively investigated as a targeting ligand for drug and
gene delivery systems in order to transport therapeutics
to the brain [22).

Due to their unique physicochemical proper-
ties, dendrimers have been shown to be promising
candidates for brain delivery. The polyamidoamide
(PAMAM) dendrimer (Figure 3) is the most researched
candidate for the delivery of therapeutics to the brain
via TFR targeting. In a S(lld}f I:ET Huang and co“tagucs,
PAMAM (GS) was conjugated to Tf through a bifunc-
tional PEG spacer and complexed to a plasmid DNA
encoding GFP 23, After intravenous administra-
tion to mice, PAMAM-PEG-THDNA was found to
be able to cross the BBB, as demonstrated by a body
distribution study of [-labeled dendrimers. Qualita-
tive analysis demonstrated GFP expression in several
brain areas, such as the cortical layer, hippocampus,
candate putamen, substantia nigra and the fourth ven-
tricle. This pene expression was approximately two-
fold higher compared with the PAMAM/DNA and
PAMAM-PEG/DNA complexes.

Following the discovery thar WiGA was a promis-
ing ligmd for increasing drug uptakc to the brain 24
and ]:linding to cancer cells [z, a dual—targ:ting
nanocarrier, PEGylated PAMAM (G4) conjugated
to Tf and WGA on the periphery and loaded with
doxorubicin (DMOX) in its interior, was synthesized.
D to its dual-targcﬁng effect, this d:lh’:r}r syE-
tem led to an increased transport ratio of 13.5% in
an in vitre model of the BBB compared with 8% for
PAMAM-PEG-WGA, 7% for PAMAM-PEG-TY
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and 5% for free DOX. Moreover, this du:l-mrgctcd,
dendrimer-based  therapeuric system decreased the
viability of C6 glioma cells in a brain microvascu-
lar endothelial cell/Cé glioma coculture model. The
viahility of Cé glioma cells was 14.5% in comparison
with 21.3% for PAMAM-PEG-TE-DOX, 23.7%
for PAMAM-PEG-WGA-DOX and 22.4% for free
DOX 28],

Mul'tidrug resistance proteins, consisting of a Famil]r
mtﬂTP-bindingc:lsstt[: proteins such as F—gi)rcnl:nutmn,
are expressed not only in the endothelial cells of the
BBRB, but also in glioma cells. They function as efflux
transporters, restricting drug transport across the BEB
and prohibiting cellular uptake by glioma cells 2728,
Tamoxifen (TAM), an estrogen receptor antagonist, has
the ability to inhibit the multidrug resistance proteins
and thus improve BBB transport 29300 Based on this, Li
et al. a}m.thtai:.cd a pH-sensitive nanocarrier, consisting
of PAMAM (G4) conjugated to TF on the exterior and
encapsulating TAM with a loading efficacy of 27 drug
molecules per dendrimer molecule (3. DOX was also

Dirug conjugated to dendrimer by
covalant linkage

Figure 2. Dendrimer—drug/nudeic acid delrvery systems.

Applications of dendrimers for brain delivery & cancer therapy

peripherally linked to the peripheral amino groups
of PAMAM ﬂjmugh an acid-labile h]'cllmn: band,
with a conjugation cfficacy of seven to eight DOX mol-
ccules per dendrimer molecule. In an in ritro mode] of
the BBB, PAMAM-DOX-PEG-TFTAM resulted in
an increased DOX transport ratio of 6.1% compared
with 4.9% for PAMAM-DOX-FPEG-TF and 4.6% for
PAMAM-DOX-PEG. This rargeted dendrimer-based
therapeutic system also decreased the viability of C6
cells in a brain microvascular endothelial cell/C6 glioma
coculture model. The viability of C6 glioma cells was
68.8% for PAMAM-DOX-PEG-TFTAM, which was
reduced compared with that ohserved with other trear-
ments (76.1% for PAMAM-DOX-PEG-Tf and 83.9%
for PAMAM-DOX-PEG]) a1

Anotherdendrimer, le}‘propyl:nimin:(PPI; Figure3},
is a promising alternative to PAMAM for gene delivery
to the brain and cancer cells. Initial studies by Kabanov
and colleagues demonstrated that this dendrimer binds
to DNA via electrostatic interactions involving only the
peripheral amine groups, allowing the tertiary amine
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PAMAM dendrimer

@ N-CH,)N
Ne——  N-(GH,),-CO-NH-[CH}-N
N-{CH,),-CO-NH-{CH_)-NH,,

PPl dendrimer

] N-(CH,)-N
N N-{CH,)N
N N(CHNH,

Figure 3. Chemical structure of polyamideamine {G3) and polypropylenimine (G3) dendrimers.

PAMAM: Polyamidoamide; PPI: Polypropylenimine.

groups that are present inside the dendrimer to act asa
‘proton sponge’ in the endosome [32). In a recent study,
we demonstrated that the intravenous injection of the
transferrin-bearing PPI dendriplex more than doubled
the gene expresson in the brain compared with the
unmodificd dendriplex while decreasing  nonspecific
gene expression in the lung, Gene expression was at least
threefold higher in the brain than in any tested periph-
cral orpans and was at its highest at 24 h following the
injection of the treatments. These results sugpest that the
transferrin-bearing PPI dendrimer is a highly promising
gene delivery system to the brain 3.

Dendrimer-based LRP1 & LRP2 targeting

LRP1 and LRP2 are multifunctional scavenger recep-
tors expressed in the BEB. They have the ability to
bind to a range of molecules, inclueding proeein-
ases, proteinase inhibitor complexes and lipoprotein
lipase-enriched lipoproteins and make them cross the
BBE [24).

Lactoferrin (L) is a :si]'J.gll:—cl'u.'l'r||r cationic, iron-
binding protein belonging to the TF family. LF is
capable of crossing the BBB through binding to low-
density lipoprotein  receptor-related  protein (LRF)
receptors [35]. Taking advantage of this abilicy, Huang
and colleagues synthesized a nonviral brain-targeted
gene delivery system consisting of PAMAM (G3)
conjugated to Lf via a PEG spacer and complexed to
a plasmil:l DA cncuding GEP [3s). Fo“ulwing intra-
venous administration of PAMAM-PEG-LHIDMA

in mice, GFP expression was observed in the corti-
cal layer, hippocampus, caudate putamen, substantia
nigra and fourth ventricle of the animals. This gene
CXPIESSION Was 5.2-fold highcl culnpamd. with that of
PAMAM-PEG/DNA and PAMAM/DNA. In addi-
tion, the authors demonstrated that both LRP receptor
and adsorptive-mediated mechanisms contributed to
the higher uptake of the PAMAM-PEG-Lf/DNA in
the brain cﬂpillarycndﬁ[lrlial cells [37.

