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Abstract

The University of Manchester
Anna King
Doctor of Philosophy (PhD)
Targeted Delivery of Nanotherapeutics to the Placenta
March 2016

During pregnancy the placenta is responsible for ensuring sufficient nutrient transfer
and gaseous exchange between the maternal and fetal circulations. Fetal growth
restriction (FGR), defined as the inability of the fetus to grow to its genetically
determined potential, is often the result of a poorly functioning placenta. Unfortunately
there is currently no treatment for FGR except to deliver the fetus early, which has a
high risk of morbidity and mortality. Several drugs have previously been shown to
enhance placental function and in doing so have improved fetal growth and viability in
both human and animal studies. However, the risk of teratogenesis prevents these drugs
from reaching the clinic. We have developed a way of targeting drugs specifically to the
placenta with the aim of enhancing placental function, increasing fetal growth and
improving fetal outcome, whilst minimising off target side effects. Biocompatible
nanoparticles called liposomes were prepared to display the homing peptide sequences
IRGD and CGKRK, both of which bind to the human and mouse placental exchange
regions, to created targeted liposomes. We report that these peptide-decorated liposomes
bound to the mouse and human placenta and were able to deliver a fluorescent cargo to
the area. Insulin-like growth factors-I and -1l (IGF-1 and IGF-II) were separately
incorporated inside of the targeted liposomes and administered as a biological cargo to
pregnant mice. IGFs are particularly important for placental and fetal growth and can
improve fetal growth and viability. Treatment in healthy pregnant C57/BL6J mice
increased placental weight, but not fetal weight. Treatment in mice displaying an FGR
phenotype (P0*") increased the weight of the lightest fetuses, but did not affect normally
grown fetuses. Treatment was well tolerated and did not cause any gross pathology in
mothers or fetuses. These data provide proof of principle for targeted delivery of drugs
to the placenta and are a novel platform for the development of placental-specific
therapeutics to treat conditions such as FGR.
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Chapter 1: Introduction
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1.1 Overview

Fetal growth restriction (FGR) is defined as the inability of the fetus to reach its
maximum growth potential in utero (Chiswick 1985). Apart from the 5-15% of cases
that are caused by genetic abnormalities, the major cause of FGR is a poorly functioning
placenta (Chiswick 1985). Reduced placental weight, volume, diameter (Biswas &
Ghosh 2008) and villous surface area (Biswas et al. 2008) are associated with FGR, as
is altered placental cell turnover including an increase in syncytiotrophoblast apoptosis
(Ishihara et al., 2002; Smith, Baker, & Symonds, 1997) and syncytial knot formation
(Calvert et al. 2013). FGR is also caused by impaired placental blood perfusion which is
usually observed with increased vascular resistance (Chiswick 1985; Brosens et al.
1972) and placental hypoxia (Hung et al. 2001). Reduced placental nutrient and/or
gaseous transport capacity (Desforges & Sibley, 2010) caused by altered nutrient

transporter activity (Jansson 2001; Sibley et al. 1997) is also a leading cause of FGR.

Unfortunately, there is no adequate treatment for FGR, which affects 5-10% of
pregnancies world-wide (Chiswick 1985). The only medical intervention available is to
increase fetal monitoring and to deliver the baby prematurely if the condition worsens
(Fisk & Atun 2008). Small or prematurely delivered babies often need expensive
neonatal intensive care and are at an increased risk of developing conditions such as
respiratory distress syndrome, retinopathy, cerebral palsy, and have a higher risk of
contracting infections that can result in neonatal death (Mclntyre et al. 1999). These
FGR babies are also predisposed to developing numerous diseases in adulthood,
including obesity, type-2 diabetes (Barker, Hales, et al. 1993), hypertension (Barker et

al. 1989), cardiovascular diseases (Barker et al. 1989; Barker, Godfrey, et al. 1993),
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stroke, chronic renal failure, chronic obstructive lung disease, osteoporosis,
schizophrenia, depression, certain cancers, and polycystic ovary syndrome (Ozanne et

al. 2004).

Recently, several potential therapeutics for FGR have been identified, which have
increased fetal growth by enhancing various aspects of placental function in animals
models and have shown promise in several human trials. The vasodilator sildenafil
citrate (Viagra®) reduced vascular resistance and improved fetal growth in several
rodent models of FGR (Dilworth et al. 2013; Stanley, Andersson, Poudel, et al. 2012)
and had great success in improving fetal viability in a small pilot study conducted in
pregnant women (von Dadelszen et al. 2011). It is now under examination in a large
cohort clinical trial called STRIDER (Sildenafil Therapy In Dismal prognosis Early-
onset intrauterine growth Restriction) (Ganzevoort et al. 2014). The potent antioxidant
melatonin has also been tested in several animal models of FGR. It decreased fetal
hypoxia, improved neurodevelopment and decreased brain injury and oxidative stress in
new born lambs, when administered to their mothers throughout gestation (Miller et al.
2012). It also increased birth weight and improved placental efficiency, whilst
decreasing placental antioxidant expression in an rat model of oxidative stress (Richter
et al. 2009). It has since moved into two clinical trials, where it is being examined as a
potential treatment for FGR (Alers et al. 2013) and pre-eclampsia (PE) (Hobson et al.
2013), a life threatening condition which often accompanies FGR. Finally, the insulin-
like growth factors -1 and -11 (IGF-1 and IGF-II) are also being considered as a potential
treatment for FGR as they have been shown to be important in regulating placental and

fetal growth in humans, rodents and several other species (Sferruzzi-Perri et al. 2011).
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Despite the obvious need for a treatment for FGR and the emergence of potential
therapeutic interventions, there is reluctance by the pharmaceutical industry to develop
drugs for use in pregnant women due to the fear of teratogenesis. Only three new
obstetric drugs have been licenced in the UK in the past twenty years, two of which are
for use after delivery (Fisk & Atun 2008) and in recent years, no new class of drugs has
been developed in the EU or US to treat PE, FGR, pre-term labour or miscarriage (Jones
et al. 2004). There is justified concern that systemic administration of any substance
during pregnancy could cause detrimental off target side effects to mother or fetus.
There is already evidence that the systemic administration of sildenafil citrate to
pregnant mice displaying an FGR phenotype causes long-term cardiovascular and
metabolic abnormalities in offspring (Renshall et al. 2014). For this reason, pregnant
women are perceived as a high-risk low return cohort, and pharmaceutical companies
are averse to investing in this area despite the clinical need. To circumvent this risk,
developing a method of selectively targeting drugs to the placenta is desirable as it
could limit teratogenic side effects and make treating FGR and other pregnancy

complications safer.

In recent years, research has focused on developing targeted drug delivery systems for a
variety of applications, mainly in the field of cancer therapy and several methods of
passive and active drug targeting have been explored. It is beneficial for therapeutics to
be delivered selectively to their target site, allowing a greater dose to be delivered to
diseased tissue, whilst minimizing the exposure of healthy tissues, improving the
efficacy of the drug and reducing the harmful side effects (Gabizon et al. 2002;
Ruoslahti 2004). Work conducted in the Ruoslahti lab has shown that the vascular

endothelium of all tissues express unique surface markers, which can be selectively
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targeted by tissue-specific ‘homing peptides’ (Erkki Ruoslahti, 2002). The group have
identified a catalogue of homing peptides that target specific surface markers expressed
by tumour vasculature and are currently using them to develop targeted nanoparticles,

capable of delivering chemotherapeutics directly to tumours (Ruoslahti et al. 2010).

Given the similarities of the developing placenta to a solid tumour (Holtan et al. 2009),
it was hypothesized that existing tumour homing sequences may bind to markers
selectively expressed on the placental surface. By in vivo phage screening, Harris et al.
(Harris et al. 2012) showed that several tumour homing peptide sequences target and
bind to the mouse placenta; a property which has since been validated in human
placental explants. The main objective of this PhD project was to harness the targeting
abilities of two of these homing peptides, iIRGD (CRGDKGPDC) and CGKRK
(CGGGCGKRK), to develop a novel biocompatible nanoparticle that can selectively
deliver a range of drugs to the placenta, and to then test this targeted nanotherapeutic in

animal models as a potential treatment for FGR.

1.2 The placenta

The placenta is responsible for maintaining the growth and development of the fetus
throughout pregnancy. It does this by facilitating gaseous exchange between the
maternal and fetal circulation, whilst absorbing and transporting nutrients needed for the
developing fetus. Throughout pregnancy the placenta develops so that its structure
meets the needs of the growing fetus, allowing for increased blood perfusion with a
larger surface area for gaseous exchange and nutrient transport. As well as this, it

produces hormones and placental-specific growth factors that support the pregnancy. It
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also acts as a barrier, preventing harmful substances from entering fetal circulation,

whilst suppressing a maternal immune attack. (Wang 2010).

1.2.1 Human placentation

Pregnancy begins with the fertilization of an oocyte by a spermatozoon to create a
zygote (Figure 1.1A). The cells within the zygote rapidly proliferate (Figure 1.1B) and
after five days become known as the blastocyst (Figure 1.1C), consisting of an inner cell
mass (ICM) which eventually develops into the fetal embryo, surrounded by a layer of
trophectoderm (Tr), which become the extra-embryonic tissues (EET), including the
placenta. Once within the uterus, the blastocyst hatches from its protective zona
pellucida (ZP) (Figure 1.1D), rotates so that the ICM is nearest to the decidua, and
begins implantation (Figure 1.1E). The trophoblast lineage then differentiates into
syncytiotrophoblast (ST) and cytotrophoblast (CT). The STs invade the uterine
epithelium until the embryo is fully incorporated and covered by a continuous layer of
multinucleated syncytiotrophoblast. Underlying CT act as progenitor cells, proliferating
and fusing to expand the syncytiotrophoblast, forming the placenta. (Norwitz et al.

2001).
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Figure 1.1: Blastocyst development and implantation. (A) Newly fertilized zygote, (B) zygote undergoes a series
of cell divisions, (C) zygote reaches blastocyst stage, consisting of inner cell mass (ICM) and outer trophectoderm
(Tr), (D) blastocyst hatches, shedding its zona pellucida (ZP) prior to implantation, (E) implantation of the blastocyst
occurs with syncytiotrophoblast (ST) invading the uterine epithelium and primed decidua. Adapted from (Huppertz

2008) and (Farquharson & Stephenson 2010).

Over time, the placenta develops into the basal maternal surface, the chorionic fetal
surface and a central exchange region (Figure 1.2A). The fetal surface is connected to
the fetus by the umbilical cord and consists of several villous tree-like structures
branching from the umbilical cord, grouped into cotyledons, surrounded by intervillous
blood spaces. (Wang 2010). Placental villi provide a large surface area for efficient
nutrient transfer without the maternal and fetal blood ever coming into direct contact

(Figure 1.2B).

There are several types of villi in the placenta (Figure 1.3); stem (Figure 1.3C),
immature (Figure 1.3B) and mature intermediate (Figure 1.3D), mesenchymal (Figure
1.3A) and terminal (Figure 1.3E). Stem villi (Figure 1.3C) are the largest villi and
branch out from the umbilical cord insertion and contain the major fetal blood vessels.
Terminal villi (Figure 1.3E) are at the end of the villous branches and are where
exchange takes place. (Huppertz 2008). Villi consist of an outer layer of ST in contact

with maternal blood, an underlying layer of proliferative CT and a villous stromal core
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(VS) that contains fetal blood vessels. Collectively, the cellular layers that separate the
maternal and fetal blood (ST, CT and the fetal capillary epithelium) are called the

placental barrier (Figure 1.4) (Sibley et al. 1997).

A B Umbilical
Amnion cord
Fetal surface
Fetal portion Pool of mother’s blood
of the placenta
Villous Villous tree
tree
h Maternal portion Fetal artery
Umbilical of the placenta
cord
Fetal vein
Maternal surface .
Mother's veins Mother's arteries Fingerlike fetal
carry fetal tes carry oxygenated Is in the pool
. away blood to the of maternal blood
Basal plate Cotyledon placenta in terminal villi

Figure 1.2: Schematic of human term placenta. (A) The maternal surface is composed of villi grouped into
cotyledons and the fetal surface is connected to the fetus by the umbilical cord, (B) placental villous tree containing

fetal blood vessels and surrounded by maternal blood (arrows show direction of blood flow). Adapted from (Wang

2010).
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Figure 1.3: Types of placental villi. Cross section of (A) a mesenchymal villus, (B) an immature intermediate villus,
(C) a stem villus, (D) a mature intermediate villus, and (E) a terminal villus. The light grey structure around the
outside of the villi is the multinucleated ST with underlying dark grey proliferative CT. The white centre of the villi is
composed of VS, which contains dark grey fetal capillaries; (C) shows the central fetal artery and vein coming from

the umbilical cord. Adapted from (Huppertz 2008).
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Figure 1.4: Electron micrograph image of the placental exchange barrier. Nutrients and amino acids are
transported across the placental barrier (double headed arrow) between maternal and fetal blood. Adapted from

(Desforges & Sibley 2010).
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1.2.2 Placental perfusion

Maternal decidual spiral arteries are responsible for maternal- placental blood flow.
They are initially plugged by trophoblast aggregates, thus maternal blood does not
circulate through the intervillous space until the end of the first trimester (Wang 2010).
This is thought to protect the placenta from the potentially damaging force of maternal
blood pressure (Aplin 2000). During this time the fetus is supported by glycoprotein-
rich histotroph, secreted by uterine glands, and plasma filtrate (Filant & Spencer 2014;
Jones et al. 2015). Towards the end of the first trimester, the plugs are dislodged and
maternal blood flow is initiated from the openings of spiral arteries, perfusing the
intervillous space before returning via the uterine veins. Deoxygenated blood flows
from the fetus, along the umbilical artery and into the villi to be oxygenated and
accumulate nutrients transported from the maternal blood. Blood rich in oxygen and

nutrients then returns to the fetus along the fetal umbilical vein (Wang 2010).

Throughout gestation placental blood flow increases in volume to provide the growing
fetus with a greater access to nutrient rich blood. To facilitate this increase, the decidual
spiral arteries are remodelled to become wide bore, low resistance vessels, allowing a
larger volume of maternal blood to flow into the intervillous space at a decreased
pressure (Wang 2010). Figure 1.5 shows the process of spiral artery remodelling.
Extravillous trophoblasts (EVT) differentiate from the tips of placental villi to become
interstitial and endovascular EVTs. They invade the maternal decidua and inner third of
the myometrium, instigating spiral artery remodelling and replacing the vessel walls
(Wallace et al. 2012). This remodelling is usually complete by 20 weeks gestation

(Harris & Aplin 2007).
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Figure 1.5: Uterine spiral artery remodelling during pregnancy. Interstitial trophoblasts invade the decidua and
surround the spiral arteries, whilst endovascular trophoblasts invade via the lumen of the spiral arteries. EVT-
mediated remodelling involves replacement of the endothelial lining and most of the musculoelastic tissue in the

arterial walls, transforming the vessels into low resistance, high flow conduits. Reproduced from (Wang 2010).

1.2.3 Placental transport

Figure 1.6 shows a schematic of the ST layer, comprising the microvillous membrane
(MVM) and the basal membrane (BM). This barrier permits the transfer of molecules
between maternal and fetal circulation via several routes, with diffusion being the most
common mechanism (Desforges & Sibley 2010). Glucose is the main energy source for
the growing fetus and moves into fetal circulation by facilitated diffusion (Figure 1.6C)
(Desforges & Sibley 2010). Small lipophilic molecules such as oxygen diffuse rapidly
across the lipid bilayers of the cells making up the placental barrier (Figure 1.6A);
whereas hydrophilic molecules cannot easily pass the lipid bilayers so may diffuse
transcellularly (Figure 1.6B) at a slower rate. Diffusion of these molecules can be aided
by the presence of transcellular channels and carriers. Channels allow for selective
facilitated diffusion or active transport of ions such as Cl-and K* (Figure 1.6G). Carriers
combine selectively with the molecules and move with them across the membrane using
energy harvested from facilitated diffusion and active transport (Figure 1.6F). Carriers

can co-transport more than one molecule in the same direction (Figure 1.6D), or can
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exchange two molecules in opposite directions across the barrier (Figure 1.6E)
(Desforges & Sibley 2010). Finally, endocytosis (Figure 1.6H) is another way that
molecules are transported across the placental barrier; the cell membrane invaginates to
form an intracellular membrane-bound vesicle, the contents of which are then released
on the other side of the cell. The exchange barrier gets thinner later in gestation, which

increases the diffusion rate to meet the needs of the growing fetus (Jones & Fox 1991).
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Figure 1.6: Cross section of the placental syncytiotrophoblast layer showing the main transfer mechanisms
across it. Molecules cross the maternal facing MVM and the fetal facing BM via (A) diffusion of lipophilic
substances, (B) paracellular transport of hydrophilic substances, (C) facilitated diffusion, (D) co-transport of amino
acid with Na*, (E) exchange of H* with Na*, (F) active transport, using energy gained from the hydrolysis of
adenosine-5'-triphosphate (ATP), (G) ion channels in the MVM and BM; (H) endo/exocytosis. Reproduced from

(Desforges & Sibley 2010).

In general, the concentrations of amino acids in the fetal blood are higher than in the
maternal blood (Philipps et al. 1978); thus amino acids are usually transferred or
exchanged against a concentration gradient, via active transport mechanisms. To date,
15 transport systems have been identified in the human placental exchange barrier
(Jansson 2001). Na*-dependent systems, such as system A, ASC, B® and B, co-transport

amino acids using the Na+ electrochemical potential gradient (Jansson 2001). For Na*-
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independent systems, such as system L, it is believed that amino acid uptake is
stimulated by high intracellular concentrations of the amino acids transported via the

Na*-dependent systems (Jansson 2001).

1.2.4 Placental endocrinology

The placenta produces many hormones and growth factors that support the pregnancy.
Many of these hormones are either not present in the circulation of non-pregnant
women, or are present in much higher concentrations in pregnancy (Linzer & Fisher

1999).

Human chorionic gonadotropin (hCG), initially synthesized by the developing
blastocyst, stimulates the corpus luteum to produce estrogen and progesterone (Wang
2010). These hormones primarily act to decidualize the endometrium, aiding blastocyst
implantation and preventing menstruation (Tortora & Derrickson 2009). Later in
pregnancy, the placenta takes over production of estrogen and progesterone (Wang
2010), which increase gradually throughout gestation (Newbern & Freemark 2011) to
maintain vascularisation of the placenta and prevent uterine contraction (Tortora &

Derrickson 2009).

Human placental lactogen (hPL) and human placental growth hormone (PIGH) are
produced by the placenta and their concentrations increase as the placenta grows
(Newbern & Freemark 2011). They work together to initiate mammary gland lactation
(Wang 2010) and help to control the concentration of glucose, lipids and amino acids

that the fetus is exposed to (Newbern & Freemark 2011).
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Growth factors, such as the insulin-like growth factors -1 and -1l (IGF-1 and IGF-I1),
vascular endothelial growth factor (VEGF), epidermal growth factor (EGF) and
fibroblast growth factor (FGF), are also produced by the placenta to promote and
maintain trophoblast turnover and placental vascularisation. In combination, these
factors are necessary for successful trophoblast invasion, differentiation and
proliferation. (Wang 2010). They promote angiogenesis and the formation of mature
and stable vessels (Wang 2010), and act as survival factors to reduce trophoblast
apoptosis (Forbes et al. 2008; Moll et al. 2007). IGF-1 and IGF-11 have been found to be
particularly important for fetal growth and development in several species. In
combination with their receptors and binding proteins, IGFs increase maternal tissue
growth, increase placental blood flow (Newbern & Freemark 2011; Sferruzzi-Perri et al.
2011), influence placental cell metabolism, mitogenesis and differentiation (Forbes et
al., 2008; Fowden, 2003), and regulate fetal growth in response to maternal nutrient

availability (Fowden 2003).

1.3 Fetal growth restriction (FGR)

In developed countries, FGR is responsible for the majority of stillbirths (Gardosi et al.
2005) and may occur due to poor maternal health, infection, or a fetal chromosomal
abnormality. However, often it occurs in the absence of any triggers and is usually
ascribed to placental insufficiency; abnormalities with placental development, function,
or structure that impact on fetal growth (Chiswick 1985). FGR is often accompanied by
PE, a life-threatening complication that also has its roots in placental insufficiency, and

is characterised by maternal hypertension (>140/90mmHg), proteinuria (>300 mg in a
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24-hour urine sample), maternal oedema and if severe, maternal seizures (eclampsia)

and death (Garovic et al. 2007).

In clinical practice, FGR is generally defined as a fetal weight at any gestation falling
below the customised 10" centile of the population, adjusted for fetal sex and maternal
characteristics, such as height, weight and ethnicity (Gardosi et al. 2005). This
customised birth weight adjustment aims to detect the difference between a
physiologically small, but healthy baby, and a pathologically small baby (Gardosi et al.
2005; RCOG contributors 2013) where growth is limited for a medical reason (Sibley et
al. 1997; Gardosi et al. 2005). As well as an immediate mortality risk, FGR babies have
an increased risk of developing obesity, type-2 diabetes (Barker, Hales, et al. 1993),
hypertension (Barker et al. 1989), cardiovascular diseases (Barker et al. 1989; Barker,
Godfrey, et al. 1993), stroke, chronic renal failure, chronic obstructive lung disease,
osteoporoporis, schizophrenia, depression, certain cancers, and polycystic ovary
syndrome (Ozanne et al. 2004) as adults. The international society for Developmental
Origins of Health and Disease (DOHaD 2015) has now termed this effect “fetal
programming” and report that many of the conditions are due to epigenetic effects
occurring in utero, which cause alterations in gene expression throughout life and can

even propagate onto future generations (Aiken et al. 2015).

1.3.1 Aetiology of FGR

Fetal growth is directly correlated to the ability of the placenta to transport oxygen,
nutrients and amino acids between the mother and the fetus (Sibley et al. 1997). It

therefore follows that a placenta that cannot transport molecules effectively often
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produces a growth-restricted fetus. A growth restricted fetus usually develops from a
placenta of reduced weight, volume, diameter (Biswas & Ghosh 2008) and villous
surface area (Biswas et al. 2008) when compared to adequately grown fetuses. Overall,
there is a reduced placental surface area for nutrient exchange. Alterations in placental
cell turnover have also been associated with FGR and PE, with an increase in
syncytiotrophoblast apoptosis (Ishihara et al., 2002; Smith, Baker, & Symonds, 1997)

and syncytial knot formation observed (Calvert et al. 2013).