Angiopeps, a family of peptides derived from
Kunitz domains of the drug aprotinin and other pro-
teins, are highly effective brain-tarpeting ligands.
They are transported across the BBB through LRPI-
mediated transcytosis [3]. Angiopep-2 was cmijuga(ﬂd
to PAMAM through a specific reaction with the ter-
minal N-hydroxysuccinimidyl of the bifunctional
PEG derivative. After intravenous administration of
PAMAM-PEG-angiopep complexed with a plasmid
DMNA c'n.codin.g GFP, the brain upmJL: of DMNA was up
to 8.4-fold higher than with PAMAM/DNA in mice.
Gene expression in the brain was observed in the cortical
Ja}n:r, caudate putamen, hipp-u-ca.mpus and substantia
nigra. Both LRP-mediated endocytosis and adsorptive
endocytosis contributed to the mechanism of cellular
uptake of PAMAM-PEG-angiopep 3. In another
study, angiopep was conjugated to the dendrigraft
_pul}’-].—h’xin: (DGL; G3) viaa PEG |inl:ag\: and com-
plexed to a plasmid DNA encoding hGDNF in order
to evaluate its neuroprotective effect in a Parkinson's
discase model. The DGL-PEG-angiopep/hGDNF
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not only exhibited a higher cellular DNA uptake
and gene expression in brain cells compared with the
unmodified DGL, but also improved the locomotor
activity and recovery of the dopaminergic neurons [4).

Dendrimer-based GLUT-1 targeting

The glucose transporter GLUT-1 is abundantly
cxpressed in the BBB for transporting optimal levels
of glucose to the brain for its normal functioning 4.
Based on this, Dhanikula and colleagues synthesized
polyether—copolyester  dendrimers (G2) conjugated
to D-glucosamine via carbamate linkages and loaded
with up to 20.8% wiw methotrexate (MTX) for the
treatment of gliomas [42). As GLUT-1 is also expressed
in brain tumors, the ghycosylation of the MTX-loaded
polyether—copolyester dendrimers not only enhanced
the drug transport across the BBB compared with the
free MTX, but also enabled the accumulation of large
amounts of MTX in the central necrotic regions of the
avascular brain tumor spheroids.

Other dendrimer-based targeting strategies
Leptin, a 146-amino acid polypeptide, is secreted in the
blood by the adipocytes in response to food intake and
acts to regulate appetite and retard weight gain. Leptin
receptors are present on the luminal side of the brain
microvessels and in the dhoroid pl:xus [43]. Exogenous
leptin cannot be used as a targeting ligand for brain
uptake, as the leptin receptors are saturated at very low
concentrations (0.15—5 ng.’n:l]} of c:r.tdog:nn‘us kptin.
However, peptide fragments derived from leptin con-
tain important sequences for leptin receptor binding
on the BBB. ﬂmnngthcm, sequence G1-90 {I:ptin 30)
is taken up by the brain and shows equivalent brain
concentrations as its parent molecule, leprin 44]. Based
on this result, the dendrigraft poly-L-lysine (MGL) was
conjugated o leptin 30 through a PEG spacer and eval-
uated for gene delivery to the brain. After intravenous
administration of DG L—P‘EG—I:Ptin 30 com_pl:x:d o
a plasmid DMA, the gene expression was higher than
that of DGL-PEG/DNA and DGL/DNA. It was
observed mainly in cortical la}r:r, thpocampus, cau-
date putamen and substantia nigra 14).

Magnetic delivery systems have been widely inves-
tigated for the targeted delivery of therapeutics. Han
and colleapues synthesized a novel brain-tarpeted
bifunctional gene delivery system based on natural
magnetic particles, called magnetosomes (M3s), and
combined the brain delivery effects of an external mag-
netic field and a c:"-Pm'L:traﬁn.g PEEﬂiI:lE 146]. To this
end, they conjugated MSs to PAMAM and to a cell-
penetrating peptide, the Tat proein. After intravenous
administration of radiolabeled Tat-MS-PAMAM
and M5-PAMAM followed by the application of an

Applications of dendrimers for brain delivery & cancer therapy

external magnetic field for 25 min, Tat-MS-TAMAM
exhibited a twofold brain uptake increase compared
with M5-PAMAM. Without a magnetic ficld, this
brain uptake fell by 1.88-fold. However, it was not pos-
sible to evaluate the direct role played by Tat grafting
and the MSs in this brain delivery increase, due to the
ahsence of PAMAM DNA testing in this study.
However, the use of cru‘crﬂpl:m:d receptors/trans-
porters an the BBB in order to facilitate the uptake of
DNA or drugs into the brain can be limited by the
nonspecific presence of receptors/transporters on other
tissues. For example, TF can recognize both TFRI
and TfR2, but has a much higll:r afﬁnir‘v for TfR1
{25-fold higher) 171, TFR] is cxpressed at low levels
in most human tissues, but also at high levels on the
vascular endothelium of brain cap\i]lari:s j21]. In addi-
tion, its levels of expression on cancer cells are up to

100-fold higher than those on normal cells (4], mak-
ing this receptor a promising target for the delivery
of therapeutics to the brain and cancer cells. In com-
parison, TFR2 is mostly expressed on hepatocytes and
on a wide range of tissues, but at very low levels 47).
Although the risk of the nonspecific delivery of thera-
peutics to the liver and other normal tissues exists, it
is therefore very limited due to the higher affinity of
Tf for TFRL.

Dendrimers for cancer therapy

Drug delivery

Dendrimer-based drug delivery systems have been
developed in order to improve the biodistribution of 2
drug in the body and to enable the controlled release
of the drug at its target site. Their high aqueous solu-
hility, low toxicity, compact globular shape and con-
trolled surface functionalities make them ideal carriers
for anticancer drugs 1121, Dendrimers can also facilitate
the passive targeting of anticancer drugs to tumaor tis-
sues. This selective accumulation of macromolecules
in tumors, termed the ‘enhanced permeability and
retention effect’, is the consequence of the combina-
tion of reduced lymphatic drainage and increased
permeability of the tumor vasculature to macromole-
cules [45). Dendrimers can either noncovalently encap-
sulate drogs in the void spaces within the dendritic
structure or carry them via covalent conjugation to the

SUIFBR gl'l:llpﬁ_

Encapsulation of drugs within the dendrimers

The internal cavity of the dendrimers could be used
for the encapsulation of anticancer drugs. offer
ing the advantage of subsequent controlled release of
the drug to the tumors. Another less frequently used
encapsulation strategy is to entrap anticancer drugs
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by micellar formulation of dendrimers. Small hydro-
phobic anticancer drugs are generally entrapped in the
dendrimers. Their solubility and toxicity against can-
cer cells have been shown to be increased by encapsula-
tion within dendrimers (G4 to G6) 15]. Various anti-
cancer drugs have been studied as dendrimer cargos, as
described below.

Camptothecin

Camptothecin has its anticancer efficacy limited
by its low water solubility and secondary effects on
normal tissues, including bladder inflammation. In
order to overcome this limitation, 10-hydroxycamp-
tothecin has been encapsulated in a poly(glyceral-
succinic acid) (G4) dendrimer at a concentration of
120 uM, which corresponded to a 20-fold increase
in drug solubility in water compared with that of
the unencapsulated drug (6 pM) (56, Treatment of
a pancl of cancer cells with the drug-loaded den-
drimers resulted in a decrease in the IC_ compared
with free drug in DMSO for all of the cell lines that
were tested by up to 7.1-fold in MCE-7 breast carci-
noma [51]. This improved anticancer effect resulted
from the faster internalization of the drug that was
encapsulated in the dendrimer, with intracellular
concentrations being 16-fold higher than the frec
drug after 2 h of treatment incubation. The reten-
tion time of the drug carried by the dendrimers was
also longer compared with the free drug in solution
{50 and 35%, respectively, at 10 h after the start of
the treatment) [s1.

Cisplatin

Another drug, cisplatin, also has its anticancer thera-
peuticeffect limited by its poor water solubility, as well
as the development of drug resistance by some cancer
cell lines. The encapsulation of dsplatin in PAMAM
dendrimers (l:l:ndrim:r—pla.tim.lm: 20-25 wirlh _plati—
num) resulted in an increased accumulation of the
drug in B16F10 melanomas as a result of the pas-
sive targeting of tumor tissues due to the enhanced
permeability and retention effect and decreased the
toxicity towards normal tissues by three- to 15-fold
compared with the free drug in solution in a murine
model [52).

Doxorubicin

In order to increase DOX's drug solubility in water
and decrease its secondary effects on healthy tissues,
DOX was encapsulated in PEGylated PAMAM den-
drimers (G3 and G4). The authors of this study dem-
onstrated that dendrimer size and PEG chain length
have a2 major impact on the encapsulation efficacy

of the drug, with the PAMAM dendrimer {G4) and

PEG,,,, leading to the highest drug encapsulation of
6.5 DOX molecules per dendrimer molecule 1531

In another study, a PAMAM dendrimer (G4)
loaded with DOX at a DOX:PAMAM molar ratio of
3.56 + 0.04 was then cncapaulat:d n |ipmom:s_ This
PAMAM-DOX in liposomes formulation presents
the a.dvan[ag: of modularing the release and in rive
stability of DOX, which would otherwise leak very
rapidly out of the liposomes. It resulted in an even
slower release of the drug from the delivery system,
which was necessary in order to increase its thera-
peutic index and reduce its side effects on healthy
cells. This formulation was shown to be efficacious
against various cancer cell lines, including D145
human prostate carcinomas and MCF-7 human
breast carcinomas [54].

Etoposide
Etoposide, an inhibitor of the enzyme topoisomerase
I, is poorly water soluble. In order to remedy this
issue, this drug was loaded into micelles made of a
PAMAM (G2) block copolymer containing poly(y-
caprolactone) and PEG [55]. These polymeric micelles
have been developed in order to overcome the stahil-
ity limitations generally encountered with the clas-
sical micelle structures that may suddenly dissoci-
ate and cause serious toxicity issues. The covalent
binding of the lipophilic poly(y-caprolactone) and
the PAMAM dendrimer as the core was shown to
increase the stability of the polymeric micelle.
Eroposide was loaded in dendrimer-based poly-
meric micelles at a loading capacity of up to 22%
{wiw). I vitre, the treatment of porcine kidney cpi-
thelial cells (LLC-PK) with this formulation showed
a comparable cytotoxicity to that of the drug solu-
tion, which demonstrated that the drug was released
from the polymer micelles and was able to exert its
cytotoxic effects on cells (551,

5-fluorouracil

In order to improve its water solubility, the pyrimi-
dinc analog S-fluorouracil was cncapsulated in
PEGylated PAMAM (G4), improving the drug load-
ing by 12-fold compared with that achicved with
the non-PEGylated dendrimer. Non-PEGylated
PAMAM dendrimers suffer from drug leakage due
ta the relative unshiclding of the void spaces con-
taining the drug and hemolytic woxicity due o the
presence of MH, groups on their surface. The coat-
ing on the surface of PAMAM dendrimers with PEG
can therefore increase drug loading and overcome
hemalytic toxicity. As a result, S-Huorouracil dis-
played a sustained release from the delivery system
aver & days [54].
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Methotrexate

In order to improve its bioavailability and its poor water
solubility, MTX has been encapsulated in PEGylated
PAMAM (G3 and G4) dendrimers. As with DOX,
the encapsulation efficiency of this drug was high-
est with PAMAM (G4) and PEG,, , resulting in the
encapsulation of 26 MTX molecules per dendrimer
maolecule (53]

In another study, MTX has also been encapsulated
in melamine-based dendrimers. These types of den-
drimers have been shown to be able to solubilize hydro-
phobic drugs and to reduce their organ toxicity without
altering their therapeutic efficacy. The intraperitoneal
injection of the known hepatotoxic drug MTX loaded
in melamine-based dendrimers resulted in a decrease
of hepatotoxicity in mice, with a 27% decrease of the
levels of alanine transaminase compared with those
obtained with the free dru.g I571.