To increase blood flow into the placenta over gestation, the uterine spiral arteries are
remodelled. Brosens et al. (Brosens et al. 1972) first recognised a link between shallow
trophoblast invasion, poor maternal uterine spiral artery remodelling and FGR/PE.
Insufficient spiral artery remodelling results in an increased resistance to blood flow
through the placenta, and reduced gaseous and nutrient transport to the fetus due to
delivery of a reduced volume of blood. As well as this, unremodelled, high resistance
spiral arteries cause pulsatile, high pressure ‘jets’ of blood to enter the intervillous

space, which can also cause damage to the developing placenta (Burton et al. 2009).

Insufficient vascularisation and a reduced surface area for exchange are not the only
contributors to FGR. It has also been found that the transport of amino acids,
particularly via system A, is significantly reduced in FGR babies. This is due to an
alteration in the activity of the transporter proteins present on the placental exchange
surfaces (Sibley et al. 2005; Glazier et al. 1997). The FGR placenta transports amino
acids less efficiently, meaning that there are a lower concentrations of some amino acids

in the cord blood of FGR babies (Cetin et al. 1988).
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1.3.2 Detection of FGR

For a potential treatment to be administered in a timely manner, it is necessary to be
able to detect FGR early. At several points throughout pregnancy the expectant mother
is seen by a clinician who measures parameters such as blood pressure, proteinuria and
fetal growth via an ultrasound scan. If the growth trajectory of the fetus arouses
concern, a Doppler ultrasound scan is often used to examine utero-placental and feto-
placental blood flow. This functions by sending out ultrasound pulses and measuring the
frequency shift of this pulse from the blood as it moves through a vessel, giving
information about the speed and direction of blood flow. As pregnancy progresses, there
is a decrease in impedance to flow through the uterine artery which can be detected by
this device (Papageorghiou et al. 2004). In pregnancies complicated by FGR, often this
decrease in impedance is not observed and in severe cases there is actually an increase
in impedance, indicating that there is a high resistance to blood flow into the placenta
(Papageorghiou et al. 2004). If implemented as a routine antenatal screen at 23 weeks
gestation, it is estimated that this technique would identify around 40% of pregnancies
that would go on to develop PE, and 20% of pregnancies that would go on to develop

FGR (Papageorghiou et al. 2004).

Maternal circulating factors such as hCG, hPL (Reis et al. 2002), PIGF, VEGF, soluble
fms-like tyrosine kinase (sFIt-1) (Levine et al. 2004), growth hormones (GH) (Reis et al.
2002), and IGFs with their binding proteins (Christians & Gruslin 2010) have all been
examined as early predictors of FGR and PE. However due to inter-patient variability
and the fact that FGR/PE have multifactorial pathologies, it is difficult to predict

whether a patient will develop FGR/PE, especially without taking repeated

37



measurements throughout gestation. Unfortunately, current studies often produce

conflicting results (Reis et al. 2002), making this an unreliable detection method.

Current techniques aren’t robust enough to confidently predict FGR and/or PE before
the clinical presentation of the disease, meaning that preventative treatments are not
currently an option. If detected early, treatment could be administered earlier, giving the
possibility of correcting placental insufficiency before the onset of growth restriction or

PE.

1.3.3 Potential therapeutics for FGR

There is no satisfactory treatment for FGR. Currently clinicians identify high-risk
patients and increase the frequency of monitoring. If the condition worsens then the
baby may be delivered, usually prematurely, and will often need neonatal intensive care
(Fisk & Atun 2008). Several drugs outlined below have been investigated as potential
treatments in animal models and clinical trials; some are already in use in the clinic, but

as yet nothing has come to fruition as a truly effective treatment for FGR.

1.3.3.1 Low Dose Aspirin (LDA)

Aspirin (acetylsalicylic acid) is a commonly used painkiller that also prevents platelet

aggregation. In low doses it is an effective preventative treatment for heart attacks and

strokes. LDA is readily prescribed to pregnant women at risk of FGR/PE, however there

is conflicting evidence as to whether it improves pregnancy outcome.
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Leitich et al. (Leitich et al. 1997) performed a meta-analysis of 13 studies, comprising
13,234 pregnant women and reported that early LDA treatment increased fetal growth
when administered to women with FGR. However, Yu et al. (Yu et al. 2003) found that
administration of LDA to pregnant women with impaired placental blood flow
confirmed by uterine artery Doppler ultrasound, did not decrease the incidence of PE
development, but the group did not assess FGR risk. Newnham et al. (Newnham et al.
1995) also report that LDA administered to women with pregnancies complicated by
FGR did not increase gestation length, fetal growth or viability. More recently, a second
meta-analysis stated that LDA treatment reduced the risk of PE, FGR and pre-term
birth, but only when taken before 16 weeks gestation (Bujold et al. 2014), highlighting

the need for early detection of these conditions.

PE/FGR are associated with placental hypoxia, which causes damage to endothelial
cells and deregulation of the vasodilator prostacyclin and the vasoconstrictor
thromboxane. It is believed that LDA can improve PE/FGR symptoms by acting on the
enzyme cyclo-oxygenase to alter the ratio of prostacyclin and thromboxane. (Yu et al.

2003).

1.3.3.2 Low molecular weight heparin (LMWH)

LMWH has antithrombotic properties and is administered to patients who have had
heart valve replacement, and those at an increased risk of myocardial infarction and
stroke. It is prescribed extensively throughout pregnancy to treat vascular diseases, such
as thrombophilia (an increased risk of forming blood clots) and deep vein thrombosis

(DVT) (Ghidini 2014). It has also been found that LMWH is unable to cross the
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placenta and is not found in fetal circulation so is considered more safe than other

alternatives (Chan & Ray 1999).

Women with thrombophilia are more likely to have pregnancies complicated by FGR
and PE (Many et al. 2001). In treating thrombophilia and DVT during pregnancy, it was
observed that LMWH also reduced the occurrence of FGR/PE and improved fetal
outcome (Many et al. 2001). As such, in a further study, LMWH and aspirin were
prescribed in combination to 276 pregnant women with thrombophilia and PE/FGR in a
small non-randomised trial. It was found that there was an increase in successful
pregnancy outcome with the treatment (Riyazi et al. 1998). However, since this study, a
further study has been conducted (Abheiden et al. 2015) which reported that
administering LMWH and aspirin to pregnant women with hypertension and/or FGR
and a previous history of thrombophilia did not increase fetal growth or improve

umbilical or uterine artery flow velocity when compared with aspirin alone.

1.3.3.3 Vasodilators

Several pregnancy pathologies, including FGR, occur due to insufficient placental
perfusion and/or insufficient vasorelaxation of both myometrial and placental vessels.
Sildenafil citrate (Viagra®) is a vasodilator that has been investigated with the intention
of increasing blood flow through the uterus and placenta by increasing vasodilation and
reducing arterial resistance (Daraghmeh et al. 2001). Myometrial small arteries
collected from human FGR pregnancies showed increased vasoconstriction when
exposed to the thromboxane-mimetic U46619, and reduced endothelium-dependent

relaxation when exposed to bradykinin, compared with those from uncomplicated
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pregnancies (Wareing et al. 2005). When these arteries were incubated with sildenafil
citrate, vasoconstriction was significantly reduced and endothelium-dependent
relaxation was increased. This was not recapitulated in vessels collected from normal
pregnancies when exposed to sildenafil citrate. Following this, sildenafil citrate was
offered to women whose pregnancies were severely compromised by FGR (von
Dadelszen et al. 2011). This pilot trial reported significantly improved fetal survival
rates, but the study was underpowered so proper comparisons could not be made. There
was, however, an increase in the abdominal circumference growth velocity of the
fetuses in 9/10 women treated with sildenafil citrate, compared with an increase in only
7/17 in the untreated group. Sildenafil citrate is now undergoing a large cohort clinical
trial (STRIDER) to further examine its effects on fetal growth further and to highlight

any problematic side effects (Ganzevoort et al. 2014).

1.3.3.4 Antioxidants

Many placental pathologies are caused by an imbalance between pro- and antioxidants
(Matsubara et al. 2015) and in pregnancies complicated by pre-eclampsia there is a
significant decrease in the serum concentrations of certain antioxidants when compared
with uncomplicated pregnancies, including superoxide dismutase (SOD) (Davidge et al.
1992). When there is insufficient placental perfusion, placental hypoxia occurs,
resulting in the formation of reactive oxygen species (ROS), which limit the amount of
free nitric oxide (NO; a vasodilator) present and can lead to the formation of
peroxynitrite (ONOO'; a free radical) (Roggensack et al. 1999), causing excessive

vasoconstriction of the placental arteries.
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Several antioxidants have been examined as potential treatments for pregnancy
complications, with varying levels of success. In 2006, the results of a randomised
placebo-controlled trial were published called the Vitamins in Pre-eclampsia (VIP) trial
(Poston et al. 2006). Over 1000 high risk women were administered Vitamin C and E
daily from the second trimester of pregnancy until delivery, at a dose lower than the
maximum dose recommended for pregnant women by the Institute of Medicine’s Food
and Nutrition Board, USA. When compared with the control group, these vitamins did
not reduce the risk of developing PE, but did significantly reduce the birth weight of
treated infants. This study shows that antioxidant administration can be harmful in
pregnancy and could increase the risk or the severity of FGR. The potential reasons for
this were examined in vitro and it was found that incubating human CT with
corresponding concentrations of Vitamin C and E decreased hCG and increased tumor
necrosis factor- a (TNF-a) (Aris et al. 2008). Alterations in expression of these factors
are known to be associated with endothelial dysfunction and adverse pregnancy

outcomes.

The synthetic antioxidant compound, tempol has been tested in mouse models of FGR
and PE to examine its role as a possible treatment. Hoffmann, et al. (Hoffmann et al.
2008) administered tempol to the BPH/5 mouse which exhibits impaired placentation,
maternal hypertension, proteinuria and an increase in placental ROS. Treatment
improved fetal growth and fetal survival, and also alleviated the maternal symptoms,
such as hypertension and proteinuria. Stanley et al. (Stanley, Andersson, Hirt, et al.
2012) administered tempol in a mouse model of FGR; endothelial nitric oxide synthase
knock out (eNOS™) mice have elevated blood pressure before and during pregnancy,

increased uterine artery resistance caused by abnormal spiral artery remodelling and

42



altered maternal vasodilatory responses. Ex vivo experiments have also shown that
eNOS™ mouse placentas contain an increased concentration of superoxide anions.
Tempol treatment increased fetal weight and crown-rump length, which was
hypothesised to be due to an increase in uterine artery perfusion. However, treatment
also resulted in a limited decrease in superoxide anion production, no improvement in
amino acid transport and a significant reduction in the vascular density of the placenta,

showing that treatment may be detrimental for placental function.

More recently, the antioxidant melatonin has been found to improve fetal growth in a rat
model (Richter et al. 2009) and an ovine model (Lemley et al. 2012) of FGR, with
limited adverse side effects. It is now being tested in two phase-I clinical trials; one to
assess whether melatonin treatment can prolong pregnancy in women with PE (Hobson
et al. 2013) and a second to assess whether melatonin can reduce oxidative stress in the
placenta in cases of severe early-onset FGR, confirmed by estimated fetal growth
measurements and Doppler ultrasound (Alers et al. 2013). Melatonin has a good
biosafety profile in adults, but it is known to cross the placenta so may have undesirable

fetal effects which will need to be monitored closely.

1.3.3.5 Insulin-like growth factors (IGFs)

IGFs are mitogenic hormones that play a key role in growth in both humans and

animals. They are key mediators of fetal and placental growth and function, and are also

important for appropriate infant and pre-adolescent growth (O’Dell & Day 1998).
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Throughout human pregnancy, IGF-I expression gradually increases (Figure 1.7),
whereas IGF-11 expression increases initially and then its levels are maintained.
However, in other species this expression pattern is different (Sferruzzi-Perri et al.
2011). It is proposed that the maternal serum concentration of IGF-I increases in
concentration during human pregnancy due to an increase in maternal tissue mass (Lof
et al. 2005), whereas the concentration of IGF-11 increases initially due to the
development of the placenta, but then remains reasonably constant (Han & Carter
2000). IGF-I and -11 are expressed by the CTs, EVTs and the mesodermal villous core
during the first trimester, with IGF-II being more abundantly expressed throughout

gestation (Nayak & Giudice 2003).

As shown in Figure 1.8, IGF-1 and -11 bind to three transmembrane receptors; type-I
IGF receptor (IGF-1R), type-Il IGF receptor (IGF-2R) and the insulin receptor (InsR)
with varying affinities. Their actions are modulated by six binding proteins (IGFBP1-6)
(Sferruzzi-Perri et al. 2011), which have been proposed to modulate IGF binding to
their receptors (Nayak & Giudice 2003). Most of the mitogenic action of IGF-1 and -II
Is mediated by binding with IGF-1R, with IGF-2R being responsible for clearance and
degradation within lysosomes. IGF-I1 binds with a high affinity to IGF-1R and with a
lower affinity to IGF-2R and IsnR; IGF-1 binds to IGF-1R with a lower affinity than

IGF-II, and has a very low affinity for IGF-2R (Denley et al. 2005)
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Figure 1.7: Maternal serum concentration of (A) IGF-1 and (B) IGF-I1 during pregnancy. The concentration of
IGFs were measured in human, baboon, rhesus monkey, rat, cow, sheep, rabbit, guinea pig and pig at different stages
of gestation expressed as a percentage of the non-pregnant state. Dotted line is the concentration in serum from non-

pregnant females. Reproduced from (Sferruzzi-Perri et al. 2011).

45



IGF-BP1 IGF-BP2 IGF-BP3 IGF-BP4 IGF-BP5 IGF-BP6
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IGFfProteases |GF-I IGE-II

IGF-R1 IGF-R2
Metabolic effects Growth promoting Degradation
Stimulation of: Stimulation of: Receptor continually
Glucose transport RNA/DNA synthesis cycles between
Glucose utilisation Cell proliferation plasma membrane
Amino acid transport Cell differentiation and ER to degrade
Protein synthesis Cell survival internalised IGF

Figure 1.8: Schematic diagram illustrating the IGF axis. IGF-I and IGF-II are liberated by proteases from the six
IGF-binding proteins (IGF-BP1-6) and interact with the IGF receptors (IGF-R1, IGF-R2) or the insulin receptor
(InsR), leading to metabolic effects, growth promotion or degradation. Solid line shows high affinity binding,

whereas dotted line shows lower affinity binding. Adapted from (Nayak & Giudice 2003; O’Dell & Day 1998).

In a review by Sferruzzi-Perri et al. (Sferruzzi-Perri et al. 2011), the effect of IGF

administration to different animals during pregnancy was compiled (Table 1.1).
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Treatment with IGF-I or IGF-II enhanced placental function in all species studied,

affecting one or several of the following parameters depending on the species: placental

weight; placental cell proliferation, migration and invasion; amino acid and glucose

transport; volume or surface area for exchange and/or exchange barrier thickness.

Villous explants

Primary trophoblast

Primary villous trophoblast

1%t trimester

1st trimester

1st trimester
Term

A) Treatment Species Treatment regime Analysis Day Placental outcome
IGF-I Mouse In vivo: Daily E0.5-18.5 E19 € Weight
In vitro: primary EPC trophoblast 1t trimester A\ Proliferation,
AN Migration
Rat In vivo: Daily E9.5-20.5 E20.5 € Weight
Guinea In vivo: Daily E19.5-36.5 E39.5 AN Weight by 10%
Pig In vivo: Daily E19.5-37.5 E34.5&E61.5 | €= Weightand structure
AN Glucose and AIB transfer
Sheep In vivo: 4hon~E131.5 E131.5 AN Lactate production
Human In vitro:
Villous explants 1=t trimester AN Trophoblast proliferation
AN Extravillous trophoblast migration
¥ Trophoblast apoptosis
Villous explants 1st trimester AN Secretion of hCG and hPL
Primary trophoblast 1t trimester A Proliferation
AN Migration
AN Invasion
Primary villous trophoblast 1=t trimester AN Glucose and amino acid uptake
Villous explants Term WV Release of vasoconstrictors
Primary villous and syncytialised trophoblast Term V¥ TFN-a and INF-y-induced apoptosis
B) Treatment Species Treatment regime Analysis Day Placental outcome
IGF-II Mouse In vitro: primary EPC trophoblast 15t trimester A\ Differentiation into giant cells
Rat In vivo: Daily E15.5-21.5 E21.5 A\ 29% volume of junctional zone
Sheep In vitro: primary mononuclear trophoblast 1=t trimester A\ Migration
Guinea In vivo: Daily E19.5-36.5 E39.5 AN Weight by 9%
Pig In vivo: Daily E19.5-37.5 E34.5&E61.5 | €= Weight
W Areaand proportion of interlobium
AN Labyrinthine area, proportion and
volume
AN Surface area for exchange
€-> Placental barrier thickness
AN Transfer of glucose
Human In vitro:

Trophoblast proliferation
Syncytial regeneration
Extravillous trophoblast migration
Trophoblast apoptosis
Proliferation

Migration

Invasion

Glucose and amino acid uptake
Glucose and amino acid uptake

23393 €395

Table 1.1: The impact of IGFs on placental growth and function in vitro and in vivo. (A) IGF-I and (B) IGF-II

administration to pregnant animals or incubation with human 1% trimester and term placental tissue. ECP;

ectoplacental cone. Adapted from (Sferruzzi-Perri et al. 2011).
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It is hypothesized that IGF-I is important for fetal growth by initiating maternal
metabolic adaptions that are necessary to produce an adequately grown fetus (Figure
1.9). Ablation of the IGF-I gene in mice reduced fetal weight to approximately 60% of
wild type weight by the end of gestation, but placental weight was unaffected (Baker et
al. 1993). Exogenous administration of IGF-I to guinea pigs did not alter placental
weight, but increased fetal growth purportedly by diverting nutrients from the mother to
the fetus and reducing maternal adipose tissue (Sferruzzi-perri et al. 2007). Similarly,
exogenous administration of IGF-I to pregnant rodents did not alter fetal or placental,
but did affect maternal weight gain (Gluckman et al. 1992; Gargosky et al. 1991).
Elevated IGF-I levels in the pregnant ewe induced by maternal food restriction,
increased maternal tissue mass in favour of fetal or placental weight gain (Wallace et al.

1996; Wallace et al. 1997).

Conversely, IGF-I1 is thought to be responsible for regulating fetal growth via its
actions on the placenta (Figure 1.9). Knocking out the placental-specific IGF-11
transcript, which abolishes IGF-11 production in the placental labyrinth, affected both
fetal and placental growth; fetuses weighed 69% of their wild type counterparts, and
placental weights were 68% of wild type at term (Constéancia et al. 2002; Baker et al.
1993). IGF-11 administration to the rat increased the junctional zone volume by 29%
(Van Mieghem et al. 2009), but did not affect fetal weight. Whereas administration to
the guinea pig increased the placental weight by 9% (Sohlstrém et al. 2001) and
increased fetal weight by 7-11%, improving fetal viability (Sferruzzi-perri et al. 2007,

Sferruzzi-Perri et al. 2006; Sferruzzi-Perri et al. 2008).
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Figure 1.9: The proposed actions of maternal circulating IGFs on the mother and placenta that influence fetal

growth. Adapted from (Sferruzzi-Perri et al. 2011).

IGFs also play an important role in human placental development. In a human explant
model, IGF-1 and -1l increased CT proliferation and decreased apoptosis (Forbes et al.
2008). They also improved human placental fibroblast function when virally transfected
in vitro (Miller et al. 2005). IGFs reportedly stimulate amino acid and glucose uptake in

human term placental explants (Kniss et al. 1994; Karl 1995; Roos et al. 2009), with

IGF-I in particular stimulating glucose and amino acid uptake in isolated human

trophoblasts (Karl 1995; Kniss et al. 1994) as well as inhibiting the release of the

vasoconstrictors thromboxane and prostaglandin in human term placental explants

(Siler-Khodr et al. 1995).
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There is an association between FGR and alterations in IGF axis in human pregnancies,
demonstrating the potential for clinical translation of IGF treatment. There are
alterations in the concentration of IGFs and their associated binding proteins in maternal
plasma and fetal cord blood collected from FGR pregnancies (Lassarre et al. 1991;
Giudice et al. 2013; Holmes et al. 1997). There is a positive correlation between the
maternal plasma concentration of IGF-I (Vatten et al. 2008) and IGF-I1 (Cooley et al.
2010) and the risk of developing PE. Finally, the expression of IGF-1 and IGFBP1 is
also reduced (Koutsaki et al. 2011), with a 33% reduction in the protein content of the

IGF-I receptors (Laviola et al. 2005) in placentas collected from FGR pregnancies.

As yet, IGFs have not been administered to animals displaying an FGR phenotype or to
humans with pregnancies complicated by FGR. However, there is an increasing body of
evidence that suggests that IGFs are extremely important for fetal growth and that by
increasing the concentration of IGFs, it is possible to enhance placental function in all

animals studied; in turn it may be possible to increase fetal growth and viability.

1.3.4 The future of therapeutics for FGR

The majority of drugs in use currently are systemically administered and circulate
throughout the entire body. As such, many cannot be given to pregnant woman due to
the fear of teratogenicity and off-target maternal and fetal effects. Targeted therapeutic
delivery may allow the treatment of placental abnormalities directly and specifically,
without causing systemic side effects to the mother or baby. Targeted delivery also
allows a lower dose of the drug to be administered to achieve the equivalent therapeutic
concentration locally within the placenta, potentially making any candidate drug safer
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and cheaper to administer. Nanoparticles are increasingly being used to facilitate the
targeting of drugs to particular sites in the body and to enhance the pharmacokinetics

and bioavailability of the drug administered.