Paclitaxel

Similarly to the drugs mentioned abowe, the thera-
peutic use of the mitatic inhibitor paclitaxel is limited
by its poor solubility in water. This problem has been
overcome by the encapsulation of the drug in polyglyc-
erol dendrimers, which led to the c'ncapsulal:d drug’s
water solubility being 400 -fold higher than that of the
free drug s8]

However, the ‘encapsulation of drugs within the
dendrimer’ approach is limited by the very small capac-
ity of the void spaces within the dendrimers and the
difficulty of effectively controlling the release of the
encapsulated drugs. An alternative delivery approach
for larger molecules is therefore o conjugate them w
the surface of the dendrimers.

Conjugation of drugs to the dendrimers
Anticancer drugs can be covalently conjugated to the
peripheral groups of the dendrimer. Owing to the mul-
tifunctional architecture of dendrimers, many dmg
molecules can be attached to one dendrimer, as well
as the targeting moictics for enhanced tumor-delivery
specificity. The release of the drug is controlled by the
degradable chemical bonds linking the drug and the
dendrimer. Various anticancer drugs have been stud-
ied as d:ndrim:r—dmg conjugates, as described below.
This article will focus on the in vive therapeutic data
obtained with these conjugates.

Cisplatin

Cisplatin was conjugated to the PAMAM dendrimer
(G3.5; d:ndrimrr—c]q:ila[in: 20-25 wit _plalinum},
which resulted in increased water solubility and the
stow release of the drug 152,391, The intravenous admin-
istration of the conjugate to mice bearing subcutaneous

Applications of dendrimers for brain delivery & cancer therapy Review

B16F10 tumors led to selective accumulation in tumors
and antitumor cFEc:.qr. unlike the free dmg salu-
tion. The conjugate also showed therapeutic cfficacy
against all of the tumors that were tested, including a
platinum-resistant tumor model.

Doxorubicin

DHOX was cnnjug:m:d to one side of a E,Q-bis(h:pdmry-
methyl)propionic acid dendrimer (G3), with the ather
side of the dendrimer being PEGylated, in order to
form an asymmetric bow-tie dendrimer containing
B-10 wt DOX (). The acyl hydrazine linkage that
was used to conjugate the drug to the dendrimer was
pH sensitive, thus releasing the drug after it reached
its target. A single intravenous administration of this
DOX conjugate in mice bearing subcutaneous DOX-
insensitive C-26 colon carcinoma tumors resulted in
the complete tumor regression and survival of all mice
over G da)rs. By contrast, no cm'rlpl:[r_ [Umor regres-
sion was observed following treatment with the drug
solution.

Methotrexate

MTX has been conjugated to folic acid- and Auores-
cein  isothiocyanate-bearing  PAMAM  dendrimers
{G5). This conjugate provided tumor targeting and
inhibited cell growth of KB cells overcxpressing folic
acid receptors. By contrast, the MTX—dendrimer con-
jugate without folic acid did not succeed in inhibiting
the growth of these cancer cells &),

In addition, MTX was covalently linked to PAMAM
(G5) as well, but this dendrimer was conju.gamd o
cetuximab instead of folic acid €21, Cetuximab is a
moneclonal antibody that exerts its therapeutic effect
as an EGF inhibitor. Cetuximab-bearing conjugates
containing 12.6 molecules of MTX per unit of den-
drimer were tested on rats bearing brain implants of 2
EGFR-expressing F98 rat glioma cell line, but unforru-
nately did not lead to a therapeutic improvement com-
pared with the free drug. The median survival times of
the rats receiving the conjugate, the monoclonal anti-
body alone or the free drug were 15, 17 and 19.5 days,
respectively, which were not significantly different jg2).
This may be due to the fact that the conjugation of
the drug to PAMAM and a monoclonal antibody may
have decreased the binding affinity of the drug for the
dihydrofolate reductase, resulting in a loss of the anti-
folate activity of the drug. Another possibilicy is that
the drug was not released from the conjugate and could
not exert its t].'l.rmp:util: effect (621,

Gene delivery
The use of dendrimers as delivery systems for nudeic
acids has been widely investigated for the treatment
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of cancers. In this amicle, we will focus on the den-
drimers used in pive following intratumoral or intra-
venous administration, for which therapeutic effects
have been obtained.

Intratumoral administration

PAMAM dendrimers have become widely used as
nonviral carriers for gene delivery. The SuperFect®
(Oiagen, Hilden, Germany) PAMAM dendrimer
complexed to plasmid DNA encoding herpes simplex
virus thymidine kinase at a dendrimer:DINA weight
ratio of 3:1 resulted in gmwth d.l:li}' 163]. This effect
was even accentuated by the fact that the plasmid con-
tained Epstein—Barr virus sequences conferring the
capability to replicate and stay in the nucleus of the
transfected cells.

Another study invalved the samc SuperFect®
PAMAM dendrimer, but this time Cmﬂplt‘x‘td o
a 3b-mer olignrm:].cutid: that itself cump]:)’.td
the therapeutic plasmid DNA encoding the anti-
angiogenic peptide angiostatin or TIMP-2 jg4). The
intratumoral administration of this dendrimer—plas-
mid-oligonucleotide complex led to growth delay of
the tumor.

In addition, Bai and cullra.guns d.cv:lnp:d an argi-
nine-bearing PAMAM dendrimer for the delivery of
plasmid DNA encoding human IFMN-B to mice bearing
UZ7MG brain tumors ). Mice treated with the intra-
tumoral administration of the dendriplex showed a
decrease in their tumors and the induction of apoptosis
compared with control animals.

Intravenous administration

PAMAM dendrimers

Wu and colleagues recently developed a PAMAM
dendrimer {(G5) with a triethanolamine core that was
able to interact with sIRNA in order to protect it from
d:g;rm:la.[i.mzl. and facilitate gene d.cli.vtry to cells [ee).
This dendriplex was able to deliver siRNA to prostate
tumars, thus resulting in gene silencing of Hsp27 and
anticancer cffects apainst the tumors 1&7).