1.4 Nanoparticles for drug delivery

Nanoparticles are defined as synthetic or natural materials with one or more dimension
being less than 100 nm. Because of their size, nanoparticles possess properties different
from their bulk counterparts, such as a large surface area to volume ratio, making them
particularly useful for drug delivery. Using nanoparticles allows for the modification of
existing drug characteristics such as solubility, blood circulation half-life, drug release

profiles and tissue specificity. (Zhang et al. 2008).

There are several nanoparticle-drug compounds that are clinically available or are
undergoing clinical trials (Table 1.2) (Zhang et al. 2008). Currently, these nanoparticle
formulations rely on passive targeting utilising a phenomenon called the enhanced
permeability and retention effect (EPR). Drugs conjugated to nanoparticles are
protected from degradation and therefore become long-circulating therapeutics. Certain
tumours display the EPR effect which permits the accumulation of long circulating
nanoparticles in the leaky, immature vasculature that surrounds them (Maeda et al.

2000).
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Composition Trade name Company Indication Route
Liposome amphotericin B Abeket Enzon Fungal infections LV
Liposome amphotericin B AmBisome Gilead Sciences Fungal and protozoal infections LV
Liposomal cytarabine DepoCyt SkyePharma Malignant lymphomatous meningitis LT
Liposomal daunorubicin DaunoXome Gilead Sciences HiV-related Kaposi's sarcoma LV
Liposomal doxorubicin Myocet Zeneus Combination therapy with cyclophosphamide in LV
metastatic breast cancer
Liposomal IRIV Vacicne Epaxal Berna Biotech Hepatitis A LM
Liposomes IRIV Vaccine Inflexal V Berna Biotech Influenza LM
Liposomal morphine DepoDur SkyePharma, Endo Postsurgical analgesia Epidural
Liposomal verteporfin Visudyne QLT, Novartis Age-related macular degeneration, pathological myopia, LV
ocular histoplasmosis
Liposome-PEG doxorubicin Doxil/Caelyx Ortho Biotech, HIV-related Kaposi’s sarcoma, metastatic breast cancer, (Y]
Schering-Plough metastatic ovarian cancer
Micellular estradiol Estrasorb Novavax Menopausal therapy Topical
-Glutamic-acid, t-alanine, Copaxone TEVA Multiple sclerosis S€
-Lysine and t-tyrosine Pharmaceuticals
copolymer
Methoxy-PEG-poly(D,L- Genexol-PM Samyang Metastatic breast cancer LV
lactide taxol
PEG-adenosine deaminase Adagen Enson Severe combined immunodeficiency disease associated LM
with ADA deficiency
PEG-anti-VEGF aptamer Macugen 0sl Age-related macular degeneration LR
Pharmaceuticals
PEG-a-interferon 2a Pegasys Nektar, Hoffmann- Hepatitis B, Hepatitis C S.C
La Roche
PEG-GCSF Neulasta Amgen Neutropenia associated with cancer chemotherapy S.C
PEG-HGF Somavert Nektar, Pfizer Acromegaly S.C
PEG-1-asparaginase Oncaspar Enzon Acute lymphoblastic leukemia LV, LM
Poly(allylamine Renagel Genzyme End-stage renal disease Oral
hydrochloride)
Albumin-bound paclitaxel Abraxane Abraxis BioScience, Metastatic breast cancer LV
AstraZeneca
Nanocrystalline aprepitant Emend Elan, Merck Antiemetic Oral
Nanocrystalline fenofibrate Tricor Elan, Abbott Anti-hyperlipidemic Oral
Nanocrystalline sirolimus Rapamune Elan, Wyeth Immunosuppressant Oral
Pharmaceuticals

Table 1.2: Clinically approved nanoparticle based therapeutics. ADA; adenosine deaminase, GCSF; granulocyte
colony-stimulating factor, HGF; hepatocyte growth factor, HIV; human immunodeficiency virus, 1.M; intramuscular,
I.R; intravitreous, IRIV; immunopotentiating reconstituted influenza virosome, 1.T; intratrathecal, 1.V; intravenous,
PEG; poly(ethylene glycol), S.C; subcutaneous, VEGF; vascular endothelial growth factor. Adapted from (Zhang et

al. 2008).
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Liposomes are spherical nanoparticles composed from a phospholipid bilayer
(Immordino et al. 2006). They are one of the most extensively used and well-
characterised drug delivery systems available. Arguably, the most successful liposome
formulation currently in clinical use is DOXIL®, also trading under the names Caelyx®
or Myocet®. DOXIL® is liposomally encapsulated doxorubicin, a widely used
chemotherapeutic, which works by passively targeting solid tumours. It was the first
Food and Drug Administration (FDA) approved nanoparticle formulation and is
licenced to treat Kaposi sarcoma, ovarian cancer and breast cancer. It is reported that
DOXIL® is significantly more effective at reducing tumour growth than free
doxorubicin, with significantly reduced cardiotoxicity (Working & Dayan 1996;

Gabizon & Martin 1997).

Other examples of liposomally encapsulated drugs that function by passive targeting
include: AmBisome (amphotericin B liposomes) used for fungal infections;
DaunoXome (daunorubicin liposomes) used to treat Karposi sarcoma; DepoCyt
(cytarabine liposomes) used to treat malignant lymphomatous meningitis; and Visudyne
(verteporfin liposomes) used to treat age-related macular degeneration (Zhang et al.
2008). Encapsulating these drugs ameliorates many of the undesirable side effects

associated with them, and improves their efficacy at the target tissue.

Several other nanomaterials being investigated as potential drug delivery systems
include poly-drug conjugates, metallic nanoparticles (Jordan et al. 2006), carbon
fullerenes (Dou et al. 2012), carbon nanotubes (Hadidi et al. 2013) and more recently

graphene (Wang et al. 2013).
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1.4.1 Active nanoparticle drug targeting

There are inherent limitations of passive targeting as only some organs and certain
tumour types can be targeted. Active targeting allows for tumours to be selectively
targeted, and means that tissues where the EPR effect isn’t observed can benefit from
drug targeting. Active targeting is a more recent concept, so these systems are still

undergoing clinical and pre-clinical trials (Table 1.3).

Targeted with Encapsulated drug Disease

Anti-HER2 Doxorubicin Breast, ovarian cancer

Anti-EGF Doxorubicin, vinorelbine, methotrexate, DNA Solid tumours

Anti CD19 Vincristine Lymphoma

AntiCD 22 Doxorubicin Anti-B-cell lymphoma

AntiCD 19 Imatinib All

Anti-B1 integrin Doxorubicin Several cancers

Anti GD2 Doxorubicin Neuroblastoma

GAH MAb Doxorubicin Gastric, colon and breast cancer
Anti-EGF receptor RNA Brain cancer

Table 1.3: Targeted liposomes undergoing advanced clinical trials for cancer treatment. Adapted from

(Immordino et al. 2006).

The body has its own way of recognizing and targeting cells and tissues by selectively
pairing antibodies with antigens; a method that scientists have exploited for processes
such as immunohistochemistry. Several liposome formulations shown in Table 1.3 have
been modified with antibody surface conjugates to produce targeted drug delivery
systems that actively target tissues. In doing this, nanoparticles can, in theory, be made

to target any matching antigen, as long as they come into contact.
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There are several examples of targeted liposomes being used to improve cancer
treatment in vitro and in animal models. Gupta et al. (Gupta & Torchilin 2007)
demonstrated that DOXIL® coated with the tumour specific 2C5-antibody showed
increased uptake in U-87 MG brain tumour cells both in vitro and in an intracranial
mouse model. Treatment increased the efficacy of the chemotherapeutic compared to
non-targeted DOXIL®, significantly reducing the tumour size and almost doubling the

survival time of the mice, highlighting the benefits of targeted delivery

1.4.2 Nanoparticles for use in pregnancy

Nanoparticle encapsulation might be particularly beneficial when administering drugs to
pregnant woman as it is unknown which drugs will cross the placenta and accumulate in
the fetus, and which drugs will remain only in maternal circulation; nanoparticles can be

engineered to control this transfer.

A number of drugs commonly used during pregnancy have been investigated for
liposome encapsulation. Indomethacin is given to women in premature labour as it
inhibits prostaglandin production and prevents uterine contractions. However, it readily
crosses the placenta and has detrimental side effects on the fetus so cannot be given
longer term. Refuerzo et al. (Refuerzo et al., 2015) demonstrated that when
indomethacin was encapsulated inside liposomes and administered to pregnant mice, its
action was limited to the uterus and it did not cross the placenta to the same extent as
free indomethacin, but still maintained its pharmacological effects. In the future, this

may allow for the safer treatment of premature labour.
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Valproic acid is administered to pregnant women with epilepsy, but can cause serious
fetal malformations. As such, Barzago et al. (Barzago, Bortoloiri, Efrati, Salmona, &
Bonati, 1996) examined whether encapsulating valproic acid inside liposomes limited
its placental transfer using the dual perfused human placental lobule model. They found
that liposome encapsulation significantly reduced placental uptake and transfer,
potentially reducing fetal exposure. Again, this strategy could make treating epilepsy

during pregnancy safer.

There is a targeted nanoparticle that has been developed for use during pregnancy,
targeting the trophoblast to treat disorders, such as ectopic pregnancy, placental accreta
(where the placenta is pathologically adherent to the myometrium) and
choriocarcinoma. Kaitu’u-Lino et al. (Kaitu’u-Lino et al. 2013) used bacterially-derived
nanoparticles (400 nm) coated with antibodies specific to the epidermal growth factor
receptor (EGFR) in order to target placental tissues with doxorubicin. When
administered to mice bearing the JEG3 choriocarcinoma in the hind flank, it was found
that treatment significantly increased the concentration of doxorubicin at the tumour site
and reduced the tumour volume compared to free doxorubicin. Although EGFR is
highly expressed on the surface of the placenta, many other tissues also express it, so
strategies that target antigens that are highly expressed on the placental surface are not
always truly selective. For this reason a new group of specific targeting moieties called

homing peptides may be a better option for placental targeting.

56



1.5 Tissue-specific homing peptides

Pasqualini et al. (Pasqualini & Ruoslahti 1996) identified a novel group of targeting
molecules called homing peptides using in vivo unbiased screening of random peptide
sequences displayed on bacteriophage. A bacteriophage library was engineered so that
each phage displayed several copies of one of 10° individual, random, short peptide
sequences. The library was then injected 1.V. into mice and allowed to circulate for
several hours. The mice were culled and organs or tissues of interest were collected and
the phage displaying peptide sequences that had accumulated there were amplified and
were then re-injected. The process was repeated several times to ensure tissue
specificity. The group reported that homing peptide sequences targeted vascular
endothelial cell-specific surface markers such as peptidases, proteases, cell adhesion
molecules and integrins that are selectively expressed in distinct vascular beds. The
group are now developing homing peptide-decorated nanoparticles that are able to
specifically target certain cancer cells with chemotherapeutics to improve the efficacy

of treatment (Agemy et al. 2011).

Short peptides make ideal targeting elements as they are easier to screen for and are
potentially more specific than antibodies (Friedman et al. 2013). They are also smaller
than antibodies, so can be displayed on the surface of nanoparticles in a multivalent

fashion, which can significantly improve binding avidity (Montet et al. 2006).
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1.5.1 Active targeting of tumours using homing peptides

The tumour homing peptide CGKRK (Cys—Gly-Lys—Arg-Lys), identified by the
Ruoslahti group (Hoffman et al. 2003), has been used to develop targeted nanoparticle-
drug conjugates and trialled in several tumour-bearing animal models with a large
amount of success. The group showed that when delivered to mice bearing a squamous
cell carcinoma, CGKRK targeted the vasculature surrounding the tumour with an 80-
1000-fold preference compared with non-targeting peptide sequences and other tissues
(Hoffman et al. 2003). They report that CGKRK-decorated iron oxide nanoparticles
accumulated rapidly in the vasculature surrounding a brain tumour induced in mice
when intravenously delivered (Agemy et al. 2011). Once tumour targeting was
confirmed, the nanoparticles were also coated in the proapoptotic peptide
p[KLAKLAK]?. Systemic administration of the targeted nanotherapeutic reduced
tumour growth and eradicated the tumours in a number of mice and was far more
effective than non-targeted treatment. In a further study using the same nanotherapeutic,
Agemy et al. (Agemy et al. 2013) report similar results in a mouse model of breast
cancer. They state that one receptor for CGKRK is the protein p32, a ubiquitously
expressed intracellular protein that is highly expressed on the surface of angiogenic

endothelial cells and tumor cells (Agemy et al. 2013).

The homing peptide iRGD (CRGDKGPDC, Cys—Arg—Gly—Asp—Lys—Gly—Pro—Asp—
Cys; internalising RGD) is a cyclic peptide that was first identified by Sugahara et al.
(Sugahara et al. 2009) in the Ruoslahti group. Peptides that include the RGD sequence
bind to the integrins avfBsand avfs, which are upregulated on the surface of angiogenic

endothelial cells and on certain tumours. If the peptide also contains the sequence
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R/IKXXR/K (where R/K means R or K) at the C-terminus of the peptide (e.g. IRGD
CRGDKGPDC) then the peptide is proteolytically cleaved by cell surface proteases to
expose the fragment CRGDK/R (Figure 1.10). The peptide fragment loses its integrin-
binding affinity, but the new sequence has an affinity for neuropilin-1 which mediates
internalization and tissue penetration (Sugahara et al. 2010). Neuropilin-1 is a cell
surface receptor with multiple ligands including several VEGF isoforms (Ellis 2006)
and semaphorin 3A (Kolodkin et al. 1997), all of which increase vascular permeability
to macromolecules when ligated to neuropilin-1 (Bates & Harper 2003; Becker et al.

2005).

iRGD O K¢ CRGDK/R
< (CendR)

U
D
;U
4-a-2

“avl HAB3/B5 Neuropilin-1 -
Tissue and cell |
penetration
SV
Tumor blood vessel endothelial cells & W
-9
and tumor cells

Figure 1.10: Binding and penetration mechanism of iRGD peptide. Homing peptides displaying an RGD
sequence interact with integrin ovPass present on the surface of endothelial cells lining tumour vasculature and tumour
cells. Peptides with the motif RFIKXXKI/R at the C-terminus of the peptide (CendR motif) will then be proteolytically
cleaved to release CRGDKI/R, which is then internalized into the cell via neuropilin-1 along with conjugated cargo.

Reproduced from (Sugahara et al. 2009).
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The cyclic iIRGD sequence is a cell penetrating peptide, as it in internalised into cells via
binding to neuropilin-1. It has been reported that molecules conjugated to iRGD are also
endocytosed into cells due to the peptide’s interaction with this receptor, and often
appear in endocytotic vesicles inside the cells (Teesalu et al. 2009). However, the
endocytotic mechanism responsible for this internalisation, whether clathrin mediated,
caveolae-mediated or by micropinocytosis endocytosis, is disputed (Pang et al. 2014).
Pang et al. report that iRGD is internalised by a distinct endocytotic pathway, that
resembled micropinocytosis, but is mechanistically different and its activity is inversely

correlated by the nutrient availability of the surrounding environment (Pang et al. 2014).

Co-administering free iRGD peptide improves the penetration and efficacy of
intravenously injected nanotherapeutics into the extravascular tumour tissue, without
actually being present on the nanoparticle’s surface (Sugahara et al. 2010). However,
IRGD, and variants of this sequence, have been used to create targeted nanoparticles
which show increased accumulation in several xenograft mouse models including

prostate, pancreatic, breast, bone, brain and cervical cancers (Sugahara et al. 2009).

Zhang et al. (Zhang et al. 2010) developed liposomes encapsulating both combretastatin
A-4 (a vascular disrupting agent) and doxorubicin (a cytotoxic agent), coated in RGD
(Arg—Gly—Asp). It is widely reported that administering these drugs separately to the
same patient works for a short amount of time, but as the vascular beds respond to
combretastatin A-4 they begin to collapse, thus doxorubicin can no longer access the
tumour cells. The RGD peptide sequence targets integrins over-expressed by melanoma
tumor cells and tumor endothelial cells, and the group hypothesized that delivering

these drugs together using a targeted liposome would increase the tumour-destroying
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efficacy of the treatment and prolong the time that doxorubicin has access to the tumour
cells. The group then examined its anti-tumour activity in mice bearing a B16F10
melanoma and found that treatment dramatically decreased tumour size compared with

control groups.

Du. et al. (Du et al. 2011) decorated liposomes encapsulating doxorubicin with the
homing peptide sequence RGDF (Arg-Gly-Asp-Phe) to target integrins over-expressed
by tumour cells. Active targeting of doxorubicin to tumours was observed in mice
carrying the S-180 sarcoma and there was a 1.7-4.5 fold increase in the concentration of
the cancer drug at the tumour site compared to controls. As a result, there was a
significant decrease in tumour weight with treatment of RGDF liposomes encapsulating
doxorubicin compared with all controls. This supports the use of homing peptides to

improve nanoparticle accumulation and drug release in specific tissues.

1.5.2 Active targeting of the placenta using homing peptides

As the placenta behaves rather like a well-controlled tumour (Holtan et al. 2009), it was
hypothesized that certain tumour homing peptides may accumulate in the vascular beds
of the placenta. Using unbiased in vivo phage screening, Harris et al. (Harris et al. 2012)
independently demonstrated that phage bearing the peptide sequences iIRGD and
CGKRK (Figure 1.11) selectively accumulated in the mouse placenta. In a further study
(King et al. 2016) the group showed that when injected 1.V into pregnant mice, the same
peptide sequences selectively bound to the mouse placental labyrinth (Figures 1.12B, D
& F) and decidual spiral arteries (Figures 1.12A, C & E) throughout pregnancy, but not

to the junctional zone of the mouse placenta or the vascular beds of any other maternal
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or fetal organs. Furthermore, when incubated with human first trimester and term
placental explants, both homing peptides accumulated in the syncytiotrophoblast layer

within 30 min and persisted for the 24 h examined (Figure 1.13A-D).

[Cys] fluorophore  fluorophore

[Cys] [Cys] [Cys] —[Gly]— [Gly]——(Gly}

[Asp]

[Pro]

[Gly]
[Lys]

Figure 1.11: Amino acid structure of the homing peptides iRGD (left) and CGGGCGKRK (right). Circled are
sequences that are thought to be important for placental targeting. MW (Rh-iRGD) = 1519.81 Da, MW (TAMRA-

CGGGCGKRK) = 1277.48 Da.
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A) FAM-CGKRK, E12.5 | B) FAM-CGKRK, E13.5 [ C) FAM-CGKRK, E16.5

D) FAM-iRGD E11.5 E) FAM-iRGD, E11.5 F) FAM-IRGD, E15.5
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Figure 1.12: Tumour homing peptide accumulation in mouse placentas at several gestational time points.
Peptides were injected into the tail vein of pregnant mice and after 3 h the placentas were collected and fluorescently
imaged. (A-C) FAM-CGKRK; (D-F) FAM-iRGD; (G-I) FAM-ARA (control peptide) (n = 3). FAM-labeled
peptides, green; DAPI (nuclei), blue. JZ; junctional zone; Lab; labyrinth; SA; spiral artery; Scale bar = 50 pm.

Reproduced from (King et al. 2016).
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Figure 1.13: Tumour homing peptide accumulation in human placental explants. First trimester (A, C, E) or
term (B, D, F) placental explants were incubated with iRGD, CGKRK or ARA peptides for 0-3 h. Binding and uptake
was assessed by fluorescence microscopy (n = 3). FAM-labeled peptides, green; Scale bar = 50 um. Reproduced

from (King et al. 2016).
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These targeted areas represent ideal tissues to deliver therapeutics to with the ultimate
aim of treating placental pathologies that cause FGR. The syncytiotrophoblast is the
outer surface of the placental barrier and controls nutrient and amino acid transfer.
Altered cell turnover at the syncytiotrophoblast is associated with FGR and PE (Ishihara
et al. 2002). Delivering therapeutics such as IGFs that increase trophoblast proliferation
in human placental explants (Forbes et al. 2008) and improve placental nutrient
transport in animal models (Sferruzzi-perri et al. 2007), may rescue a poorly functioning

placenta.

1.5.2.1 Possible placental receptors for homing peptide binding

Sugahara et al. (Sugahara et al., 2009) report that iRGD binds to the integrin av Subunit
expressed on the endothelium of tumour vasculature. Supporting this, King et al. (King
et al. 2016) report co-localisation of iRGD with integrin av expressed at the mouse
placental materno-fetal interface. This integrin subunit is reportedly expressed on the
mouse placenta throughout gestation (Sutherland et al. 1993). However, itis mostly
limited to the spongiotrophoblast found in the junctional zone (Bowen & Hunt 1999),
whereas King et al. observed peptide accumulation mostly in the labyrinth (King et al.
2016). Integrin avps is also expressed on the human placental surface (Vanderpuye et al.
1991) explaining the recapitulation of results when examining human placental

explants.

King et al. (King et al. 2016) also examined the receptor responsible for the placental
binding of the CGKRK peptide and found that rather than p32 as previously reported

(Agemy et al. 2013), its placental receptor was more likely to be membrane-associated
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calrecticulin. Calrecticulin is a highly expressed, intracellular protein observed in many
tissues in the body, including the placenta (Protein Atlas 2016). It is highly expressed
on the surface of cells in the labyrinth, junctional zone and spiral arteries of the mouse
placenta and on the syncytiotrophoblast of human first trimester and term placenta

(King et al. 2016), where it is available to bind to systemically administered peptide.

Many short peptide sequences mediate cell-cell adhesion by binding to cell surface
receptors such as integrins. Ruoslahti states that some naturally occurring RGD
sequences actually influence the activity of other naturally occurring peptides, by acting
as a competitive inhibitors (Ruoslahti 1996). However, King et al. (King et al. 2016)
showed that repeated administration of iIRGD and CGKRK peptides throughout
pregnancy did not adversely affect outcome; treatment did not alter litter size, number
of resorptions, fetal weight, placental weight or maternal weight gain in mice,
suggesting that they are safe for use as targeting ligands in pregnancy and do not

interfere with normal ligand binding.

1.5.3 Active targeting of the placenta using homing peptide decorated

nanoparticles

After demonstrating that the tumour homing peptides iRGD and CGKRK targeted
human and mouse placental tissue, King et al. (King et al. 2016) attached the peptides to
iron oxide nanoworms to ensure that their targeting ability was retained when attached
to a nanoparticle that could be used to aid drug delivery. The peptide-nanoworm
conjugates accumulated in the mouse placenta after tail vein 1.V injection in a similar

manner to the free homing peptides, confirming that even when the homing peptides
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were held in a static orientation due to attachment to the nanoparticles, they were still
able to bind to epitopes expressed by the placenta. Whilst appropriate for delivery of
chemotherapeutics, it is unlikely that iron oxide nanoworms are compatible with
optimal placental function. Biocompatible liposomes may be a better choice for
administration of placental therapies as our ultimate aim is to enhance placenta growth

and/or function.

It is important to understand how the placenta processes liposomes. In particular, it is
important to try to limit the transfer of potentially harmful drugs to the fetal circulation.
As the fetal blood-brain barrier is permeable and the fetus has a poor liver enzyme
activity due to its immaturity, drug exposure may induce many serious side effects
(Juchau et al. 1980; Stirrat 1976). Similarly, drug accumulation in tissues and organs
still undergoing development and maturation may have teratogenic effects (Kulvietis et

al. 2011).

Placental processing of several types of nanoparticle including liposomes has been
examined in pregnant rats and mice, and using human placental lobules perfused ex
vivo to mimic in situ conditions, to determine how drug transfer rate is affected by the
size, surface charge and composition of the nanoparticle. Findings summarized here will
inform the design of a liposome that is capable of targeting the placenta, but will not

transfer its contents to the fetus.
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1.5.4 Nanoparticle interaction with the placenta

Nanoparticle transfer to the fetus is generally believed to be dependent on the stage of
gestation (Kulvietis et al. 2011). In mice, gold nanoparticles intravenously administered
before E11.5 (when the placenta is considered fully formed) and left to circulate for 5
hours could be detected in fetal tissues, whereas those administered after E11.5 and left
to circulate for the same amount of time were present in fetal tissue at a much lower
concentration, if at all (Yang et al. 2012). The group also showed that coating the gold
nanoparticles in a layer of poly(ethylene glycol) (PEG) reduced transplacental transfer,
whilst maintaining accumulation in extra-embryonic tissues (EET), including the
placenta, umbilical cord and membranes. The group monitored the offspring from this
experiment for 8 weeks after delivery and did not observe any developmental effects
due to treatment and the animals were still able to reproduce normally. Histological
samples from the offspring did not reveal tissue damage from nanoparticle exposure.
Although it was not observed in this example, nanoparticle exposure is thought to be the
most dangerous early in gestation during periods of rapid fetal cell proliferation and

organogenesis (Wick et al. 2010; Kulvietis et al. 2011).

Yamashita et al. (Yamashita et al. 2011) examined the size-dependent placental transfer
and toxicity of titanium dioxide and silicon dioxide nanoparticles of different sizes after
1.V injection in pregnant mice. Smaller silicon dioxide (70 nm) and titanium dioxide
(143 nm) nanoparticles caused fetal resorption and FGR, and the particles were
observed in placental tissues and in the fetal liver and brain. The larger silicon dioxide

particles (300nm and 1000nm) were not found in placental or fetal tissue, indicating
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again that nanoparticle placental transfer is size dependent. The toxicity of the smaller

silicon dioxide particles was also diminished on coating with carboxyl or amino groups.

Wick et al. (Wick et al. 2010) examined the transfer of polystyrene nanoparticles by the
perfused human placenta, with diameters ranging from 50 nm to 500 nm. Smaller
nanoparticles were transferred in greater quantities than larger nanoparticles, with the
largest ones not being transferred at all. This shows that both the human and mouse

placenta transfer nanoparticles in a size-dependent manner.

1.5.,5 Liposome interaction with the placenta

There is a positive correlation between liposome size (10nm-1000nm) and their
clearance from the circulation in non-pregnant rodents, meaning that larger liposomes
are cleared more rapidly (Harashima & Kiwada 1996). However, there is a negative
correlation between nanoparticle size and fetal drug transfer (R Bajoria & Contractor
1997), meaning that larger liposomes transfer a lower concentration of drug to the fetus.
Therefore a compromise must be sort between liposome clearance and fetal drug

exposure when targeting the placenta.

Tuzel Kox et al. (Tuzel Kox et al. 1995) demonstrated that the rat and rabbit placenta
efficiently takes up liposomes of varying compositions from maternal plasma, and that
accumulation depends on the size, charge and lipid composition. The group report that
small negatively charged liposomes comprising soya phosphatidylcholine (a saturated
phospholipid; SoyPC) accumulated in the placenta and uterus at the highest

concentrations, compared with other compositions examined. They did not examine
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placental-fetal transfer, but they did conclude that liposomes are not transferred to the
fetus intact, but degrade and release their cargo within the placenta. These findings
concur with observations made by Bajoria et al. (Rekha Bajoria et al. 1997) who state

that intact liposomes do not cross the human placental barrier.

In several experiments, Bajoria et al. introduced liposomes of varying size, charge and
lipid composition to the dual-perfused human placenta lobule (R Bajoria & Contractor
1997). They administered lecithin/cholesterol neutral liposomes of three different
diameters (70 nm, 150 nm, 300 nm), each containing the hydrophilic fluorophore
carboxyfluorescein (CFS). A negative correlation between the size of the liposomes and

the placental transfer of CFS was observed (Figure 1.14).
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Figure 1.14: The effect of liposome size on transplacental transfer during 2 h of perfusion. Closed circles =
maternal concentration, open circles = fetal concentration. A) free CFS, B) CFS from small liposomes, C) CFS from

large liposomes, D) CFS from multilamellar liposomes. Reproduced from (R Bajoria & Contractor 1997).
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Secondly the group examined how the surface charge of small liposomes affected their
drug transfer by synthesizing neutral, anionic and cationic liposomes, again containing
CFS, and introducing them to the perfused human placenta (R. Bajoria & Contractor
1997). CFS from the neutral and anionic liposomes passed rapidly into the fetal blood
circulation; whereas, when cationic liposomes were used, CFS transfer was significantly
decreased, due to either accumulation of cationic liposomes in the placenta or reduced

placental uptake and transfer (Figure 1.15).
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Figure 1.15: The effect of liposome surface charge on transplacental transfer liposomes during 2 h of
perfusion. Closed circles = maternal concentration, open circles = fetal concentration. (A) free CFS, (B) CFS from
neutral liposomes, (C) CFS from anionic (negative) liposomes, (D) CFS from cationic (positive) liposomes. Adapted

from (R. Bajoria & Contractor 1997).
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In contrast, Tuzel Kox et al. (Tuzel Kox et al. 1995) found that anionic liposomes
accumulated more readily in the rat and rabbit placenta compared with cationic and
neutral liposomes. However, in a second study by Bajoria et al. (R Bajoria et al. 1997),
cultured term human trophoblast cells took up anionic liposomes more avidly than
neutral or cationic liposomes. This suggests that in the previous experiment conducted
by Bajoria et al. (R. Bajoria & Contractor 1997), less fetal CFS transfer was observed

due to less accumulation of cationic liposomes.

Bajoria et al. also prepared ‘fluid liposomes’ made from unsaturated lecithin and ‘solid
liposomes’ made from saturated distearoyl phosphatidylcholine, to examine the
dependence of lipid composition on placental transfer of encapsulated thyroxine (Rekha
Bajoria et al. 1997) and warfarin (Bajoria et al. 2013). They report that placental uptake
and fetal transfer of thyroxine encapsulated by fluid liposomes was higher than that
encapsulated by solid liposomes, suggesting, in this case, that fluid liposomes could be
used to deliver thyroxine directly to the fetal circulation to treat the fetus in utero
(Figure 1.16). The group report the same findings when examining warfarin transfer
(Figure 1.17); fluid liposomes transferred a higher concentration of warfarin to the fetus
when compared with solid liposomes. Therefore, liposomes made from saturated
phospholipids appear to be more appropriate for encapsulation of drugs that require
maternal or placental delivery, whereas liposomes made from unsaturated phospholipids

are better to encapsulate drugs to be transferred to the fetus.
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Figure 1.16: Materno-fetal thyroxine transfer is affected by liposome composition during 2 h of perfusion.
Closed circles = maternal concentration, open circles = fetal concentration, A) free thyroxine, B) thyroxine from fluid
liposomes (unsaturated phospholipids), C) thyroxine from solid liposomes (saturated phospholipids). Reproduced

from (Rekha Bajoria et al. 1997).
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Figure 1.17: Materno-fetal warfarin transfer is affected by the liposome composition during 2h of perfusion.
Closed circles = maternal concentration, open circles = fetal concentration, Triangles = fetal concentration of
creatinine used as a control marker in all experiments. A) Free warfarin, B) warfarin from fluid liposomes
(unsaturated phospholipids), C) warfarin from solid liposomes (saturated phospholipids). Reproduced from (Bajoria

et al. 2013).

It is not known whether liposome transfer is governed by the cellular barrier structure
(i.e. the intercellular pores present in the placental cell layers) or the charge of the
placenta, or is due to the inherent properties of the nanoparticles (i.e. size, surface
charge, surface coating, constituent lipids/metals); more likely, it is determined by a
combination of all factors. To date, studies have been unable to specify a definitive
nanoparticle size, charge or composition that does or does not cross the placenta. It must
be noted that due to the differences between rodent and human placental structures (the
rat placenta has a pore size of 10-20 nm, whereas the human placenta has a pore size of

approximately 6 nm (Refuerzo et al. 2011)), it is difficult to draw comparisons between
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species. It will be therefore necessary to make compromises when designing a suitable

liposome for placental targeting.

1.5.5.1 Mechanisms of placental cellular uptake of liposomes

Most studies suggest that liposomes and their contents are internalized into cells either
by endocytosis or by fusion between liposomal and cell membranes and that uptake is
governed by size, charge, composition and surface coating. It is unknown how
liposomes are internalised by placental cells. Bajoria et al. (R Bajoria et al. 1997)
proposed that this requires an energy-dependent mechanism, possibly endocytosis. Pre-
treatment of human primary term cytotrophoblast cells with sodium azide (an inhibitor
of cellular respiration) or deoxyglucose (an inhibitor of glycogenolysis) did not alter
uptake of cationic liposomes but significantly reduced uptake of anionic and neutral
liposomes. The group concluded that endocytosis is predominantly responsible for the

uptake of anionic and neutral liposomes.

Homing peptide-cellular interactions are receptor mediated and they undergo
endocytosis by a unique mechanism, similar to micropinocytosis (Pang et al. 2014).
Studies suggest that molecules conjugated to the homing peptide will be internalised
into tumour cells along with the homing peptide (Sugahara et al. 2009), however this
hasn’t been fully examined and it is unknown as to whether internalisation of the
attached cargo is limited by its characteristics such as size or charge. It is likely that
liposomes coated in homing peptides may be endocytosed by placental cells differently
from non-decorated liposomes or free homing peptides and this will need to be

examined further.
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1.5.6 Nanoparticle clearance

Extended nanoparticle circulation is essential for most clinical applications, as such
researchers are engineering nanoparticles to try to minimise immune system recognition
and clearance. In order to treat placental dysfunction, it is most likely that nanoparticles
will be administered systemically to pregnant women. It is therefore important to
understand how other organs and the immune system may react to nanoparticle
administration. There is some knowledge available, as certain nanoparticles such as
liposomes have been studied extensively for cancer treatment. However, for obvious
reasons, these treatments have not been trialled in pregnant women and it is not known
whether pregnancy alters the way in which the body will react in response to
nanoparticles. In the pregnant state there is down-regulation of T helper (Th) 1 cells,
which produce the cytokines IFN-y (interferon-y) and IL-2 (interleukin-2), and up-
regulation of Th2 cells, which produce IL-4 and IL-10 (interleukin-4 and -10) (Reinhard
et al. 1998a). This is thought to occur to prevent maternal immune rejection of the semi-
allogeneic fetus (Reinhard et al. 1998a). Jones et al. demonstrate that in mice an
immune response governed by Th1 cells clear nanoparticles at a slower rate than that
governed by Th2 cells (Jones et al. 2013). This finding suggests that nanoparticles may
be cleared more rapidly from pregnant mice. There is also a worry that the introduction
of a pathogen which activates a Th1l immune response may compromise the pregnancy

(Reinhard et al. 1998b), something which will need investigating further.

Foreign bodies in the circulation, such as liposomes are rapidly cleared by the
mononuclear phagocyte system (MPS). The MPS is mainly composed of phagocytes;

monocytes, granulocytes and dendritic cells circulating in the blood, and macrophages
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resident in tissues such as the liver (Kupffer cells) and spleen (red pulp macrophages)
(Song et al. 2014). Proteins called opsonins attach themselves to the liposome surface
(opsonisation), allowing them to be recognised by the MPS and phagocytosed (Ishida et
al. 2002). Opsonic proteins include albumin, immunoglobulins, fibronectin and other
extracellular matrix proteins, apolipoproteins, B2-glycoprotein-I and complement
related proteins (Semple et al. 1998; Moghimi et al. 2001). The presence of these
proteins also changes the size of the liposomes, disrupts their stability and may interfere
with their surface coating and targeting ability. They may also cause aggregation which
may mean that aggregates get trapped in the lungs, the first capillary bed encountered
after 1.V administration (Moghimi et al. 2012). Studies have correlated the circulation
half-life of nanoparticles directly with their interaction with opsonin proteins (Chonn et
al. 1992). To avoid clearance in this way, many liposome formulations include a PEG
layer, which sterically hinders opsonisation, thus prolonging circulatory life (Allen et al.

1991).

Liposome administration may also activate the complement system. This is a network of
over 30 circulating and bound proteins that act as the first line of defence (Ricklin et al.
2010). Not only is it responsible for clearing particulate materials, such as liposomes
(Ishida et al. 2002), but it also can initiate adverse side effects including anaphylaxis
and cardiopulmonary disturbances (Moghimi et al. 2012), thus its activation can be very
dangerous. The addition of PEG to the surface of nanoparticles does not prevent
complement activation completely. Andersen et al. (Andersen et al. 2013) reported that
multi-walled carbon nanotubes coated in PEG of different molecular weights activated
the complement system in human serum, and the level of activation did not depend on

the molecular weight, but on the concentration of nanoparticles the serum was exposed
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to. Unfortunately, there is significant variation in the complement system in humans,
and even greater interspecies variation, making it difficult to draw comparisons
(Moghimi et al. 2012). This is something that will need to be considered in further detail

before human administration of liposomes.

The fate of liposomes depends on their size, surface charge, lipid composition and the
concentration administered, but due to the differing placental structures between
species, different experimental conditions and complement system variation, it is
difficult to determine an exact liposome formulation that will circulate in the body
without invoking a significant immune response and that will accumulate in the
placenta without crossing it. A compromise must be sought when designing a liposome
formulation and extensive experimental work must be carried out in both animals and
humans. The perfused human placental lobule is a good model to use to monitor
nanoparticle uptake, but cannot examine the off target side effects that may occur within
the other organs of the mother or fetus. This means that pregnant mice are a better
model to use, as they will allow us to examine the fetal transfer of liposomes, as well as

the presence of detrimental side effects for the mother or fetus.

1.6 Mouse models of pregnancy

Due to ethical restrictions and experimental limitations, research on the human placenta
is limited, so instead animal models are used (Georgiades et al. 2002). Mouse
pregnancy is extensively studied due to its short gestational period and because mouse
and human placentation share many common features (Carter 2007). Experimental mice

are typically inbred, meaning they are a more homogeneous population to study

78



compared to humans, giving more uniform data and less variation. When studying
mouse models of pregnancy complications, it is now commonplace to use the 5™ centile
of birth weight to define FGR, because of the increased degree of homogeneity
compared with the human population (Dilworth et al. 2011). Mice can also be
genetically modified to produce gene knockouts or knock-ins, which allows us to study
disease pathologies in more detail. Table 1.4 gives a summary of the main comparisons

between human and mouse placentation and pregnancy.

Feature Mouse Human Reference
Gestation length 19-21days 37 -42 weeks (1),(2)
Offspring number 4-12 fetuses 1-2 fetuses (1)
Implantation time 4.5 days 6 days (3),(4)
Trophoblast invasion Shallow; limited to decidua Extensive; decidua and myometrial vessels (5)
Placental perfusion initiated 9.5 days 10-12 weeks (6)
Placental exchange area Labyrinth Villous trees (6)
Interhaemal barrier Three trophoblast layers; outer one cellular, Single layer of syncytial trophoblast, (7)
inner two syncytial underlying layer of cytotrophoblast
Junctional zone (spongiotrophoblast) Extensive Absent (8)
Definitive placental structure formed 12.5 days 21days (6),(9)
Placental hormones mPL, progesterone, estrogen hCG, hPL, PIGH, IGFs, progesterone, estrogen (10)

Table 1.4: Comparison of human and mouse placentation and pregnancy. mPL; mouse placental lactogen.
Adapted from (Carter 2007), including references: (1) (Murray et al. 2010), (2) (Jukic et al. 2013), (3) (Otis & Brent
1954), (4) (Watson & Cross 2005), (5) (Malassiné et al. 2003), (6) (Georgiades et al. 2002), (7) (Yamashita et al.

2011), (8) (Carter 2007), (9) (Benirschke & Kaufmann 2000), (10) (Wang 2010).

1.6.1 Mouse placentation

In mice, fertilisation occurs at EQ.5 post mating and by E3.5 the blastocyst has
differentiated into the ICM and outer layers of trophoblast cells (Watson & Cross 2005).
Implantation of the blastocyst into the maternal decidua takes place on E4.5, when
placentation begins (Watson & Cross 2005). Several fertilised blastocysts implant into

the bicornate uterus and it is common for a dam to carry 6-8 live pups, depending on the
79



strain. The mouse placenta is considered to be fully formed by E12.5 (Georgiades et al.

2002).

Figure 1.18 shows the human and the mouse placental structures at term and the
placental barrier of the two species, as well as some of the main cell types (Rossant &
Cross 2001). Once formed, both the mouse and human placenta comprises three distinct
regions: the maternal facing surface, the fetal facing surface and a central exchange
region, facilitating gaseous and nutrient exchange. In both models, the maternal facing
surface abuts the decidua basalis, the myometrium, and the basal plate. The mouse
placenta has a region adjacent to the decidua called the junctional zone, which contains
mainly spongiotrophoblast and glycogen cells (John & Hemberger 2012) and is the
main area of hormone secretion (Dilworth & Sibley 2012). The spongiotrophoblast is a
source of placental prolactins and pregnancy specific glycoproteins that promote
maintenance of the pregnancy and protect the fetus from the maternal immune system
(John & Hemberger 2012). Without the junctional zone the pregnancy is unsuccessful

(Guillemot et al. 1994).

In humans, the exchange region comprises several villous tree structures extending from
the basal fetal surface, surrounded by maternal blood perfusing the intervillous blood
space. In mice, this exchange region is called the labyrinth because of its folded maze-
like structure. Like human placental villi, the labyrinth provides a large surface area for
gaseous and nutrient exchange; maternal blood perfuses fetally-derived trophoblasts
lining the maternal blood spaces with the maternal and fetal blood never coming into
direct contact (Georgiades et al. 2002). The labyrinth becomes proportionally bigger

towards the end of gestation to increase the surface area for diffusion (Coan et al. 2004).
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The insets in Figure 1.18 show the placental barrier in both species. The human
placental barrier consists of an outer layer of multinucleated syncytiotrophoblast in
contact with maternal blood, with an underlying layer of proliferative cytotrophoblast
(Yamashita et al. 2011). In mice, there are two layers of syncytiotrophoblast cells, the
top one is in direct contact with fetally-derived endothelial cells (Yamashita et al. 2011).
The third layer of the mouse placental barrier is made up of trophoblast giant cells and
is directly exposed to maternal blood (John & Hemberger 2012). This layer of
trophoblast giant cells is highly permeable to most solutes (Dilworth & Sibley 2012)
and provides a local endocrine function that maintains the pregnancy (John &

Hemberger 2012).
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Figure 1.18: Schematic showing a comparison of (A) mouse and (B) human placental anatomy, with inserts
showing the maternal-fetal placental interface. Inset (A) shows a cross section of the mouse placental labyrinth

and inset (B) shows a cross section of a human placental villus. Reproduced from (Yamashita et al. 2011) .

1.6.2 Mouse placental perfusion

The mouse uterine structure is different when compared with the human uterus; the

mouse uterus has two horns converging at the cervix, with each pup having its own
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uterine cavity and placenta. Blood flow into the placentas is instigated at approximately
E9.5, when glycogen trophoblasts possessing an invasive phenotype invade the mouse
decidua and remodel the maternal arteries. Invasion starts later, is shallow compared
with humans and does not extend into the myometrium. (Georgiades et al. 2002). Once
blood flow is initiated, placentas are perfused in series by blood flowing in opposing
directions from two main arteries, the uterine artery and the uterine branch of the
ovarian artery. This means that not all fetuses in the horn receive the same access to
nutrients, as the blood arriving at the second placenta will have had some of the
nutrients removed as it passes through the first placenta (Figure 1.19) (Raz et al. 2012).
Often smaller pups are observed in the middle of each horn, possibly due to this

reduction in nutrient availability (Raz et al. 2012).
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Cervix

Figure 1.19: Schematic of a pregnant mouse uterus depicting two uterine horns and showing the direction of
blood flow. Each placenta is perfused by two arteries; the uterine artery (Ut) and the ovarian artery (Ov), F; fetus, K;

Kidney, PI; placenta. Reproduced from (Raz et al. 2012).

1.6.3 Mouse placental endocrinology

There is a high level of conservation of genes and/or proteins expressed by the human
and mouse placenta in analogous regions. Many of these genes, when knocked out,
cause pregnancy pathologies similar to those observed in humans, making mice a good

model to study (Cox et al. 2009).
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Estrogen and progesterone play an important role in maintaining pregnancy in mice and
humans (Nayak & Giudice 2003). In humans, these hormones are initially expressed by
the corpus luteum and maintained by the expression of hCG from the blastocyst until
the placenta takes over production later in gestation. In mice however, the corpus
luteum secretes progesterone throughout gestation and this is regulated by twice-daily
surges of prolactin and mPL, produced by the pituitary gland. This gland is not needed

for the maintenance of pregnancy in humans. (Malassiné et al. 2003).