In another smd)r, SuperFect PAMAM (G5) was
complexed to Epstein-Barr virus-based plasmid vec-
tors carrying the herpes simplex virus-1 thymidine
kinase gene for suicide gene therapy against cancer in
mice [€3]. The intravenous administration of this com-
plex led to the suppression of rumor growth and pro-
longed survival times of the tumor-bearing mice.

The PAMAM dendrimer has been used for the
coadministration of a therapeutic DNA and an anti-
cancer drug. This was the case in a study by Han and
colleagues, where a PEGylated PAMAM carrying
DOX was complexed to a plasmid DNA encoding
human TRAIL and conjugated to the peptide HATY-

PRH (T7), a TfR-specific peptide (&5). The peptide-
conjugated dendriplex led to an enhanced cellular
uptake of DNA and its accumulation in tumars over
the nnn‘ra.rgcr:d cumpl\:t in the human liver cancer
Bel-7402 cells overexpressing TfRs. This synergistic
trearment resulted in a tumor decrease in mice com-
pared with the nonmodified dendrimer jes1.

The PAMAM dendrimer was also chosen as a deliv-
ery system for the treatment of glioma following intra-
venous injection. To thisend, the FEGylmddcndrimcr
was ccmjugatcd to angiopep-2, which can target the
LRP-1 that is overexpressed on brain capillary endo-
thelial cells and on glioma cells. Angiopep-2-bearing
dendrimers were then complexed to a plasmid DNA
encoding TRAIL and were able to specifically induce
the cell apoptosis of brain tumors without secondary
effects on normal cells (g5 The median survival time
of the mice E:rlluwing intravenous administration of
the angiopep-2-bearing dendriplex and temozolomide
was 61 and 49 dz}’s, r:sporri.vtl}r, which demonstrated
the ability of the dendriplex to target the glioma after
intravenous administrarion je.

The PAMAM dendrimer can also be used in con-
junction with magnetic nalnopartidts for gene th:rapy
to brain tumors. Han and colleagues conjugated the
PAMAM dendrimer to magnetic nanoparticles and Tat
peptides [70). This conjugate was then complexed to an
siIRMNA-expressing plasmid that was able to downregu-
late the EGFR gene. The intravenous administration
of this conjugate to mice bﬂ:ling subcutancous U251
tumors downregulated the expression of oncoproteins
and slowed the growth rate of the tumors compared
with controls (.

PPl dendrimers

SARMNA-PPI complexes were successively caged with a
dithi.d-n:muaining cross-linker, PEG, and then conju-
gated with a synthetic analog of the LHRH peptide in
order to deliver the siRNA specifically to LHRH recep-
tor-positive cancer cells 71). The administration of the
LHRH-becaring PPl complex resulted in an increased
SRMNA accumulation in tumors, internalization by
cancer cells and gene silencing.

The LHRH peptide was also used for the cancer-
specific targeting of the PPl dendrimer (G3) com-
plexed to superparamagnetic iron oxide nanopar-
ticles and siRMA [721. Superparamagnetic iron oxide
nanoparticles have been widely studied as MRI con-
trast agents. Their integration into this therapeutic sys-
tem was intended to allow MRI visualization of discase
progression and therapeutic responses. This targeted
delivery system enhanced the anticancer efficacy of the
drug cisplatin by suppressing the antiapoptotic defense
by siRMA targeted to BCL2 mRMA in mice bearing
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lung cancer xenografts. A result of this treatment was
2 tumor volume decrease by 75% in comparison with
controls [72].

Dufés and colleagues have demanstrated that the
intravenous administration of PP1 (G3) complexed to
plasmid DNA encoding TNF-o under the control of
a tumor-specific promoter resulted in the regression
of subcutancous A431 cpidermoid carcinomas and a
survival rate of 100% in mice [73.74]. This treatmemnt
appm.rrd. to be well tolerated, as there was no wtight
loss compared with contrals.

More recently, Dufés and colleagues demonstrated
that a TFbearing PPl dendriplex resulted in gene
cxpression mainly in the tumors after intravenous
administration [75]. As a consequence of this improved
distribution, the intravenous administration of the
TFbearing PPI dendriplex encoding THNF-tt led to a
rapid and sustained tumor regression over 1 month
(90% complete response and 10% partial response
on A43]1 human epidermoid tumors). It also resulted
In tmor suppression for 60% of PC-3 and 50% of
D145 prostate tumors [76]. In a paralle] study by the
same group, the TFhearing PPI dendriplex encoding
prd a member of the pad famil}' ufnanscri.ption fac-
tors, led to complclr tumor suppression for 10% of
A43]1 and BIGF10 tumors and long-term survival of

Applications of dendrimers for brain delivery & cancer therapy  Review

the animals [77]. These treatments were well tolerated
by the animals, demonstrating that TEbearing PPLisa
promising delivery system for cancer therapy.

Conclusion & future perspective

Dendrimer-based delivery systems have been demon-
strated to be highly promising carriers of therapeutic
genes and drugs to the brain and cancer cells. Until
recently, the full exploitation of this approach was
hampered due to specific delivery and safety issues.
This problem is now being overcome with the use
of targeted strategies allowing intravenous delivery
of these nanomedicines. Morcover, intensive 5tud}r
of the dendrimers has provided critical technologi-
cal advances that will benefit the design of “next-
generation’  dendrimers. Dendritic  nanotechnol-
ogy enables the synthesis of well-defined, globular
structures incorporating specific chemical groups
tailored for increasing the safe and effective deliv-
ery of a nudleic acid or a drug to its site of action
in a controlled way. For :mmplc. the further devel-
opment of dendrimers with environmentally sensi-
tive linkages should improve the drug release from
the dendrimer. Moreover, the nploimti.un of new
targeting strategies should optimize the delivery of
nucleic acids and drugs to the brain or tumors, and

Executive summary

brain and cancer cells.

Applications of dendrimers for brain dalivery

expressed on the blood-brain barrier.

nontargeted dendrimers.
Applications of dendrimers for cancer therapy

been studied as dendrimer cargos.

by dendrimers.

by targeted dendrimers.