As in humans, the IGF axis plays an important role in mouse fetal and placental
development; the IGFs, their receptors and binding proteins are all expressed by the
mouse placenta throughout pregnancy (Sferruzzi-Perri et al. 2011). Figure 1.20 provides
a comparison as to where IGF-I, -1l and their receptors are expressed in mouse and
human placentas (Nayak & Giudice 2003). IGF-I1 is produced by the
spongiotrophoblasts in the junctional zone in early pregnancy, but later on the labyrinth

takes over production (Nayak & Giudice 2003).
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Figure 1.20: Schematic diagram showing the expression of IGF-11 and its receptors in the (A) human and (B)
mouse placenta in early and late gestation. The spongiotrophoblast found in the JZ of the mouse placenta and the
homologous CT in the human placenta strongly express IGF-I1 in early pregnancy. The mouse placental labyrinth
produces IGF-11 throughout pregnancy. IGF-11 is highly expressed by invading trophoblast cells, namely glycogen

cells in the mouse and EVTs in the human placenta. Reproduced from (Nayak & Giudice 2003).

1.6.4 Mouse models of fetal growth restriction

There are several animal models that have been bred to represent aspects of human
pregnancy pathologies, including the placental specific IGF-11 knock out mouse model
(PO™*) which produce mixed litters of healthy wild type (WT) and growth restricted
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heterozygous pups (P0) and placentas (Constancia et al. 2002), and the eNOS”’ mouse
model which produce growth restricted offspring with an increased risk of limb

abnormalities (Hefler et al. 2001).

1.6.4.1 Placental specific IGF-I1 transcript knock out mouse model (P0*)

Insulin-like growth factor 2 (1gf2) is a paternally imprinted gene (DeChiara et al. 1991)
that produces the IGF-11 protein. The PO promoter that codes for the IGF-II transcript
(the PO transcript) is found on mouse chromosome 7 (Coan et al. 2005) and specifically
leads to expression of IGF-II in the placental labyrinth trophoblast. Constancia et al.
(Constancia et al. 2002) abolished this PO transcript in vivo by deleting a 5-kilobase
(kb) region spanning exon u2 of the PO mRNA. In doing so, 1gf2 transcript activity was
selectively reduced in the placental labyrinth, leading to the complete cessation of IGF-
Il expression in this region. Expression of other fetal and placental 1gf2 gene transcripts
was not affected, thus fetal and maternal IGF-I1 concentrations were similar to WT

animals, (Constancia et al. 2002).

Fetal growth restriction in this mouse occurs late in gestation. At E12.5 the placentas
from PO fetuses are significantly smaller than the WT placentas, but the fetuses are
comparable in size. There is evidence that these smaller placentas increase their nutrient
transport capability to maintain the size of the fetus until E15.5. By this time, the mutant
placentas can no longer compensate, and the pups become growth restricted. By term,
PO fetuses are 69% the weight of their WT littermates, and their placentas are 68% of

the WT size. (Constancia et al. 2002)
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PO mutant placentas are unable to transport nutrients and amino acids as effectively
regardless of their smaller size. Fetal accumulation of >*Chromium-
ethylenediaminetetraacetic acid (*}Cr-EDTA,; a solute used to measure placental
diffusion capacity) per unit weight of placenta drops to 80% of WT levels by E16 and to
60% by E19. Conversely, accumulation of fetal **C-methyl- aminoisobutyric acid (**C-
MeAIB; a solute used to measure amino acid transport via system A) per gram of
placenta, increases to 155% of WT by E16, but drops to 116% by E19, showing that the
placenta initially tries to compensate for its small size, but is unable to maintain this
adaptation. Even with this upregulation, given the small size of the placenta, the PO
fetuses actually receive 74% of the amino acids compared with their WT counterparts.
(Constancia et al. 2002). Sibley et al. (Sibley et al. 2004) state that this reduction in
diffusion capacity of the PO placentas is due to a smaller surface area for exchange,
along with a thicker exchange barrier whereas, Kusinski et al. (Kusinski et al. 2011)
report that the reduction in amino acid placental transport is due to a reduction in system
A activity, rather than a defect in placental perfusion. However, a recent study has
suggested there may be an underlying vascular defect that is also contributing to the
phenotype. When PO mice where administered with the vasodilator sildenafil citrate via
drinking water, there was a reduction in the percentage of the smallest fetuses, showing
that sildenafil citrate increased fetal growth (Dilworth et al. 2013). This suggests that
the PO mouse either has a previously undetected vascular defect, or that sildenafil citrate
has therapeutic effects beyond vasodilation. As umbilical artery Doppler ultrasound did

not detect changes in blood flow in treated animals, the latter is more likely to be true.

The PO mouse shares a number of attributes with human FGR. For example, it is known

that in human pregnancies complicated by FGR, fetuses usually have smaller placentas,
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with a reduced capability for transporting amino acids, which can sometimes be
attributed to an increased barrier thickness or decreased exchange surface area
(Desforges & Sibley 2010; Sibley et al. 1997; Sibley et al. 2005). The PO mouse model
has a smaller placenta, with a thickened placental barrier that is unable to transport

amino acids as effectively.

An IGF-l1-total knock out mouse model also exists. In this mouse model, all four 1gf2
transcripts (P0-3) are disrupted, leading to a complete IGF-11 knock out in all fetal,
maternal and placental tissues. This produces a FGR phenotype, with mutant fetuses
83% of the weight of WT littermates (Murrell et al. 2001). This model is not
characterised as thoroughly as the PO mouse model, and as its deletions are universal,
one would conclude that it would have a number of systemic abnormalities rather than
those associated solely with placental development and fetal growth. The FGR is less
severe with this model too, making the PO model more favourable to use to develop

novel treatments.

1.7 Summary of the literature

Adequate placental function is vital for a successful pregnancy. When the placenta does
not function correctly, serious fetal complications can ensue including FGR. There are
several therapeutics available that improve placental function in animal models, but to
avoid detrimental off-target effects and make them acceptable for administration to
humans they need to be delivered selectively to the placenta. In recent years, homing
peptides have been identified that bind exclusively to specific surface components of the

human and mouse placenta. This project aimed to design a suitable nanoparticle that can
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simultaneously incorporate a homing peptide on its surface and encapsulate a range of
therapeutics, to allow for the targeted delivery of drugs to the placenta as a possible
treatment for FGR. After a careful consideration of the literature, liposomes were
chosen as nanoparticles suitable for placental delivery due to their biocompatibility and
the fact that previous research has already been conducted into how the placenta
processes liposomes. The growth factors IGF-I and IGF-I1 were selected as candidate
therapeutics to target to the placenta as they are crucial for adequate fetal and placental
growth and because their receptors are expressed ubiquitously off-target effects could
occur if they were administered systemically. Initial studies were conducted in the C57
mouse. The PO mouse model was selected as a well-characterised model of FGR in

which to conduct further treatment studies.

1.8 Aims and objectives of the project

It was hypothesized that targeted placental treatment using homing-peptide decorated
nanoparticles would provide a novel treatment route for FGR. To test this hypothesis,

the following objectives were put in place:

1. Undertake out an extensive literature review to design and prepared
liposomes decorated with the placental homing peptides iRGD and CGKRK.
Once prepared, fully characterise these liposomes using dynamic light
scattering and laser Doppler micro-electrophoresis.

2. Test the ability homing-peptide decorated liposomes to bind to human

placental tissue and release an encapsulated fluorescent cargo, by incubating
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term and first trimester explants with fluorescently tagged liposomes and
visualising their uptake and drug release using fluorescence microscopy.
Test the ability of homing-peptide decorated liposomes to selectively target
the murine placenta in vivo. To do this by administering different liposome
compositions to pregnant C57 mice at different gestational ages and examine
liposome uptake by fluorescence microscopy of the fixed placentas. Along
side this, examine off-target accumulation by collecting the main maternal
organs and fetal tissues.

Investigate techniques to allow for the liposomal encapsulation of IGF-I or
IGF-II and quantify the encapsulation efficiency by measuring the IGF-II
concentration in the aqueous core and lipid bilayer using an IGF-Il ELISA.
Examine whether delivery of IGF-1 or IGF-II in homing peptide-bearing
liposomes:

a. creates an acceptable therapeutic formulation compatible with
maintenance of pregnancy in wild-type mice, ensuring that they do
not detrimentally affect litter size, resorption rate, maternal weight
gain or behaviour.

b. can increase fetal and/or placental growth in wild-type mice at E18.5
when delivered throughout later gestation.

c. can increase fetal and/or placental growth in the PO mouse model of
FGR at E18.5 when delivered throughout later gestation.

d. elicits any overt off-target side effects in either model by examining

maternal organ weight and cell proliferation.
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2.1 Liposome preparation and characterisation

2.1.1 Liposome preparation

Liposomes were prepared by the thin lipid film extrusion process using a similar lipid
composition and preparation method to that used by Nallamothu et al. and Zhang et al.
(Nallamothu et al. 2006; Zhang et al. 2010). The constituent lipids were:1,2-distearoyl-
sn-glycero-3-phosphocholine (DSPC); 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (ammonium salt)
(DSPE-PEG); 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[maleimide(polyethylene glycol)-2000] ammonium salt (DSPE-PEG-maleimide),
Avanti Polar Lipids, Inc. Instruchemie B. V., The Netherlands); and cholesterol (purity
> 99 %, Sigma Aldrich, UK). All liposome compositions could be modified to contain
the fluorescent lipid 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
(7-nitro-2-1,3-benzoxadiazol-4-yl ammonium salt (NBD-DSPE (0.5 uM;)) to allow for
tracking. See Table 2.1 for liposome compositions and Figure 2.1 for lipid structures

used.
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Liposome

Composition

iRGD-liposomes

DSPC (32.5mM), Cholesterol (15mM), DSPE-PEG (1.875mM), DSPE-PEG-
maleimide (0.625mM), Rh-iRGD peptide (0.625mM)

CGKRK-liposomes

DSPC (32.5mM), Cholesterol (15mM), DSPE-PEG (1.875mM), DSPE-PEG-
maleimide (0.625mM), TAMRA-CGKRK peptide (0.625mM)

ARA-liposomes

DSPC (32.5mM), Cholesterol (15mM), DSPE-PEG (1.875mM), DSPE-PEG-
maleimide (0.625mM), TAMRA-ARA peptide (0.625mM)

Non-coated liposomes

DSPC (32.5mM), Cholesterol (15mM), DSPE-PEG (2.5mM)

iRGD/CFS-liposomes

DSPC (32.5mM), Cholesterol (15mM), DSPE-PEG (1.875mM), DSPE-PEG-
maleimide (0.625mM), Rh-iRGD peptide (0.625mM), CFS (2.5mM)

CGKRK/CFS-liposomes

DSPC (32.5mM), Cholesterol (15mM), DSPE-PEG (1.875mM), DSPE-PEG-
maleimide (0.625mM), TAMRA-CGKRK peptide (0.625mM), CFS (2.5mM)

ARA/CFS-liposomes

DSPC (32.5mM), Cholesterol (15mM), DSPE-PEG (1.875mM), DSPE-PEG-
maleimide (0.625mM), TAMRA-ARA peptide (0.625mM), CFS (2.5mM)

iRGD/IGF-I or IGF-Il liposomes

DSPC (32.5mM), Cholesterol (15mM), DSPE-PEG (1.875mM), DSPE-PEG-
maleimide (0.625mM), Rh-iRGD peptide (0.625mM), IGF-I or IGF-II (40mM)

ARA/IGF-I or IGF-Il liposomes

DSPC (32.5mM), Cholesterol (15mM), DSPE-PEG (1.875mM), DSPE-PEG-
maleimide (0.625mM), TAMRA-ARA peptide (0.625mM), IGF-I or IGF-II
(40mmMm)

Non-coated/IGF-l or IGF-II liposomes

DSPC (32.5mM), Cholesterol (15mM), DSPE-PEG (2.5mM), IGF- or IGF-II
(40mM)

Table 2.1: Liposome composition for all formulations prepared.
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Figure 2.1: Chemical structure of the lipids used to prepare liposomes.
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18:0 PC (DSPC)
1,2-distearoyl-sn-glycero-3-
phosphocholine (ammonium salt)

DSPE-PEG(2000) Amine
1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-
[amino(polyethylene glycol)-2000]
(ammonium salt)

DSPE-PEG(2000) Maleimide
1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-
[maleimide(polyethylene glycol)2000]
(ammonium salt)

18:0 NBD PE (NBD-DSPE)
1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-(7-nitro-2-
1,3-benzoxadiazol-4-yl) (ammonium
salt)

Cholesterol
Sigma Grade, 299%



Pre-weighed lipids were dissolved in 10 ml chloroform (CHROMASOLV®, HPLC
grade, purity > 99.8 %, Sigma Aldrich, UK) in a 50 ml round bottomed flask.
Chloroform was removed by rotary evaporation (40 °C; 270 mbar, 20 min) to form a
lipid film that was kept in a vacuum oven (Brucker, UK) overnight at room temperature.
The film was rehydrated in 1 ml sterile PBS to create unloaded liposomes, or sterile
PBS containing 5(6)-carboxyfluorescein (CFS, 2.5 mM, Sigma Aldrich, UK;
reconstituted first in 0.1 % (vol/vol) DMSO in PBS) or IGF-I or IGF-11 (40 uM; human
IGF-1/-11 media grade; GroPep Biotechnology, Australia; IGF-I or IGF-11 was
reconstituted first in 10 mM HCI, 1 mg/ml). The resulting suspension was heated to 45
°C (Hybaid, VWR, UK) for 2 h, vortexed (10 min) and extruded through a 1 ml
thermobarrel Mini-Extruder (syringes sterilized with 100 % ethanol and pre-wet with
sterile PBS before use; 100 nm pore size polycarbonate membranes, Avanti Polar
Lipids, Inc., Instruchemie B. V., The Netherlands) 11 times to produce a monodisperse

liposome preparation, either unloaded or encapsulating CFS, IGF-I or IGF-II.

To synthesise targeted liposomes, peptides bearing an N-terminal cysteine moiety
(TAMRA-CGGGCCGKRK (TAMRA-CGKRK); Rhodamine-CCRGDKGPDC
(Rh-IRGD); Insight Biotechnology; dissolved first in 1 mg/ml 95 % vol. PBS: 5% vol.
DMSO, and stored at -20 °C) were incubated at room temperature with liposomes
immediately after synthesis for a minimum of 4 h, with occasional gentle agitation to
facilitate conjugation of free thiol groups on the cysteine residues to maleimide groups
on the liposomal surface via a Michael-type addition reaction. The non-targeting peptide
sequence TAMRA-ARALPSQRSRC (TAMRA-ARA; Insight Biotechnology, UK) was
conjugated to the liposome surface in a similar manner to produce control liposomes.

Due to the chemical peptide structure, the manufacturer advised the use of two different
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fluorophores (TAMRA and rhodamine), but as the fluorophores are a similar molecular
weight and are attached to amino acids distal to the targeting region, they should not

differentially affect the binding properties of the peptides.

To remove unbound peptide or unencapsulated CFS, liposomes were dialysed against
sterile PBS (8 X 500 ml; 24 h) in Slide-A-Lyzer dialysis cassettes with a molecular
weight cut off (MWCO) of 3.5 kDa (ThermoFisher Scientific, UK). To remove
unencapsulated IGF-I or IGF-II from the preparations, liposomes were dialysed in
cassettes with a 10 kDa MWCO. The liposome suspensions were adjusted to pH 7.4 by
addition of 1 mM sodium hydroxide (NaOH) or hydrochloric acid (HCI) and stored at

4 °C for use within 1 month of preparation.

2.1.2 Size distribution (SD), polydispersity index (PDI), zeta potential (ZP) and

stability

The size (hydrodynamic diameter) distribution (SD), the polydispersity index (PDI),

and the zeta potential (ZP) of the liposome suspensions were measured by dynamic light
scattering (DLS) or laser Doppler micro-electrophoresis (LDE) respectively in PBS at
25 °C at a scattering angle of 173 ° (Zetasizer Nano ZS, Model ZEN3600, fitted with a
632 nm laser, Malvern Instruments Ltd., UK). To measure SD and PDI, 50 ul of
liposome suspension at the prepared concentration was loaded into a disposable semi-
micro cell (Model ZENO040, Malvern Instruments Ltd., UK), the measurement was
taken and the Mark Houwink parameter was applied. The ZP was measured by loading
500 pl at the prepared concentration into a disposable folded capillary cell (Model

DTS1070, Malvern Instruments Ltd., UK) and the Smoluchowski model was applied to
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the measurement. The pH of all suspensions was maintained at 7.4. To ensure that the
liposomes were stable and did not flocculate or degrade, the SD and PDI was measured
weekly for 4 weeks. Measurements were repeated three times per formulation for a

minimum of three independent samples where possible.

2.1.3 Quantification of peptide attachment to liposome surface

Free thiol groups on the N-terminus of the homing peptides iIRGD and CGKRK are
necessary for peptide-liposome conjugation. To identify the concentration of free thiol
groups present, an Ellman’s reagent test was conducted. Ellman’s reagent (5,5'-dithio-
bis-(2-nitrobenzoic acid); (DTNB); Sigma Aldrich, UK) changes colour in the presence
of free thiol groups stoichiometrically, so can be used to quantify the concentration of
peptides that contain free thiol groups. A standard curve was plotted by carrying out
serial dilution of glutathione (GSH; 250 ul in 1 X PBS), a peptide containing a known
concentration of free thiol groups (> 99.0 %, Sigma Aldrich, UK), with the addition of
DTNB (50 pl; concentration matched in 1 X TRIS buffer; 15 min incubation). The
absorbance at 412 nm (FLUOstar Omega, BMG Labtech, UK) of two different
concentrations of fluorescently tagged homing peptides FAM-iIRGD and FAM-CGKRK
(250 pl; 50 uM and 100 uM) was measured with and without the addition of DTNB (50
ul; concentration matched in 1 X TRIS buffer; 15 min incubation). After correcting for
background, the final absorbance for each sample was then compared with the GSH

calibration curve to obtain the thiol concentration for each peptide.

To measure the amount of peptide attached to the liposomal surface, a dialysis was

performed to remove unbound peptide from the liposome suspension (8 X 500 ml fresh
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PBS) after 4 h of conjugation. Free peptide collected in the dialysate at each time point
was quantified fluorescently using spectrophotometry (544/590 nm; 200 pl of
sample/well of a 96 well plate; 3 sample repeats, 3 repeats/well; FLUOstar Omega,
BMG Labtech, UK). A standard curve was produced by serial dilution of the peptides in
PBS, starting at the initial amount of peptide added to the liposomes (0.625 mM), to
determine the absolute amount of peptide in each dialysate sample. The amount
measured in each dialysate sample from each time point was added together and the
total was subtracted from the amount of peptide initially added to the liposome
suspensions. By calculating the difference between the initial amount added to the
suspension and the concentration of peptide removed by dialysis, the amount of peptide

covalently coupled to the liposome surface was calculated.

2.1.4 Quantification of drug encapsulation

To quantify IGF-I1 encapsulation, the lipid bilayer of the liposomes was disrupted to
release the growth factor from the aqueous core (Partearroyo et al. 1992)(Sila et al.
1986). 100 pl of each liposome suspension (iIRGD/IGF-I1, ARA/IGF-II, non-
coated/IGF-11, non-coated empty liposomes) was incubated with 200 pl Triton™ X-100
(0.5 % in dH20; Sigma Aldrich, UK) at 37 °C for 20 mins, followed by sonication

(30 min; max frequency; Ultrawave Ltd., UK) and centrifugation (1 h; 13,000 rpm;
Heraeus Pico 21, ThermoScientific, UK). The supernatant was carefully removed and
the concentration of free IGF-II in the supernatant and the concentration of bound IGF-
Il in the lipid pellet were quantified using a human IGF-Il1 ELISA detection Kit,
according to the manufacturer’s instructions (Mediagnostics, Germany). The kit

provided a 96 well plate pre-coated with anti-human IGF-I1 antibody, sample diluent
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(SDil), wash buffer (WB), antibody conjugate (ACon; containing biotinylated anti-IGF-
Il antibody), enzyme conjugate (EC; containing horseradish-peroxidase conjugated to
streptavidin), substrate solution (Sub; containing horseradish-peroxidase substrate) and
stop solution (SS; 0.2 M sulphuric acid), as well as IGF-I1 standards at the following
concentrations in SDil: 0.45 ng/ml, 1.5 ng/ml, 3 ng/ml, 5.63 ng/ml, 9 ng/ml. ACon (50
pl/well) was first added to the 96 well plate provided before samples were added.
Samples (supernatant and pellet) were diluted 1:100 in SDil and added to the plate

(50 pl/well, triplicate). Standards were also added to the plate (50 pl/well, triplicate).
The plate was covered and incubated with agitation (350 rpm) for 2 h at room
temperature, before washing five times with the WB (300 pl/well). After the last wash,
EC was added (100 pl/well), the plate was covered and incubated with agitation

(350 rpm) for a further 30 min at room temperature. The wells were washed as
previously described, before adding Sub (100 ul/well) and incubating in the dark for 30
min at room temperature. After 30 min the reaction was stopped by the addition of SS
(100 pl/well) and the absorbance of each well was measured at 450 nm within 30 mins.
The absolute concentration of IGF-I1 was calculated using the standard curve produced.
The concentrations of IGF-I1 in the supernatant and the pellet were added together to
calculate the total amount of drug (free and bound) administered in each liposome

bolus.

2.2 Human tissue collection and culture

First trimester placenta (5-12 weeks of gestation) was collected following surgical or
medical termination of pregnancy. Term placenta (37-42 weeks of gestation) was

obtained from uncomplicated pregnancies in women with a body mass index (BMI)
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between 18 and 25 within 30 min of vaginal or Caesarean delivery. Written informed
consent was obtained from all patients and the tissue was stored in accordance with the
following North West Local Research Ethical Committee approval codes: 13/NW/0205,
08/H1010/28 (1% trimester tissue), 08/H1010/55, 08/H1010/55 (+5), 12/NW/0574 and

12/NW/0609 (term tissue).

Villous placental tissue was randomly sampled, and biopsies were washed in serum free
culture medium (1:1 ratio of DMEM and Ham’s F12 media (Lonza Biosciences)
containing glutamine (2 mM), penicillin (100 1U/ml) and streptomycin (100 pg/ml)) and
dissected into 3 mm? explants under sterile conditions. Explants (1/well) were
submerged in 1 ml of serum containing culture medium (as above, but with the addition
of 10 % (vol/vol) fetal bovine serum (FBS; Invitrogen)), in 24 well culture plates pre—
coated with agarose (1 % (wt/vol) in serum-free culture medium; Sigma Aldrich).

Explants were maintained in 20 % Oz, 5 % CO2 at 37 °C for up to 72 h.

2.2.1 Liposome binding assay

Term or first trimester explants were incubated with either non-targeted or targeted
unloaded liposomes, or non-targeted or targeted liposomes containing CFS (100 pul /
well) for several time points (1, 3, 6, 24, 48, 72 h) and cultured at 20 % O2, 5 % CO:2 at
37 °C in the dark. They were washed in PBS (5 ml, 1 X 5 min), fixed in neutral buffered
formalin (NBF; 5 ml, 10 % (vol / vol); pH 7.4; overnight) and embedded in optimal
cutting temperature compound (OCT, Cryomatrix, ThermoScientific, UK). Tissue
sections were cut (10 um; CM1850, Leica, UK), fixed on coated slides (poly-L-lysine,
0.1 % (wt / vol) in H20; Sigma Aldrich, UK) with paraformaldehyde (PFA; 4 % (wt /
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vol; 15 min), washed (PBS; 2 X 5 min), dried and mounted in mounting medium
containing DAPI (4’,6-diamidino-2-phenylindole; Vectashield; Vector Laboratories,
UK) and examined using a fluorescence microscope (x40 objective; Zeiss Observer Z1,
Axiovision, UK). Images were captured at the same exposure (DAPI (blue) = 10-15 ms,
peptide (Rh or TAMRA,; red) = 1-3 ms, CFS (green) = 1-3 ms) for each channel, using
PBS treated tissue to set the exposure, so that comparisons across samples could be
made. N = 3 placentas, n = 3 biopsies from each placenta, 5-10 images from each

sample were captured and representative images are displayed.

2.3 Animal housing and husbandry

2.3.1 General husbandry

All procedures were performed in accordance with the UK Animals (Scientific
Procedures) Act (ASPA) of 1986 at The University of Manchester, under Home Office
project licences awarded to Professor Colin Sibley (PPL number 40/3385) and Dr Mark
Dilworth (PPL number 70/8504). Mice were housed with no more than 6 animals per
cage and were maintained on a 12:12 h light-dark cycle at 21-23 °C and 65 % humidity.
Animals had free access to food (Beekay Rat and Mouse Diet; Bantin & Kingman; Hull,
UK) and water. Females aged 9-16 weeks were mated with a stud male and the presence
of a copulation plug after was denoted as E0.5, with term in both mouse strains being
E19.5. Females were weighed after mating and again at E11.5 to identify pregnancy by
weight gain, before commencement of treatment. Treated females were weighed daily
thereafter to confirm normal maternal weight gain and ensure that the treatment was not

detrimental to the pregnancy.
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Females were euthanized by either cervical dislocation or cardiac perfusion at different
gestational time points depending on the experimental requirements. Cardiac perfusion
is a well-recognised technique for exsanguination (Gage et al. 2012) and removes any
unbound peptide or liposomes from tissues. After euthanasia, a surgical laparotomy was
performed to expose the uterine horn and the position of the fetuses in the horn was
noted. The horn was removed and placed on ice for 5-10 min to euthanize the fetuses.
Thereafter, the horn was carefully dissected and individual placental and fetal weights
were recorded; placentas were carefully stripped of all membranes and both placentas
and fetuses were blotted to remove excess liquid before weighing. Maternal heart,
kidneys, spleen, liver, lungs and brain were dissected free from surrounding tissue,
blotted and weighed. For kidneys, the average weight of both kidneys was used in
analyses. Placentas, fetuses and maternal organs were either fixed (NBF; 50 ml, 10 %
(vol/vol); pH 7.4; overnight before being transferred to PBS for storage), snap frozen by
immediate immersion in liquid nitrogen, or placed in RNAlater (Life Technologies;

RNAIlater removed after 24 h and sample stored at -80 °C).

After cervical dislocation, maternal and fetal trunk bloods were collected post-
decapitation into heparinized centrifuge tubes, centrifuged (15,000 rpm; 5 min) and the
serum supernatant was carefully removed and stored at -80 °C until use. Where cardiac

perfusion was performed, bloods could not be collected.
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2.3.2 Cardiac perfusion

To remove blood containing unbound peptide or liposomes from all mouse tissues,
terminal cardiac perfusion was performed. Under general anaesthesia (isoflurane:0:
mixture, adjusted to maintain an unconscious state) incisions were made to expose the
heart. The superior vena cava was cut and PBS was perfused directly into the left
ventricle with PBS pressure maintained by a vertical potential. PBS perfusion was
continued until the liver and lungs became pale in colour (approximately 10 ml; 5 min)
and cessation of life was confirmed. Tissues were collected, processed and stored as

described previously.

2.3.3 C57 wild type mouse

The C57 mouse is the most commonly used laboratory wild type mouse due to its short
gestational length, its ease of breeding and its genetic robustness. It is also the

background strain of the genetically modified PO mouse, used later in this study.

2.3.4 PO mouse model

The PO mouse lacks the placental-specific PO 1gf2 transcript and is derived from the
C57 background strain. Males heterozygous for the deletion of the PO transcript (1gf2
PO*" (mutant; PO) were mated with 9-16 week old WT females (1gf2 PO** (wild type;
WT)). Fetal genotyping was conducted retrospectively using fetal tail tips; fetuses were
either WT or PO mutants. Ear-notch tissue was used to determine the genotype of

adolescent/adult mice after 4 weeks of age.
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2.3.5 Genomic DNA extraction

Genomic DNA was extracted using a DNeasy extraction kit, according to the
manufacturer’s instructions (Qiagen, UK). The kit contained proteinase K solution to
lyse the tissue samples, as well as buffer ATL, buffer AL, wash buffers 1 and 2 and an
elution buffer. Briefly, tissue was incubated with buffer ATL (180 pl) and proteinase K
(20 pl) overnight at 55 °C (Hybaid, VWR, UK). Samples were then vortexed and
centrifuged (13,000 rpm; 1 min) and 120 pl of the supernatant transferred to a clean
eppendorf tube. Buffer AL was mixed with ethanol (1:1 (vol/vol); 400ul final volume)
and added to the supernatant, vortexed, and transferred to a clean DNeasy mini column
sitting in a 2 ml collection tube. The sample was centrifuged (8,000 rpm; 1 min) and the
flow through discarded. After addition of wash buffer 1 (500 pul), the sample was
centrifuged (13,000 rpm, 1 min) and the flow through discarded. The DNeasy mini
column was then transferred to a new 2 ml collection tube and wash buffer 2 (500 pl)
was added. The DNeasy mini column was then centrifuged (13,000 rpm; 3 min) and the
collection tube discarded. The DNeasy mini column was placed in a clean eppendorf
tube with elution buffer; (200 pul) and incubated (25 °C; 1 min). The eppendorf tube
containing the DNeasy mini column was centrifuged (8,000 rpm; 1 min) to elute the
extracted genomic DNA. This was stored at -20 °C for no longer than 12 weeks before

polymerase chain reaction (PCR) was performed.

2.3.6 Polymerase chain reaction (PCR)

Genomic DNA was amplified using Expand High Fidelity PCR reagents (Table 2.2;

Roche, UK) and the Techne Prime thermal cycler (Bibby Scientific, UK). A tri-primer
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system was used to amplify the 495-base pair (bp) WT fragment and a 740-bp fragment

from the 5-kb deletion site (PO deletion). The primer sequences were as follows:

d-F primer: 5’-TCCTGTACCTCCTAACTACCAC-3’
d-R primer: 5>-GAGCCAGAAGCAAACT-3’

WT primer: 5’-CAATCTGCTCCTGCCTG-3°

Reagent Volume added (ul) Final concentration

10 X PCR buffer 2 20 mM Tris-HCl, pH 8.4, 50mMKCl
2mM dNTPs 2 200 pM

25 mM MgCl, 16 2mM

5 uM d-F primer 1.2 300 nM

5 uM d-R primer 1.2 300nM

5 uM WT primer 1.2 300nM

Taq DNA polymerase 1 s5u/ul

gDNA 2 2l

PCRH,0 8.5 Final volume 20 pl

Table 2.2: Polymerase chain reaction reagents.

After the addition of the PCR reagents, the samples were taken through the following
steps by the thermal cycler: 1) 4 min at 94 °C, 2) 1 min at 94 °C, 3) 1 min at 56 °C, 4) 1
min at 72 °C. Steps 2-4 were repeated for 40 cycles before maintaining 72 °C for 10

min.

18uL of PCR product mixed with 2 pl bromophenol blue loading dye was loaded onto a
1.5 % agarose gel. HyperLadder IV molecular weight marker (Bioline, UK) was added
to lane 1 and the gel was run at 120 volts for approximately 40 mins. The gel was then

visualised using a UV transilluminator (Syngene; Cambridge, UK).
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2.4 Administration of liposomes to pregnant mice

2.4.1 Qualitative assessment of liposome homing

Targeted (TAMRA-CGKRK:-liposomes; Rh-iRGD-liposomes) or non-targeted
(TAMRA-ARA-liposomes; plain-liposomes) liposomes were prepared with either a
fluorescent peptide coating (red), a fluorescently tagged lipid film (DSPE-NBD (green))
or the liposomes were loaded with fluorescent CFS (green). Pregnant C57 mice were
restrained and the liposomes were administered via tail vein injection (100 pl) at E12.5
and allowed to circulate for 3, 6, 24, 48 or 72 h (n = 3/group). Following terminal
cardiac perfusion with PBS, tissues were collected for analysis. Organs were fixed in
NBF (10 % (wt/vol) in PBS; 24 h), embedded in OCT and stored at -80 °C. Tissue
sections (10 um) were fixed to slides using PFA (4 % (wt/vol) in PBS; 15 min), washed
in PBS (2 X 5 min), mounted in mounting medium containing DAPI (Vectashield 4',6—
diamidino—2—phenylindole; Vector Laboratories) and examined on a fluorescence
microscope (Zeiss Observer Z1, Axiovision, UK). All images were taken at the same
exposure; autofluorescence was corrected for by using PBS-treated animal tissues to set
the exposure so that comparisons across samples could be made, 5-10 images of each

sample were taken and representative images are shown.

2.4.2 Administration of liposomes to C57 mice

Treatments were administered 1.V. via tail vein injection to pregnant C57 mice on
E11.5, 13.5, 15.5 and 17.5 of pregnancy (100 ul/dose; equating to approximately 5

umole/dose of lipids, 15 pg/dose encapsulated IGF-1 or —II, 30 pg/dose of free IGF-1 or
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—I1) and the individual treatment groups are outlined in Chapter 5. Mice were weighed
daily during treatment to ensure that treatment was not detrimental to the pregnancy. All
mice were sacrificed at E18.5 and the following variables measured: i) fetal weight, ii)
placental weight, iii) litter size, iv) number of resorptions, v) maternal spleen weight, vi)
maternal kidney weight, vii) maternal liver weight, viii) fetal horn position. Placentas
and organs were bisected and half fixed in NBF (24 h, before transfer into PBS for
storage) while the other half was put into RNAlater (24 h, before removal from
RNAlIater and storing at -80 °C). Maternal and fetal bloods were also collected,

processed and stored as previously described.

2.4.3 Administration of liposomes to PO mice

Pregnant PO mice were 1.V. injected (100 ul/dose; equating to approximately 5
umole/dose of lipids, 15 pg/dose encapsulated IGF-I or —I1, 30 ug/dose of free IGF-I or
-1I) on E11.5, 13.5, 15.5 and 17.5 of pregnancy and the treatment groups are outlined in
Chapter 5. Animals were culled on E18.5 and the same parameters were recorded and
tissues stored as outlined in section 2.4.2. Fetal and placental weights of five unhandled
PO animals collected from previous experiments performed by Dr Lewis Renshall and
Dr Mark Dilworth were included to reduce the number of animals used in this study. I
processed three unhandled animals and compared these with the five collected to ensure
fetal and placental weight measurements were not significantly different between
investigators. In addition, checks were undertaken throughout to ensure experimental
conditions were comparable and data scrutiny confirmed that there was no drift in the

phenotype of the PO mice over the time the experiments were conducted.
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2.4.4 Quantification of IGF-11 in maternal and fetal serum

Maternal and fetal blood serum was collected after treatment as described above. A
human IGF-Il1 ELISA kit (Mediagnostics, Germany) was used to quantify IGF-11 in
maternal and fetal bloods. Samples were diluted 1:10 using the diluent provided and the
ELISA protocol outlined in section 2.1.4 was followed. To ensure that IGF-11 could be
detected in mouse serum using this kit, serum from an animal that had been
administered IGF-11 continuously via a subcutaneous osmotic mini pump (from a
separate experiment performed by Dr Jayne Charnock) was included as a positive
control. The concentration of IGF-II in maternal and fetal serum was quantified using a

standard curve.

2.4.5 Examination of placental morphology

Placentas collected from treated C57 or PO mice were fixed as previously described and
paraffin embedded. Three dams from each treatment group were assessed and from each
dam, three placentas were randomly selected for histological assessment. Wax sections
were cut (5 sections, 10 um thick, 200 um apart to produce consistent mid-placental
sections) and slides were processed and stained using haematoxylin & eosin. Images of
the placentas were obtained (x4 objective; Olympus BH-2 microscope) and tiled
(Image-Pro Insight 7 inbuilt tiling software; MediaCy) to produce images of total
placental cross sections. The absolute width and height of the tiled placental cross
sections were recorded on the microscope (Image-Pro plus measuring software;

MediaCy) and used to accurately establish parameters in HistoQuest software
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(HistoQuest, TissueGnostics, UK). The percentage of the labyrinthine area as a

proportion of the total placental area was calculated.

2.4.6 Quantifying proliferation in harvested placentas and organs

Placentas and maternal organs (brain, heart, lungs, liver, kidney, spleen) were collected
from treated mice (C57 and PO, 3 mice / treatment group, 3 placentas / mouse), were
fixed and paraffin-embedded. Tissue sections were deparaffinized in Histoclear

(3 X 5 min; National Diagnostics, UK) and ethanol (3 X 5 min; Fisher chemicals, UK)
and washed (dH20; 3 X 5 min). Slides were microwaved (2 X 5 min) in sodium citrate
buffer (0.01 M; containing 0.05 % (vol/vol) Tween 20; pH 6.0; Sigma Aldrich, UK) to
facilitate antigen unmasking. After cooling, endogenous peroxide activity was blocked
by incubating the tissue sections in 3 % (vol/vol) hydrogen peroxide (10 min). Tissue
sections were washed in Tris buffered saline (TBS; 0.05 M 3 X 5 min) and non-specific
binding sites were blocked (5 % (wt/vol) BSA in TBS; 30 min), before Ki-67 primary
antibody (1:1000; anti-Ki-67 rabbit monoclonal [SP6] to Ki-67 antibody; Abcam, UK)
was added to the tissue sections, which were then incubated overnight at 4 °C in a
humidified chamber. Mouse 1gG (concentration matched, DAKO, Denmark) was used
as a control. Slides were washed (TBS; 3 X 5 min) and the secondary antibody (1:200,
polyclonal swine anti-rabbit immunoglobins biotinylated F(ab’)2; DAKO) was applied
for 30 min at room temperature. Slides were washed again (TBS; 3 X 5 min) and
incubated with avidin peroxidase (5 pg/ml in TBS; Sigma Aldrich, UK) for 30 min at
room temperature. Slides were washed (TBS; 1 X 5 min) and incubated for 4 min with
0.05 % (wt / vol) diaminobenzidine (DAB) and 0.015 % (vol / vol) hydrogen peroxide

(Sigma Aldrich, UK). Slides were washed thoroughly in dH20, counterstained with
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Hematoxylin (Sigma Aldrich, UK), dehydrated in alcohol (3 X 5 min) and Histoclear

(3 X 10 min), mounted in DPX (Sigma Aldrich, UK) and left to dry overnight. 10
random images of each organ and placenta were captured, and the area of Ki-67 positive
cells was measured as a proportion of the total area of cells per field using HistoQuest
(HistoQuest, TissueGnostics, UK). These data were used to determine the mean area of
Ki-67 positive cells as a proportion of the total area of cells, within each organ or

placenta.

2.4.7 Statistical analysis

All data were analysed using GraphPad Prism statistical software (version 6.0;
GraphPad Software, USA). D’ Agostino-Pearson omnibus normality testing identified
whether datasets were normally distributed. Where data were not normally distributed,
medians + IQR are presented, and the Kruskal-Wallis test followed by a Dunn’s
multiple comparisons test for significance was performed. Where data were normally
distributed, mean + SD were presented and a one way ANOVA followed by a Tukey’s
multiple comparisons test for significance was performed.

*=P<0.05 **=P<0.01, ***=P<0.001, **** =P < 0.0001.

The number of animals required to observe a statistically significant following treatment
(n = 8-10 mice / group) was estimated using a power calculation performed with an
online software (Rollin Brant 2016) (Charan & Kantharia 2013) and using approximate
data from previous treatment studies (two tailed test, o = 0.5, desired power = 80%,

fetal weight mean = 1.15 g, standard deviation = 0.07 g, desired fetal weight mean to

give statistical significance = 1.25 g). The population distribution of fetal and placental
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weight was plotted as previously described (Dilworth et al. 2011); a histogram of fetal
weight was plotted and a non-linear regression performed (Gaussian distribution). The
bottom 5™ centile and 10" centile of the vehicle control group was calculated using the
following equations, where SD is the standard deviation of the control group

(EasyCalculation.com 2016) (Zar 1984).

Bottom 5th centile = (—1.6449 x SD) + mean

Bottom 10th centile = (—1.2816 x SD) + mean

2.5 Standard solutions

2.5.1 Phosphate buffered saline (PBS)

10 X PBS was made by dissolving 80 g NaCl, 2 g KCI, 14.5 g Na2zHPO4 and 2 g
KH2PO4 (All Sigma Aldrich, UK) in 1 litre of dH20 and adjusting the pH to 7.4. A
working solution of 1 X PBS was used throughout all experiments and was made by
diluting 10 X PBS with dH20. PBS was sterilized by autoclave.

2.5.2 Tris-buffered saline (TBS)

1 X TBS was prepared by dissolving 6.05 g Tris and 8.76 g NaCl in (All Sigma Aldrich,

UK) in 1 litre of dH20 and adjusting the pH to 7.5.
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2.5.3 Neutral buffered formalin (NBF)

NBF (10 % (wt / vol) in PBS) was prepared by adding 6.5g Na2HPOa, 4g NaH2PO4, and
100 ml Formaldehyde (40%) (All Sigma Aldrich, UK) in 900 mL dH20 and adjusting

the pH to 7.4.

2.5.4 Paraformaldehyde (PFA)

PFA (4 %) was prepared by warming 800 mL of 1X PBS to 60 °C, adding 40 g

paraformaldehyde powder (Sigma Aldrich, UK) and stirring. 1 M NaOH was added

dropwise until the powder dissolved. Once dissolved, the solution was cooled, filtered

and the volume was adjusted to 1 litre and the pH was adjusted to 6.9
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3.1 Introduction

The homing peptide sequences iRGD and CGKRK have been identified as selectively
binding to human and mouse placenta (Harris et al. 2012). By displaying these homing
peptides on the surface of a nanoparticle, it was hypothesized that targeted placental
delivery of the nanoparticle could be achieved. Chapter 1 acknowledges liposomes as
being appropriate nanoparticles to use during pregnancy; they are inherently
biocompatible, their surface can be modified to incorporate homing peptides (Dubey et
al. 2004; Nallamothu et al. 2006) and drug encapsulation in liposomes can reduce fetal

exposure (Bajoria et al. 2013).

The initial aim of this research project was to undertake a literature review to determine
the optimal liposome formulation for targeted drug delivery to the placenta. This
introduction will summarise my findings and justify the liposome composition used in

all subsequent experiments.

3.2 Liposome composition for placental targeting

Figure 3.1 shows a typical liposome composition used for targeted drug delivery. The
liposome bilayer can comprise a variety of natural or synthetic phospholipids. Saturated
phospholipids are used more often as they oxidise less readily than unsaturated
phospholipids and therefore maintain their integrity for longer during storage and in
circulation (Grit & Crommelin 1993). Synthetic lipids are favoured for clinical use as
they are easier to characterise (Grit & Crommelin 1993) and are less likely to contain

contaminants.
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Figure 3.1: Common liposome composition used for targeted drug delivery. Liposome consists of a phospholipid
bilayer, often stabilized with cholesterol. PEG is used to coat the liposome to allow it to circulate for longer in vivo.
A targeting moiety can be attached to the surface of the liposome, generally through functionalizing the PEG layer.

Adapted from (Nallamothu et al. 2006).

The transition temperature of the phospholipid is an important characteristic to consider.
It is the temperature at which lipids change from an ordered gel-like phase, where the
hydrocarbons are closely packed, into a disordered crystalline phase where the
hydrocarbons are randomly ordered (Small 1986). The transition temperature is
governed in part by the hydrocarbon chain length (Cevc 1991); as van der Waals forces
become stronger they require more energy to disrupt the packing (Cevc 1991).
Therefore, long-chain saturated phospholipids such as synthetic
distearolphosphatidylcholine (DSPC) (Muppidi et al. 2012), natural hydrogenated soya

phosphatidylcholine (SoyHPC) (Nallamothu et al. 2006) and sphingomyelin (SM)
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(Webb et al. 1995) are all appropriate for making liposomes suitable for in vivo
administration, as they have transition temperatures above that of body temperature,

thus won’t break down immediately when introduced into the body.