Rationale for using dendrimers for braln delvery & cancer therapy

= The use of promising novel therapeutics is limited by their inability to specifically reach the brain and tumors
after intravenous administration, resulting in toxicity to healthy tissues.

= Dendrimers are emerging as potential nonviral vectors for efficiently delivering drugs and nucleic acids to the

= Dendrimers are well-defined, globular structures incorporating specific chemical groups that are tailored for
increasing the safe and effective delivery of a nudeic add or a drug to its site of action in a controlled way.

= Bioactive agents can be entrapped within the dendrimer structure or conjugated or complexed to the
dendrimer surface, which allows for precise tailoring of the properties of the carriers to the specific needs of
their cargos in terms of solubility, protection against degradation, release and delivery to the site of action.

Dendrimers can deliver drugs and nucleic acids to the brain by exploiting the specific transport systems
Various dendrimers targeting the transferrin receptor, the low-density lipoprotein receptor-related proteins,

the glucose transporter GLUT-1 and the leptin receptors have been developed.
Brain uptake of drugs and nudeic adds carried by targeted dendrimers was increased compared with

= Dendrimers can either noncovalently encapsulate anticancer drugs in the void spaces within the dendritic

structure or carry them via covalent conjugation to the surface groups. A wide range of anticancer drugs have
= The water solubility and therapeutic efficacy against tumors have been enhanced for anticancer drugs carried
= Dendrimers have been used for the delivery of siRNA and plasmid DNA alone or assocdated with anticancer

drugs to tumaers following intratumoral or intravenous administration.
= Tumor regression has been obtained following intravenous administration of therapeutic nucleic acids carried
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thercfore improve their therapeutic efficacy. In addi-
tion, bicactive agents can be entrapped within the
dendrimer structure or conjugated or complexed to
the dendrimer surface, which allows for precise tai-
loring of the properties of the carriers to the specific
needs of their cargos in t:rmsufsulubilil}', protection
against degradation, release and delivery to the site
of action. More g:n:rally, dendrimers are lilﬂ:b' to be
used in therapeutic strategies combining targeting,
imaging, diagnostics and therapy due to their mul-
tifunctional architecture. Clinical trials using den-
drimers in cancer therapy are still pending, but den-
drimers have already been successfully introduced in
the clinic as antiviral agents. Continued research in
this area should therefore enable the preparation of
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Evaluation of transferrin-targeted dendrimers for gene delivery to the brain
Sukrut Somani, David R. Blatchford, Christine Dufes
University of Strathclyde, Glasgow, UK

Introduction: The treatment of cerebral disorders by gene therapy has been
hindered by the presence of the blood-brain barrier that inhibits the entry of
therapeutic DNA to the brain and by the lack of gene delivery systems able to
efficiently cross this barrier. In order to remediate this problem, we propose to
conjugate a highly efficient gene delivery system, polypropylenimine dendrimer, to
transferrin, an iron transporter whose receptors are over-expressed on the blood-
brain barrier. The objectives of this study are to evaluate the targeting efficacy of
this novel transferrin conjugated gene delivery system in vitro and in vivo.

Methods: In vitro gene transfection efficiency of the transferrin-conjugated
polypropylenimine dendrimer was determined on the cultured immortalized brain
capillary endothelial cells. The cellular uptake of the transferrin-conjugated
polypropylenimine dendrimer carrying plasmid DNA was observed after different
durations of treatment by epifluorescence microscopy in vitro. After optimization of
treatment duration, the same technique was utilized for comparison of transferrin-
conjugated polypropylenimine dendrimer carrying plasmid DNA with the non-
targeted dendrimer and naked DNA.

Results: Transferrin-conjugated polypropylenimine dendrimer led to an enhanced in
vitro transfection efficiency 1.2 times higher compared to non-targeted dendrimer.
The cellular uptake of the transferrin-conjugated dendrimer carrying plasmid DNA
reached its maximum after 120 minutes. Transferrin-conjugated dendrimer carrying
plasmid DNA exhibited a higher cellular uptake compared to non-targeted dendrimer
and naked DNA.

Conclusion: Transferrin conjugated polypropylenimine dendrimer showed an

improved DNA uptake by brain capillary endothelial cells in vitro. This delivery
system is therefore promising and should be further investigated.
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Transferrin-bearing dendrimer for targeted gene delivery to the brain
Sukrut Somani, David R. Blatchford, Owain Millington, Christine Dufés
University of Strathclyde, Glasgow, UK

The possibility of using genes as medicines to treat brain disorders is
currently limited by the lack of safe and efficacious delivery systems able to
cross the blood-brain barrier, thus resulting in a failure to reach the brain
after intravenous administration.

On the basis that iron can effectively reach the brain by using transferrin
receptors for crossing the blood-brain barrier, we propose to investigate if a
transferrin-bearing generation 3- polypropylenimine dendrimer would allow
the transport of plasmid DNA to the brain after intravenous administration.

In vitro, the conjugation of transferrin to the polypropylenimine dendrimer
increased the DNA uptake by bEnd.3 murine brain endothelioma cells
overexpressing transferrin receptors, by about 1.4-fold and 2.3-fold
compared to that observed with the non-targeted dendriplex and naked DNA.
In vivo, the intravenous injection of transferrin-bearing dendriplex more than
doubled the gene expression in the brain compared to the unmodified
dendriplex, while decreasing the non-specific gene expression in the liver,
the lung and the spleen.

These results suggest that transferrin-bearing polypropylenimine dendrimer
is a highly promising gene delivery system to the brain.
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EVALUATION OF TRANSFERRIN-BEARING DENDRIMER FOR
TARGETED GENE DELIVERY TO THE BRAIN
Sukrut Somani, David R. Blatchford, Owain Millington, Christine Dufeés
University of Strathclyde, 161 Cathedral street, Glasgow, G4 ORE, UK

INTRODUCTION:

The treatment of central nervous system disorders by gene therapy has been
hindered by the presence of the blood-brain barrier that inhibits the entry of
therapeutic DNA to the brain and by the lack of gene delivery systems able to
efficiently cross this barrier. In order to remediate this problem, we propose to
conjugate a highly efficient gene delivery system, diaminobutyric polypropylenimine
(DAB) dendrimer, to transferrin (Tf), an iron transporter whose receptors are over-
expressed on the blood-brain barrier. This novel gene delivery system has previously
demonstrated its gene delivery efficacy in cancers over-expressing transferrin
receptors™?. The objectives of this study are to evaluate the targeting efficacy of this
novel transferrin-bearing gene delivery system (DAB-TT) in vitro and in vivo.