As well as the above considerations, Bajoria et al. (Bajoria et al. 2013; Rekha Bajoria et
al. 1997) reported that liposomes made from the saturated, synthetic phospholipid
DSPC, transferred less thyroxine, warfarin and CFS into the fetal circulation in a
perfused human placental model compared with liposomes made from unsaturated
lipids. Similarly, Tuzel Kox et al. (Tuzel Kox et al. 1995) demonstrated that liposomes
made from SoyHPC, accumulated in the rat and rabbit placenta at a higher
concentration when compared with other formulations examined. Therefore, DSPC was
chosen as a suitable phospholipid to construct liposomes for targeted placental delivery.
DSPC is a synthetic phospholipid with a hydrocarbon chain length of 18 and a transition
temperature of 55 °C (Avanti Polar Lipids Inc. 2016a), ensuring it will not immediately
break down in the body, but can be extruded at a temperature obtainable in the

laboratory.

Liposomes composed from DSPC are commonly used to deliver chemotherapeutics to
tumours and their surrounding vasculature. Clinically available compositions containing
DSPC include: DaunoXome® (liposomally encapsulated daunorubicin, approved to
treat Kaposi’s sarcoma), Liposomal-Annamycin® (in Phase 1l clinical trials to treat
breast cancer) and DOXIL®/Caelyx®/Myocet® (liposomally-encapsulated doxorubicin
approved to treat Kaposi’s sarcoma, ovarian and breast cancer) (Immordino et al. 2006).
DOXIL®/ Caelyx® is prepared using hydrogenated SoyPC, whereas Myocet® is

prepared using egg phosphatidylcholine, both natural phospholipids.
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Liposomes are generally stabilised by the addition of cholesterol, which modulates
membrane fluidity, elasticity, permeability and affects the rate at which liposomes
release their encapsulated drug (Kirby et al. 1980). The ratio of phospholipid to
cholesterol can be varied to control the release kinetics of encapsulated drugs.
Cholesterol added at concentrations greater than 30 mol% affects phospholipid packing
in the bilayer and can reduce the transition temperature of the phospholipid as a result
(Ishida et al. 2002). It was decided to use a molar ratio (MR) of 65:30,
phospholipid:cholesterol, as MRs similar to this have been shown to be optimal for the
release of several chemotherapeutics including the vascular disrupting agent
combretastatin-A4 from cyclic RGD-decorated liposomes (65:30 MR,
phospholipid:cholesterol) (Nallamothu et al. 2006); the combination of combretastatin-
A4 and doxorubicin from RGD-decorated liposomes (65:30 MR,
phospholipid:cholesterol) (Y.F. Zhang, Wang, Bian, Zhang, & Zhang, 2010); and the
chemotherapeutic 5-fluorouracil from cyclic RGD-decorated liposomes (56:39 MR,

phospholipid:cholesterol) (Dubey et al. 2004).

To increase in vivo circulation times, liposomes can be coated with PEG (Immordino et
al. 2006), a linear polyether diol that is considered to be biocompatible, inducing
minimal immunogenicity and toxicity (Dreborg & Akerblom 1990). PEG sterically
hinders biological molecules from binding to the surface of liposomes, reducing
detection by the MPS, and in doing so, significantly lengthens the circulation times in
the body (Blume & Cevc 1993; Allen et al. 1991). PEGylated liposomes have an
extended half-life in circulation in excess of 40 hours, with only 10-15 % of the initial
dose administered ending up in the liver, one of the main clearance organs of the MPS

(Song et al. 2014), compared with 80-90 % of non-PEGylated liposomes (Weissig
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2011). PEG also acts to stabilise liposome formulations in storage by providing strong
repulsive forces that can overcome attractive van der Waals forces, reducing liposome

aggregation in suspension (Needham et al. 1992).

However, the presence of PEG in clinical formulations has been reported to increase the
incidence of a painful condition called palmar-plantar erythrodysesthesia (‘hand-foot'
syndrome) (Yokomichi et al. 2013). This condition occurs when chemotherapeutics
accumulate in the patients’ extremities such as the hands and feet. The
chemotherapeutic leak out into surrounding tissues causing DNA damage, blisters and
open wounds. The condition occurs with the administration of several
chemotherapeutics including Docetaxel, Fluorouracil and Paclitaxel (Cancer.Net
Editorial Board 2014) but is more common in patients who are administered
liposomally encapsulated chemotherapeutics (50-78 % occurrence with DOXIL®
administration (Farr & Safwat 2011; Yokomichi et al. 2013)). This is thought to be due
to the increased plasma circulation time of the encapsulated chemotherapeutic, caused
by the incorporation of PEG (Yokomichi et al. 2013). However, the authors of this
study did not state which molecular weight(s) of PEG exacerbated hand-foot syndrome,
but say that the severity of the condition is correlated with the concentration and

frequency of DOXIL® administration (Yokomichi et al. 2013).

To a point, the higher the molecular weight of PEG used, the longer the liposomes
circulate (Allen et al. 1991). Allen et al. demonstrated that coating liposomes with PEG
with a molecular weight of 1900 (PEG(1900)), doubled the concentration of lipid
remaining in the plasma of mice 24 hours after injection, compared to formulations

containing PEG(750) or PEG(120). Coating the liposomes with PEG(5000) did not
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further increase the concentration of lipids remaining in circulation. We therefore chose
PEG(2000) to coat the liposomes used in this study, as this formulation was more

readily available than PEG(1900).

Allen et al. (Allen et al. 1991) report that there was no significant change in the rate of
plasma clearance of the liposomes when the concentration of PEG incorporated was
varied between 5 and 20 mol%. For this reason, the lowest concentration of PEG
possible was used (65:30:5 MR of phospholipid: cholesterol: PEG), to retain its stealth
effect, but to reduce the risk of hand-foot syndrome and inhibition of drug release. To
facilitate insertion into the phospholipid bilayer, PEG must be conjugated to a charged,
cross linked molecule such as 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (DSPE-PEG(2000)) (Immordino et al. 2006). A
fluorophore called nitrobensoxdiazol (NBD, Aexem = 460nm/535nm) may also be
incorporated into the lipid bilayer to allow fluorescent tracking to be undertaken
(Torchilin et al. 1994). Again the molecule must be attached to the charged

phospholipid DSPE, to aid incorporation into the bilayer (NBD-DSPE).

In summary, we formulated control liposomes to be used in this study from DSPC,
cholesterol and DSPE-PEG(2000), in the MR 65:30:5. These formulations were chosen
to provide maximal circulation and stability in vivo, optimal drug release and minimal
transplacental passage. This formulation can also be easily modified to allow for

attachment of a targeting moiety to created targeted liposomes.
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3.2.1 Homing peptide attachment

It is not known whether the placenta displays the EPR effect, nor is it clear to what
extent 1.V administered liposomes accumulate in the placenta. To maximise delivery to
the placenta and to minimise off-target accumulation, a placental targeting moiety,
namely the placental homing peptides iRGD or CGKRK, was added separately to the

liposomal surface.

The PEG layer was further functionalised by conjugating a linking molecule to it, to
allow for the attachment of the homing peptide to the surface of the liposome. The
addition of a maleimide group (DSPE-PEG(2000)-maleimide), allowed for the covalent
attachment of peptide to the liposome surface after preparation (Nallamothu et al. 2006;
Torchilin 2006). Maleimide has a double bond, which is capable of reacting with a thiol
group (S-H bond) to form a covalent bond via a Michael-type addition (Figure 3.2)
(Nair et al. 2014). This reaction proceeds rapidly to completion at room temperature and
neutral pH (Lutolf & Hubbell 2003). Peptides that contain an amino acid with a thiol
group, such as cysteine, can then be attached to the liposome surface (Nair et al. 2014).
The placental homing peptides iIRGD (CCRGDKGPDC) and CGKRK
(CGGGCGKRK), as well as the scrambled peptide sequence ARA (ARALPSQRSRC)
used as a control, were synthesised to contain a free cysteine (in bold), allowing for

surface attachment via this reaction.
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Figure 3.2: Michael-type addition reaction. The peptide contains a free thiol group on the cysteine residue. A
covalent bond is formed between the maleimide group and the thiol group. Adapted from (ThermoFisher Scientific

2016).

To develop liposomes capable of targeting the placenta, peptide-decorated liposomes
were formulated from DSPC, cholesterol, DSPE-PEG(2000) and DSPE-PEG(2000)-
maleimide in the MR 65:30:3.75:1.25. After preparation, the homing peptides iRGD,
CGKRK or the control peptide sequence ARA were conjugated to the liposomes and

dialysis was performed to remove unbound peptide.

3.2.2 Liposome preparation techniques

There are several methods used to prepare liposomes, and they each produce liposomes
with slightly different characteristics (Wagner & Vorauer-Uhl 2011). In general, the
constituent lipids are weighed out (Figure 3.3A), dissolved in an organic solvent
(usually chloroform) (Figure 3.3B), and then the solvent is removed to produce a lipid
film (Figure 3.3C). The lipid film is rehydrated with a buffer solution (Figure 3.3D) and
agitated (Figure 3.3E) to create large, self-assembled liposomes (Figure 3.3F). The
dispersion is then warmed to its transition temperature and sonication, extrusion or
homogenization are used to produce liposomes of a smaller, more homogenous size

distribution (Figure 3.3G) (Avanti Polar Lipids Inc. 2016b).
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Figure 3.3: The process of liposome preparation via the thin film extrusion method. Adapted from (Avanti Polar

Lipids Inc. 2016c¢)

Sonication is commonly used to reduce the size of large liposomes, typically producing

unilamellar liposomes of approximately 15-50 nm in diameter (Avanti Polar Lipids Inc.

2016c¢). However, their small size results in a high degree of membrane curvature,

making them unstable and they spontaneously fuse to form larger vesicles even when
stored below their transition temperature (Avanti Polar Lipids Inc. 2016c). It is also
nearly impossible to reproduce the exact sonication conditions, meaning that there is

large inter-batch variation (Avanti Polar Lipids Inc. 2016c). Therefore, for the purposes

of this research, liposomes were prepared using the extrusion method.
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Tuzel Kox et al. (Tuzel Kox et al. 1995) showed that smaller liposomes (approximately
30 nm) accumulated in the rat and rabbit placenta in higher concentrations than larger
liposomes (approximately 100 nm). However, Bajoria et al.(R Bajoria & Contractor
1997) report an inverse correlation between human placental transfer and liposome size,
using liposomes ranging from 70 nm — 300 nm. Since the main purpose of using
liposomes is to avoid fetal transfer, it was decided to extrude through a pore size of 100
nm, which generally produces unilamellar liposomes with a mean size distribution
slightly larger than 100 nm, to encourage liposome accumulation in the placenta, but

reduce fetal exposure risk.

3.2.3 Liposomal drug encapsulation

Liposomes can encapsulate hydrophilic, hydrophobic and amphiphilic drugs (Gulati et
al. 1998). Drugs can be loaded into the liposomes during or after preparation depending
on the nature and properties of the drug. Figure 3.4 shows how drugs with different
properties are incorporated into different liposomal compartments. Hydrophobic
molecules interact with the hydrophobic tail group of the phospholipid bilayer and can
be incorporated into this layer during formation. If these drugs dissolve in, but are not
damaged by, organic solvents, they can be added to the powdered lipids before they are
dissolved in organic solvent, then dried to produce a lipid film. In doing this, they are
incorporated directly into the lipid bilayer, providing a high encapsulation efficiency,
but reducing drug release kinetics (Gulati et al. 1998). Hydrophilic drugs can be added
to the buffer used to rehydrate the lipid film during preparation and are therefore
incorporated into the aqueous core of the liposomes (Gulati et al. 1998). This generally

leads to high encapsulation efficiency, but a high drug leakage (Gulati et al. 1998).
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Amphiphilic drugs can be added at either stage of preparation, but often have a lower

encapsulation efficiency (Gulati et al. 1998).

DRUGS
| | |
HYDROPHILIC
* Low Entrapment * High Entrapment
* Bilayer Composition * Rapid Leakage
LIPOPHILIC Dependent Leakage
* High Entrapment * Hydrolytic Degradation . Poor Enmpmont
* Low Leakage
» Chemical Stability
Aquoous Mulou

’h 4
l/vpx\l\l\x

Phospholipid Bilayer

Figure 3.4: Site of drug incorporation into liposomes. Lipophilic drugs are incorporated into the phospholipid
bilayer and hydrophilic drugs are encapsulated into the aqueous core. Amphiphilic drugs are encapsulated between

the phospholipid bilayer and aqueous core. Reproduced from (Gulati et al. 1998).

It is important to determine whether the bioactivity of the drug will be affected by any
stage of preparation. If drugs are incorporated during preparation, they need to be able
to withstand higher temperatures necessary to attain the lipid transition temperature
prior to extrusion. If a drug is heat-sensitive, it can be loaded after preparation by
creating a pH gradient between the inside of the liposome and the surrounding medium,
so that drugs move along the pH gradient and into the liposome (Haran et al. 1993;

Masashi et al. 2008).
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For liposome bio-distribution and functional studies, we encapsulated CFS, IGF-1 or
IGF-II into our liposomes. CFS is a hydrophilic molecule so can be encapsulated inside
the aqueous core of the liposomes, whereas IGF-1 and Il are mildly amphiphilic
molecules so will partition between the aqueous and lipid compartments. CFS is stable
at 60 °C for at least 2 h (Smith & Pretorius 2002) so can be incorporated by rehydrating
the lipids with buffer containing CFS and then extruding at the transition temperature of
DSPC. IGF-I and I1 are reported to be stable and bioactive for up to 8 months when
stored at 45 °C (NIBSC 2013). Due to the addition of cholesterol to the liposome
formulation, the transition temperature of the lipid film will be reduced, so can be
extruded at the lower temperature of 45 °C. This means that IGF-1 and -1l can be
reconstituted in buffer and then also used to rehydrate the liposome lipid film before

extrusion.

3.3 AiIms

After determining the liposomal formulation and method of preparation to be used, we
aimed to:
1. Prepare liposomes with and without the addition of the homing peptides iRGD,
CGKRK or the control sequence ARA
2. Measure the SD, PDI and ZP of all liposome formulations, using dynamic light
scattering (DLS) and laser Doppler micro-electrophoresis (LDE)
3. Assess the stability of the liposomes by measuring SD over time.
4. Determine the concentration of peptide that attaches to the liposomal surface

5. Determine the concentration of IGF-II encapsulated.
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3.4 Results

3.4.1 Characterisation of liposome size distribution (SD), polydispersity index

(PDI), zeta potential (ZP) and stability

Liposomes were prepared using the thin film extrusiofn process outlined in section

2.1.1, with lipid compositions shown by Table 2.1 and Figure 2.1.

In initial experiments, liposomes with and without a PEG layer were prepared and
examined. Due to a change in product composition, the liposomes used for preliminary
characterisation experiments were prepared using DSPE-PEG(2000) with a carbon
chain length of 16 (16:0 PEG-DSPE). Later experiments outlined in Chapters 4 and 5
were conducted using liposomes prepared from DSPE-PEG(2000) with a carbon chain

length of 18 (18:0 PEG-DSPE).

The SD, PDI and ZP of all liposomes prepared were measured using the Zetasizer Nano
(Malvern Instruments Ltd. 2016) and are shown in Tables 3.1 and 3.2. The SD gives an
approximate spread of the diameters of the liposomes in solution. The ZP of any
nanoparticle is defined as the electrical potential of a nanoparticle at the slipping plane
with respect to the bulk liquid and is an approximate measurement of the surface
charge. The PDI determines the spread of the SD, with “0” being a completely
monodisperse solution and “1” being a completely polydisperse solution, a cut off of 0.7
is usually applied as it indicates that the solution is very monodisperse and the machine

is unlikely to produce an accurate SD measurement (Malvern Instruments Ltd. 2016).
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The SD and PDI were measured by DLS, and the ZP was measured using LDE. These
techniques provide a quick and accurate way of measuring SD, PDI and ZP with
minimal sample preparation required. Using the Zetasizer Nano machine is also more
cost effective when compared with other size determination techniques. Unfortunately
the ZP could not be measured for every formulation due to the volume needed and the

destructive nature of the technique.

(A) DSPC/Cholesterol, mM Average size, nm Average PDI, AU Average zeta
lipids potential, mV

50 132+1 0.10+0.02 -0.8+1

25 129+2 0.07 £0.02 -1.5+1

12.5 1272 0.10+0.03 -1.0+1

6.25 127+1 0.07£0.01 -3.01

3.125 127 +2 0.06+0.01 -6.1+2

(B) DSPC/Cholesterol/PEG, mM Average size, nm Average PDI, AU Average zeta

lipids potential, mV
50 160+ 2 0.28+0.01 -30.3+1
25 151+2 0.16+0.01 -44.1+3
12:5 139+1 0.12+0.03 -36.1+2
6.25 134+1 0.11+0.01 -38.7%2
3.125 141+2 0.10+0.02 -35.75

Table 3.1: The SD, PDI and ZP of liposomes measured at different lipid concentrations. (A) DSPC/Cholesterol
liposomes and (B) DSPC/Cholesterol/PEG, prepared in water. Results are displayed as means rounded to the nearest
whole number or decimal place + range; n=1 sample with 3 readings recorded per sample. All liposomes were

prepared in water and use 16:0 PEG-DSPE.

An initial pilot experiment was performed to examine the reproducibility of the SD, PDI
and ZP measurements when liposomes were serially diluted in water (Table 3.1A, B).
Changing the concentration of the liposome suspension did not alter the SD (132 + 1 nm

to 127 + 2 nm) or the PDI (0.10 + 0.01 to 0.06 £ 0.01), but did alter the ZP (-0.8 + 1 mV
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to -6.1 + 2 mV) for non-PEGylated liposomes. For PEGylated liposomes, both the SD

and ZP were altered (160 £ 2 nm to 141 + 2 nm; -30.3 £ 1 mV to -44.1 £ 3 mV range).

The addition of PEG increased the average SD by approximately 10-30 nm, increased
the PDI and reduced the ZP by approximately 30 mV. For all further experiments, SD,
PDI and ZP were measured at the highest lipid concentration. It must be noted that the
SD and ZP were increased when comparing DSPC/Chol/PEG made with 16:0 PEG-
DSPE (Table 3.2A) and the same composition made with 18:0 PEG-DSPE (Table

3.2B), so these data have been presented separately.

Table 3.2A shows the characteristics of liposomes prepared using 16:0 PEG-DSPE.
Non-PEGylated liposomes had an SD of 132 = 1 nm (measured in water) and this
increased to 186 + 2 nm with the addition of DSPE-PEG. DSPE-PEG-maleimide
reduced the SD to 137 £ 2 nm and also made the ZP more neutral (-0.5 = 1 mV). The
addition of the peptides iRGD, CGKRK or ARA increased the SD by approximately 10-
20 nm. Inclusion of NBD, the green fluorophore used to label the lipid wall, reduced the

SD of the liposomes by approximately 5-10 nm. CFS encapsulation did not alter the SD.

Table 3.2B shows the characteristics of liposomes prepared using 18:0 PEG-DSPE. The
liposomes in this table were used for all functional studies so more batches were
available for analysis. Non-PEGylated liposomes had an SD of 159 + 40 nm and this
increased to 230 = 20 nm with the addition of DSPE-PEG. As observed above, the
addition of DSPE-PEG-maleimide reduced the SD to 201 + 35 nm and the addition of

the peptides iIRGD, CGKRK and ARA altered the SD by 10-20 nm. Inclusion of NBD
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reduced the SD slightly, whereas CFS increased the SD. Encapsulating IGF-1 or IGF-II

increased the SD in a similar manner to that of encapsulating CFS.

(A) Liposome composition
(16:0 PEG-DSPE)

Average size, nm
(no. of batches)

Average PDI, AU
(no. of batches)

Average zeta
potential, mV
(no. of batches)

DSPC/Chol* 132+1(1) 0.10£0.02 (1) -0.8+1(1)
DSPC/Chol/PEG 18612 (1) 0.28+0.01 (1) -3.31£1(1)
DSPC/Chol/PEG/Mal 137+2(1) 0.08+0.03 (1) -0.5+1(1)
DSPC/Chol/PEG/Mal/CGKRK 156+ 1 (1) 0.17+0.03 (1) /
DSPC/Chol/PEG/Mal/iRGD 150+5 (1) 0.16£0.01 (1) /
DSPC/Chol/PEG/Mal/ARA 142+2(1) 0.10£0.01 (1) /
DSPC/Chol/PEG/NBD 130+ 1(1) 0.07£0.03 (1) /
DSPC/Chol/PEG/NBD/Mal/CGKRK | 136+ 2 (1) 0.05+0.03 (1) /
DSPC/Chol/PEG/NBD/Mal/iRGD 13812 (1) 0.06£0.03 (1) /
DSPC/Chol/PEG/NBD/Mal/ARA 14613 (1) 0.09+0.01 (1) /
DSPC/Chol/PEG/CFS 15212 (1) 0.10£0.02 (1) /
DSPC/Chol/PEG/Mal/CGKRK/CFS 141+2 (1) 0.11£0.09 (1) /
DSPC/Chol/PEG/Mal/iRGD/CFS 145+2 (1) 0.09+0.03 (1) /
DSPC/Chol/PEG/Mal/ARA/CFS 157+1(1) 0.10£0.02 (1) /

(B) Liposome composition Average size, nm Average PDI, AU Average zeta

(18:0 PEG-DSPE)

(no. of batches)

(no. of batches)

potential, mV
(no. of batches)

DSPC/Chol 159 + 40 (3) 0.08+0.1(3) 1.5+2(3)
DSPC/Chol/PEG 230+20(3) 0.21+0.1(3) 6.2+4(3)
DSPC/Chol/PEG/Mal 201+ 35(3) 0.11+0.1(3) /
DSPC/Chol/PEG/NBD 225+ 60 (3) 0.22+0.1(3) 5.7+4(3)
DSPC/Chol/PEG/Mal/CGKRK 174+ 50 (3) 0.09+0.1(3) -3.5+2(3)
DSPC/Chol/PEG/Mal/iRGD 221+ 65 (4) 0.21+0.1(4) 2.7+2(4)
DSPC/Chol/PEG/Mal/ARA 212 +40(4) 0.24+0.2 (4) -1.8+2(4)
DSPC/Chol/PEG/CFS 180+ 3 (1) 0.07+0.1 (1) /
DSPC/Chol/PEG/Mal/CGKRK/CFS | 224+ 15 (2) 0.15+0.1(2) /
DSPC/Chol/PEG/Mal/iRGD/CFS 282+4(2) 0.08+0.1(2) /
DSPC/Chol/PEG/Mal/ARA/CFS 314+10(2) 0.30+0.2 (2) /
DSPC/Chol/PEG/NBD/IGF-Ii 208+10(3) 0.10+0.1(3) -10.1+ 4 (3)
DSPC/Chol/PEG/iRGD/IGF-II 303 +50(3) 0.35+0.1(3) -8.6+3(3)
DSPC/Chol/PEG/ARA/IGF-II 32060 (3) 0.48+0.2 (3) 73%3(3)
DSPC/Chol/PEG/iRGD/IGF-I 194 + 25 (3) 0.11+0.1(3) 5.6+4(3)
DSPC/Chol/PEG/ARA/IGF-| 205 + 45 (3) 0.26+0.3 (3) 7.0%2(3)

Table 3.2: The SD, PDI and ZP of all liposome compositions prepared. (A) Liposomes prepared using 16:0 PEG-
DSPE, (B) Liposomes prepared using 18:0 PEG-DSPE. Results are displayed as means rounded to the nearest whole
number or decimal place + range; number in brackets are the number of independent batches examined with 3
readings recorded per sample, * indicates that this liposome formulation was prepared in water, whereas all others

were in PBS.
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The ZP of non-PEGylated liposomes was positive (1.5 £ 2 mV) and this became
negative on the addition of DSPE-PEG (-6.2 + 4 mV). The ZP of the PEGylated
liposomes became less negative on the addition of the peptides IRGD, CGKRK or ARA
(-2.7x2mV,-3.5+£2mV, -1.8 £ 2 mV respectively), but became more negative when
IGF-I or IGF-11 was encapsulated (iRGD/IGF-11 = -8.6 £ 3 mV, ARA/IGF-1l =-7.3+ 3

mV, IRGD/IGF-1 = -5.6 £ 4 mV, ARA/IGF-1 =-7.0 £ 2 mV).