RESULTS AND DISCUSSION

In vitro, the uptake of the fluorescently-labelled DNA, alone or complexed to
DAB-Tf or DAB, by bEnd.3 murine brain capillary endothelial cells over-expressing
transferrin receptors, was visualized by epifluorescence microscopy and quantified
by flow cytometry. In vitro, the conjugation of transferrin to the polypropylenimine
dendrimer increased the DNA uptake by bEnd.3 cells, by about 1.4-fold and 2.3-fold
compared to that observed with the non-targeted dendriplex and naked DNA. In
vivo, the gene expression in the brain and major organs after intravenous treatment
with DAB-Tf-DNA, DAB-DNA and naked DNA, was visualized by
bioluminescence imaging and quantified by a [-galactosidase reporter gene
expression assay®. In vivo, the intravenous injection of transferrin-bearing
dendriplex more than doubled the gene expression in the brain compared to the
unmodified dendriplex, while decreasing the non-specific gene expression in the
liver, the lung and the spleen. Gene expression was at least 3-fold higher in the brain
than in any tested peripheral organs and was at its highest 24h following the injection
of the treatments. These results suggest that transferrin-bearing polypropylenimine
dendrimer is a highly promising gene delivery system to the brain.
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ABSTRACT SUMMARY

The possibility of using genes as medicines
to treat brain diseases is currently limited by the
lack of safe and efficacious delivery systems
able to cross the blood-brain barmer. thus
resulting in a failure to reach the brain after
infravenous administration.

On the basis that iron can effectively reach
the brain by using tfransferrin receptors for
crossing the blood-brain barrier, we propose to
investigate if a transferrin-bearing generation 3-
polypropylemmine dendrimer (1) would allow
the transport of plasmid DNA to the brain after
infravenous administration.

In wvivo, the intravenous injection of
transferrin-bearing DAB-DNA more than
doubled the gene expression in the brain
compared to the unmodified DAB-DNA.

This gene delivery system can be further
investigated for the treatment of the central
nervous system disorders in future.

INTRODUCTION

The treatment of central nervous system
(CNS) disorders by gene therapy has been
hindered by the presence of the blood-brain
barmier (BBB) that inhibits the entry of
therapeutic DNA to the brain and by the lack of
safe gene delivery systems able to efficiently
cross this barrier. As transfernn (Tf) receptors
are widely expressed on the BBB, they can be
exploited for the delivery of therapeutics to the
brain, via receptor-mediated transcytosis. We
propose to comjugate a highly efficient gene
delivery system. polypropylemimine dendrimer
(DAB), to Tf for targeted gene delivery to the
brain following intravenous administration. The
objectives of this study are o evaluate the brain
targeting efficacy of this novel transferrin-
conjugated gene delivery system in vifro and in
vivo.

EXPERIMENTAL METHODS

In vitro, the uptake of the fluorescently-
labeled DNA, alone or complexed to DAB-Tf or
DAB. by bEnd3 munne brain capillary
endothelial  cells, was wvisualized by
epifluorescence microscopy and quantified by
fluorescence-activated cell sorting (FACS).

In vivo, the gene expression in the brain and
major organs after infravenous treatment with
DAB-TfDNA, DAB-DNA and naked DNA,
was visualized by bioluminescence imaging and
quantified by a p-galactosidase reporter gene
expression assay (2).

RESULTS AND DISCUSSION

In vifro, the cellular uptake after the
freatment with DAB-TfFDNA resulted in a
pronounced DNA uptake in the cytoplasm of
bEnd 3 cells. By contrast, cells treated with
DAB-DNA or naked DNA did not show any
DNA uptake (Figure 1), highlighting the need of
a receptor-specific delivery system to carry the
DNA inside the cells.

In vivo, the distribution of gene expression
following intravenous injection of DAB-Tf-
DNA encoding luciferase was first qualitatively
assessed by luminescence imaging, at various
treatment durations. Gene expression appeared
to be mainly located in the brain of the mice.
The highest gene expression level was found 24
h following injection of the treatment.

Gene expression following administration of
DAB-Tf-DNA was then compared to that
observed following admimistration of DAB-
DNA and naked DNA, 24h after administration
of the treatments. The level of gene expression
in the brain appeared to be highest following
treatment with DAB-Tf-DNA (Figure 2).
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Figure 1. Epiflucrescence mucroscopy lmagmg of the
cellular uptake of Cy3- labeled DNA (2.5 pg/ well) either
complexed with DAB-Tf DAB or m solrhon after
mcubation for 2 hours with bEnd 3 cells (Blue: mucle
stained with DAPI (excitation: 403 mm, laser line
bandwidth: 415-491nm). zreen: C‘f3 Hlabeled DINA
(excitation: 543 nm, laser line bandwidth- 550-620 nm)

(Bar: 10 ym).
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Figure 2. Biohmunescence immaging of gene expression
after infravenous administration of DAB-TEDNA and
DAB-DNA (30 pg DNA administered). (Controls: DINA
solution, vntreated cells). The mice were imaged using the
IVIS Spectnum 24h after mjection of the h‘eatmEuts. The
scale indicates surface radiance (photons/s/cm?/steradian).

The conpugation of Tf to DAB significantly
increased by more than 2-fold the gene
expression in the brain (373 =+ 42 mU B-
galactosidase for DAB-Tf-DNA), while there
was no p-galactosidase detected in the liver, the
lung and the spleen In the kidneys and the
heart, gene expression reached a similar level to
that was observed following treatment with

DAB-DNA (105 + 6.1 mU and 12.1 + 3.6 mU
P-galactosidase per organ in the kidneys for
respectively DAB-Tf-DNA and DAB-DNA, 2.5
+ 1.6 mU and 0.9 = 1.6 mU p-galactosidase in
the heart for respectively DAB-Tf-DNA and
DAB-DNA).
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Figure 3. Biodistibution of gene expression after a single
infravenous administration of DAB-TDNA and DAB-
DNA (50 pg DNA administered). Results were expressed
as milliunits f-galactosidase per crgan (p=3). * : P =005 :
highest pene expression treatment vs. other treatments for
each crgan.

CONCLUSION
The  intravenous  administration  of
transferrin-conjugated polypropylenimine

dendrimer DAB-TT resulted in a 2-fold increase
of gene expression in the brain compared to
non-targeted dendrimer. This delivery system is
therefore promising and should be further
investigated for the treatment of CNS disorders

by gene therapy.
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ABSTRACT SUMMARY

The possibility of using genes as medicines
to treat brain diseases is currently limited by the
lack of safe and efficacious delivery systems
able to cross the blood-brain barrier, thus
resulting in a failure to reach the brain after
infravenous administration.

Lactoferrin is a single chain iron-binding
glycoprotein belonging to the transferrin family.
Lactoferrin receptors are widely expressed in
the brain and lactoferrin receptor mediated
transcytosis in  the Tbrain has ‘been
demonstrated'?. We propose to investigate
whether lactofernin-bearing generation 3-
polypropvlenimine dendrimer would allow the
transport of plasmid DNA to the brain after
infravenous adminisiration.

In vive, the intravenous injection of
lactoferrin-bearing DAB-DNA led to a 7-fold
increase in the gene expression in the brain
compared to the unmodified DAB-DNA.

This gene delivery system can be further
investigated for the treatment of the central
nervous system disorders in future.

INTRODUCTION

The treatment of central nervous system
(CNS) disorders by gene therapy has been
hindered by the presence of the blood-brain
barrier (BBB) that inhibits the entry of
therapeutic DNA to the bramn and by the lack of
safe gene delivery systems able to efficiently
cross this barrier. Intracerebral injection is the
most frequently wvsed method to transfer
exogenous genes in the brain However, it is
highly invasive and is unable to deliver genes to
the global areas of the brain. Various receptors
are located on the luminal side of the blood-
brain bamier (BBB). Receptor mediated
transcytosis can be one of the options for
efficient transfer of exogenous gene across the
BBB after intravenous injection As lactoferrin

(Lf) receptors are widely expressed on the BBB,
they can be exploited for the delivery of
therapeutics to the brain, via receptor-mediated
transcytosis. We propose to conjugate a highly
efficient gene delivery system,
polypropylenimine dendrimer (DAB), to Lf for
targefed gene delivery to the bramn following
intravenous administration. The objectives of
this study are to evaluate the brain-targeting
efficacy of this novel lactoferrin-conjugated
gene delivery system i vifro and in vivo.

EXPERIMENTAL METHODS

In vitro, the uptake of the fluorescently
labeled DNA, alone or complexed to DAB-Lf or
DAB, by bEnd3 murine brain capillary
endothelial cells, was wvisualized by
epifluorescence microscopy and quantified by
fluorescence-activated cell sorting (FACS).

In vive, the gene expression in the brain and
major organs after infravenous treatment with
DAB-Lf-DNA, DAB-DNA and naked DNA,
was visualized by bicluminescence imaging and
quanfified by a P-galactosidase reporfer gene
EXPIession assay.

RESULTS AND DISCUSSION

In vifro, the cellular uptake after treatment
with DAB-LfDNA resulted in a pronounced
DNA uptake in the cytoplasm of bEnd.3 cells.
By contrast, cells treated with DAB-DNA or
naked DNA did not show any DNA uptake
(Figure 1), highlighting the need of a receptor-
specific delivery system to camry the DNA
inside the cells.

In vivo, the distribution of gene expression
following intravenous injection of DAB-Lf-
DNA encoding luciferase was first qualitatively
assessed by luminescence imaging Gene
expression following administration of DAB-L{-
DNA was compared to that observed following
administration of DAB-DNA and naked DNA,
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24h after administration of the treatments. The
level of gene expression in the brain appeared to
be highest following treatment with DAB-Lf-

DNA (Figure 2).

DAE-LT-DNA DAB-DNA

Figure 1. Epifluorescence microscopy imaging of the
cellular uptake of Fluorescein- labeled DNA (2.5 pg/
well) either complexed with DAB-Lf, DAB or in selution,
after incubation for 2 hours with bEnd 3 cells (Blue
muclel stamed with DAPT (excitation: 405 nm, laser line
bandwidth: 415-491nm),. green: Fluorescein-labeled DNA
(excitation: 543 nm, laser line bandwidth: 550-620 nm)
(Bar: 10 pm).

DAB-LT-DMNA, DAB-DMNA

Figure 2. Bioluminescence imaging of gene expression
after infravenous administration of DAB-LEDNA and
DAB-DNA (50 pg DNA administered). (Confrols: DNA
solution). The mice were mmaged usng the IVIS
Spectrum 24h after injection of the treatments. The scale
indicates surface radiance (photons/s/cm’/steradian).

The conjugation of Lf to DAB significantly
increased by more than 7-fold the gene

expression in the brain (116.16 = 9.07 mU p-
galactosidase for DAB-Lf-DNA), followed by
liver (7097 = 14.07 mU) and spleen (17.61 =
15.07 mU), while there was no p-galactosidase
detected in the lung and the kidneys The gene
expression in the brain (DAB-Lf-DNA) is also

3-fold  higher than  fransferrin-bearing
polypropylenimine _ dendrimer  previously
reported by our group”.
B BAs-Li-0Ma
w0 (I CaB-DIMA
. I o

l

Brain Lo Lung  Spesr Keoeys Hesd

Organs

Beta-gataciesidess expressian (mllicegan)

Figure 3. Biodistribution of gene expression after a single
intravenous admimistration of DAB-LEDNA and DAB-
DNA (30 pg DNA administered). Results were expressed
as millimits f-galactosidase per organ (n=3). * : P <0.05 :
highest gene expression treatment vs. other treatments for
each organ.

CONCLUSION
The  infravemous  admimstration  of
lactoferrin-conjugated polypropylenimine

dendrimer DAB-TT resulted in a 7-fold increase
of gene expression m the bramn compared to
non-targeted dendrimer. This delivery system is
therefore promising and should be further
investigated for the treatment of CNS disorders
by gene therapy.
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