The stability of the liposomes at 4 °C was examined to determine how long they could
be stored after preparation without degradation (Table 3.3). This can be examined by
measuring the SD over several weeks (Muppidi et al. 2012). If the liposomes rapidly
increase in size, this indicates aggregation is occurring and that they are not stable. The
SD of the liposomes was measured every week for 4 weeks and did not change over
time, suggesting that neither aggregation nor degradation was occurring and that the

liposomes were stable at 4 °C for up to 4 weeks.
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Liposome composition (in PBS)
(16:0 PEG-DSPE)

Week 1

Week 2

Week 3

Week 4

Average size, nm

Average PDI, AU

Average size, nm

Average PDI, AU

Average size, nm

Average PDI, AU

Average size, nm

Average PDI, AU

DSPC/Chol/PEG 186+ 2 0.28+0.02 159+3 0.18+0.02 152+3 0.18+£0.02 164+4 0.18+0.03
DSPC/Chol/PEG* 121+4 0.09+0.01 1166 0.08+0.01 1307 0.13+0.02 119+3 0.08 £0.02
DSPC/Chol/PEG/Mal/iRGD 150+ 4 0.16£0.01 l46+1 0.09+0.01 147+1 0.11+0.02 137+4 0.18+0.03
DSPC/Chol/PEG/Mal/CGKRK 156+1 0.17+£0.03 160+ 2 0.12+0.0 160+ 2 0.11+0.03 160+ 2 0.11+£0.02
DSPC/Chol/PEG/Mal/ARA 142+2 0.08 £0.01 144+1 0.09+0.01 142+2 0.08£0.01 144+ 2 0.09+0.01

Table 3.3: The stability of liposomes of all compositions examined by measuring the SD weekly. All compositions were prepared using 16:0 PEG-DSPE, results are displayed as means rounded to

the nearest whole number or decimal place + range; n=1 sample with 3 readings recorded per sample; * indicates that liposomes were added to culture medium to ensure stability in culture.
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3.4.2 Determining the concentration of free thiol groups on iRGD and CGKRK

peptides using Ellman’s reagent

Ellman’s reagent (DTNB) was used to determine the concentration of free thiol groups
present on the homing peptides iIRGD and CGKRK, necessary for peptide-liposome
conjugation. As well as reacting with maleimide, free thiols react with DTNB, cleaving
the disulphide bond to generate NTB? in water. This ion has a yellow colour that can be
detected and quantified spectroscopically. The reaction is stoichiometric; 1 mole of thiol
produces one mole of NTB?". Glutathione (GSH) contains 1 thiol group per peptide
molecule, so was used to generate a standard curve (Figure 3.5A). This curve was used
to quantify the number of free thiol groups that each peptide has, which was then used

to optimise the concentration of peptide added to the liposomal formulation.

The absorbance at 412 nm of two different concentrations of fluorescently tagged
homing peptides FAM-IRGD and FAM-CGKRK (50 uM and 100 puM, 250 ul) were
measured in a spectrophotometer, with and without the addition of DTNB
(concentration matched, 50 pl). After correcting for background, the final absorbance
for each sample was then compared with the GSH calibration curve to obtain the thiol
concentration for each peptide. The concentration of free thiol groups was found to be
greater than or equal to one thiol group per peptide at the peptide concentration
examined (iIRGD (100 pM) = 114.9 + 7.2uM (mean concentration of thiol + standard
deviation), iRGD (50 uM) = 62.14 + 15.8 uM, CGKRK (100 pM) = 101.0 + 4.8 uM,
CGKRK (50 uM) = 52.42 + 0 uM), showing that approximately every peptide had at

least one thiol-group available to couple to the liposome surface (Figure 3.5B).
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Intensity (AU)

y =0.0024x+0.0442
R?=0.9989

GSH standard concentration curve

150

100 200 250
Concentration (uM)

B Moles of iRGD peptide (LM) 100 100 100 50 50 50
iRGD + DTNB absorbance (AU) 1.22 1.24 1.25 0.88 0.87 0.91

FAM absorbance (AU) 0.92 0.91 0.92 0.73 0.65 0.7
Corrected absorbance (AU) 0.3 0.33 0.33 0.15 0.22 0.21
Thiol concentration (M) 106.58 | 119.08 | 119.08 44.08 73.25 69.08

Moles of CGKRK peptide (LM) 100 100 100 50 50 50
CGKRK + DTNB absorbance (AU) [ 1.14 1.13 1.14 0.84 0.87 0.86
FAM absorbance (AU) 0.84 0.85 0.86 0.67 0.7 0.69
Corrected absorbance (AU) 0.3 0.28 0.28 0.17 0.17 0.17
Thiol concentration (uM) 106.58 | 98.25 98.25 52.42 52.42 52.42

Figure 3.5: Calculating the concentration of free thiol groups available on the peptides iRGD and CGKRK.

(A) GSH calibration curve, (B) the concentration of free thiol groups on each peptide examined using (DTNB).

3.4.3 Quantifying peptide-liposome conjugation

One method to quantify peptide-liposome conjugation is to measure the concentration

of peptide that is removed from the liposome suspension by dialysis. Dialysis is

commonly used to remove non-encapsulated complexes from liposome suspensions

(Johnston et al. 2006; Ning et al. 2011; Ruozi et al. 2011; Sur et al. 2014). By

subtracting the concentration of peptide in the dialysate from the initial concentration

added to the liposomes, one can quantify the concentration of peptide attached to the

liposome surface.

132




After preparation, homing peptide was added to the liposomes at the concentration
needed to block all free maleimide groups present on their surface (0.625 mM). After
the reaction was complete, liposomes were dialysed against fresh PBS to remove
unbound peptide. Spectroscopic analysis of the dialysate allowed quantification of the
amount of free peptide remaining in solution; these data indicated that the concentration
of peptide conjugated to the liposomes was approximately 100% for all compositions
measured (Figure 3.6D). The concentration of peptide conjugated to the surface did not

significantly change when the liposomes were encapsulating a drug.
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Figure 3.6: Quantifying the peptide-liposome conjugation efficiency. Standard curves of A) free Rhodamine-iRGD peptide, B) free TAMRA-CGKRK, C) free TAMRA-ARA, D) conjugation

efficiency of peptide conjugated to the liposome surface. N=3-5 independent liposome samples for each composition; all dialysate samples were examined in triplicate.
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3.4.4 Determining the encapsulation efficiency of IGF-11

The concentration of IGF-11 encapsulated in liposomes was quantified by ELISA after
disrupting the liposome bilayer and centrifuging to separate the aqueous and lipid
compartments (Partearroyo et al. 1992; Sila et al. 1986). The concentration of IGF-I11
inside the aqueous core of the liposomes was 14.9% of the initial concentration added
for iRGD/IGF-11 liposomes and 17.8% of the initial concentration added for ARA/IGF-
Il liposomes and non-coated/IGF-II liposomes (Figure 3.7B). The concentration of IGF-
Il in the lipid bilayer was 32.2% of the initial concentration for iRGD/IGF-11 liposomes,
31.3% for ARA/IGF-II liposomes and 31.1% for non-coated/IGF-I1 liposomes. Thus the
average concentration of IGF-II incorporated into the liposomes was approximately
50% of the initial concentration added to the suspension for all liposome compositions.
The concentration of IGF-11 added to the liposomes was based on the intention of
delivering 1mg/kg for each 100 ul of liposome suspension injected into the mice,
following a similar dosing regimen as that of Sferruzzi-Perri (Sferruzzi-perri et al.
2007). As only 50% was encapsulated, each injected dose of 100 pl contained 0.5

mg/kg, equating to approximately 15 ug/dose.
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(% encapsulated of total

injected dose

aqueous core (ug) added) film (pg) film (% of total added) | added) (ng/100pl)
iRGD/IGF-II liposomes 4.46 14.9 9.66 32.2 47.1 14.13
ARA/IGF-II liposomes 533 17.8 9:34 313 48.1 14.43
Non-coated/IGF-II liposomes 5.34 17.8 10.52 35:1 52.9 15.87
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Figure 3.7: Quantifying the concentration of encapsulated IGF-11. (A) IGF-11 standard curve, (B) concentration of IGF-11 conjugated with the liposomes; n=3 independent batches.




3.5 Discussion

After undertaking an extensive literature review, it was decided to prepare non-targeted
liposomes from DSPC:cholesterol:DSPE-PEG(2000) in the MR 65:30:5, and peptide-
decorated liposomes from DSPC:cholesterol:DSPE-PEG(2000):DSPE-PEG(2000)-
maleimide:peptide in the MR 65:30:3.75:1.25:1.25, using the thin film extrusion
method. DSPC is a neutral synthetic phospholipid with an appropriate transition
temperature to prevent immediate break down in circulation and cholesterol further
controls drug release and reduces the transition temperature of the lipid bilayer. PEG
was incorporated as not only does it increase liposome circulation time, but it also
decreases fetal transfer of gold nanoparticles (Yang et al. 2012). Post preparation, the
homing peptides iIRGD and CGKRK or the control scrambled peptide sequence ARA,
were covalently coupled to DSPE-PEG(2000)-maleimide inserted in the liposome
bilayer and dialysis performed to remove unconjugated peptide from the liposome

suspension.

Three different substances (CFS, IGF-1 and IGF-11) were encapsulated inside the
liposomes by rehydrating the lipid film with the payload reconstituted in PBS. CFS was
chosen to allow tracking of the liposomal cargo in vitro and in vivo, and to assess the
kinetics of drug release, a process that is further examined in Chapter 4. IGF-1 or IGF-II
was encapsulated to represent a biological payload to deliver to the placenta; the effects

of targeted delivery on mouse pregnancy are further examined in Chapter 5.
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3.5.1 Liposome characterisation

The SD and ZP of liposomes are important characteristics to quantify as they govern
how the body processes the liposomes, their tissue distribution and clearance profile.
The SD gives an approximate spread of the diameters of the liposomes in solution. The
ZP of any nanoparticle is defined as the electrical potential of a nanoparticle at the
slipping plane with respect to the bulk liquid and is an approximate measurement of the

surface charge.

The SD and ZP of the liposomes were engineered to minimise transplacental passage
and maximise stability, circulation time and placental drug concentration. Considering
the literature, we aimed to prepare liposomes of approximately 100-200 nm in diameter
to prevent fetal drug transfer whilst maximising placental accumulation and circulation
time of the liposomes. The final size of peptide-coated liposomes containing a payload
was between approximately 194 + 25 nm and 320 + 60 nm, depending on the
encapsulated substance; the final size of non-coated liposomes was between

approximately 180 + 3 nm and 208 + 10 nm, again depending on the payload.

The SD of our liposomes are similar to those previously reported when liposomes
encapsulating doxorubicin and coated in RGDF were prepared (Du et al. 2011). The
group report an average SD between 143.9 + 0.6 nm and 250.2 £+ 7.2 nm depending on
the lipid composition and the concentration of encapsulated doxorubicin. However,
several liposome compositions similar to ours have been reported with a substantially
smaller SD. RGD peptide coated liposomes encapsulating combretastatin A4 had an SD

of 123.8 £ 41.2 nm (Nallamothu et al. 2006). This could be due to the group using a
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slightly different lipid composition and preparation method, as well as combretastatin-
A4 having a substantially lower molecular weight than IGF-I or 1l (316.34 Da compared
with 7.5 kDa). A similar lipid composition prepared by reverse phase evaporation

resulted in a SD of approximately 105 nm (Dubey et al. 2004).

It is clear that there is a variation in SD between studies and this depends on the lipids
used, the preparation methods employed, the cargo encapsulated and any additional
surface modifications. The SD measured in our liposome formulations are in the same
range as seen in previous reports and are reproducible between batches. We are
therefore confident that we have produced non-coated and peptide-decorated liposomes
with and without an encapsulated cargo with a monodisperse size distribution using

standard and reproducible methods.

As well as the SD, the ZP of nanoparticles also affects processing in vivo. Negatively
charged liposomes have a shorter circulation half-life when compared to neutral and
positively charged liposomes (Harashima & Kiwada 1996) due to recognition by the
MPS (Semple et al. 1998). However, there are several reports that positively charged
liposomes are toxic, induce considerable complement activation and are thus quickly
removed from circulation (Semple et al. 1998). We therefore concluded that liposomes
with an approximately neutral surface charge were better to use to maximise in vivo

circulation time.

The ZP also governs how the placenta processes nanoparticles and can affect
transplacental drug transfer. Bajoria et al. (R. Bajoria & Contractor 1997) state that

positively charged liposomes transfer a lower concentration of drug to the fetus whilst

139



neutral and anionic liposomes increase fetal drug transfer in a perfused human placenta
model. However, Tuzel Kox et al., (Tuzel Kox et al. 1995) report that negatively
charged liposomes accumulate more readily in the rabbit and rat placenta, indicating
that negatively charged liposomes would transfer a higher concentration of drug to the
fetus, although the group did not specifically examine this. Yang et al. (Yang et al.
2012) report that negatively charged (-17 mV) gold nanoparticles injected into pregnant
mice were transferred to fetal tissues to a significantly lesser extent when compared

with neutral gold nanoparticles.

As we intended to develop liposomes capable of targeting both the mouse and human
placenta, which potentially have opposing membrane charges (the human placenta is
negatively charged, whereas the rat placenta is positively charged (Refuerzo et al.
2011); the charge of the mouse placenta has not been measured), we concluded that
liposomes with a neutral ZP were the most appropriate for this study. This also
circumvents the risk of charged lipids interfering with the targeting potential of the

placental homing peptides.

The neutral lipids DSPC and cholesterol produced liposomes with an approximately
neutral ZP in PBS. The addition of DSPE-PEG decreased the ZP of the liposomes, but
the value remained close to neutral. This change in ZP upon the addition of DSPE-PEG
is similar to that reported by Li et al (Li et al. 2011), who showed that the ZP changed
from 46.2 mV to 39.3 mV with the addition of 7% PEG. The ZP in their study was
positive to begin with, due to the addition of the cationic lipid 1,2-doleoyl-3-
trimethylammoniumpropane (DOTAP). Therefore, we were confident that we had

produced liposomes with an expected ZP using our preparation techniques.
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The stability of the liposomes was examined over 4 weeks by measuring the SD weekly.
This method has been used when examining liposome stability after encapsulating
vinorelbine (Semple et al. 2005), and when examining the stability of PEGylated and
non-PEGylated liposomes with a similar formulation to ours (Muppidi et al. 2012). If a
change in SD is observed it signifies that the liposomes are flocculating or degrading.
Semple et al. (Semple et al. 2005) reported that liposomes comprising sphingomyelin
and cholesterol were stable for up to 42 days when stored at 4 °C, 25°C and 40 °C. In a
similar manner, Muppidi et al. (Muppidi et al. 2012) reported that PEGylated
DSPC/cholesterol liposomes were stable for 3 months when stored at 4 °C, but began to
aggregate when stored at room or body temperature. For our experiments, liposomes
were stored at 4 °C in between measurements to prolong storage stability, and it was
found that all liposomal formulations were stable for at least 4 weeks. The stability of
other peptide-decorated liposome formulations has not been reported, so comparisons
with the literature cannot be made. However, the stability of non-coated liposomes
encapsulating epidermal growth factor (EGF) was investigated by Alemdaroglu et al.
(Alemdaroglu et al. 2007) when stored at 25 °C and 4 °C. They report that there was no
change in size after 210 days when stored at 4 °C, but the liposomes increased in size
after 90 days when stored at 25 °C, suggesting that our targeted liposomes encapsulating

IGF-11 should be stable for several weeks when stored at 4 °C.

3.5.2 Liposome-peptide conjugation

The homing peptides were conjugated to the liposome surface after preparation, by
using a Michael-type addition reaction to covalently couple free thiol groups on

cysteine residues of the peptides to the maleimide group of DSPE-PEG-maleimide
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displayed on the liposome surface. This is a standard reaction that has been utilised to
conjugate RGD-bearing peptide sequences to the surface of liposomes (Nallamothu et

al. 2006) and micelles (Sugahara et al. 2009).

Initially, the ability of the peptides to react with the maleimide groups was established
using Ellman’s reagent, to quantify the concentration of free thiol groups on the
peptides. In doing so, it was found that approximately one thiol group per peptide
molecule was available to attach to the liposome’s surface. An examination of the
peptides’ structures confirms this result was to be expected; there is at least one cysteine

group per peptide available to react with Ellman’s reagent.

The efficiency of peptide conjugation to the liposomal surface was quantified using
dialysis, followed by spectroscopic analysis of the dialysate; almost 100% conjugation
was achieved for all peptides examined. Dubey et al.(Dubey et al. 2004) report a
peptide-maleimide conjugation efficiency of 98 + 0.5%, supporting our results. Several
other methods of peptide-liposome quantification are outlined in the literature.
Nallamothu et al. (Nallamothu et al. 2006) used HPLC to quantify the concentration of
free peptide before and after the conjugation reaction, and in doing so deduced that all
of the peptide added to the liposomes became conjugated. We tried this method, but
were unable to identify the liposomal fraction using HPLC. Centrifugation could also be
used to separate unbound peptide from liposomes which can then be quantified
spectroscopically, but the high speeds used can deform the liposomes, causing them to
aggregate. Gel filtration column chromatography can also be used to separate and detect
unbound peptide or unencapsulated cargo (Dubey et al. 2004). However, this dilutes the

sample considerably (Moriya 1998) so was not appropriate for use here.
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3.5.3 Drug encapsulation

Liposomes can encapsulate a range of drugs, with an efficiency dependant on the lipid
composition, the nature of the drug and the loading technique used. Initially CFS, a
water-soluble fluorophore, was encapsulated to monitor drug release kinetics and tissue
distribution. It is important to note that CFS will not act in exactly the same way as
IGF-1 or IGF-11 in terms of its release profile and tissue distribution, as it has a different
molecular weight and hydrophobicity. However, Harashima et al. (Harashima &
Kiwada 1996) state that the lipid composition of the liposomes is one of the most
critical factors in determining the release property of encapsulated payloads, thus it can

be used to provide an estimate of these parameters in vivo.

For our experiments, IGF-11 was encapsulated by rehydrating the lipid bilayer with a
buffer containing IGF-II and then extruding the formulation. To quantify the amount of
IGF-II stably encapsulated, shortly after preparation the lipid membrane was disrupted
and centrifuged and the concentration of IGF-I11 in the lipid pellet and aqueous
supernatant was measured directly using ELISA. This method of encapsulation gave an
encapsulation efficiency of approximately 50% for all liposome formulations examined,
providing a final concentration of 0.5 mg/kg/dose when injected into mice. This delivers
a lower dose than used previously (Sferruzzi-perri et al. 2007) when IGFs were
administered subcutaneously to guinea pigs, but as the payload is to be selectively
targeted to the placenta, thus less would be released in other tissues, it was hypothesised
that a lower encapsulated concentration would still generate a biological response

(Gabizon et al. 2002; Ruoslahti 2004).
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With a passive encapsulation method such as this, it is to be expected that
approximately 50% encapsulation might be achieved at equilibrium between the inside
and outside of the lipid bilayer. Several groups reported a similar level of growth factor
encapsulation; Alemdaroglu et al. (Alemdaroglu et al. 2007) reported an encapsulation
efficiency of 58.1% determined spectroscopically, when EGF was passively
encapsulated; Xie et al. (Xie et al. 2005) reported a 34% encapsulation efficiency of
nerve growth factor (NGF) when using lipid film rehydration. However, we observed
15-18% IGF-I1 encapsulation in the aqueous core of the liposomes and approximately
31-35% of the IGF-II in the pellet of the centrifuged lipids, showing that it associated
more readily with the lipid bilayer than the aqueous core. This could alter drug release
kinetics, and indicates that IGF-I1 is an amphiphilic molecule. Other methods could be
employed to improve the encapsulation efficiency of IGF-II: a gradient loading method
could be used, whereby a pH gradient is created between the inside of the liposome and
the surrounding medium, so that the pH gradient drives drug encapsulation (Haran et al.
1993; Masashi et al. 2008). This is a more complicated preparation method and may
alter the structure or bioactivity of the drug, but could be trialled for use in future

studies.

3.6 Summary

We have shown that the thin lipid film extrusion method produced a monodisperse
distribution of liposomes, approximately 200 nm in diameter and of approximately
neutral or slightly negative surface charge. Inter-batch reproducibility and stability was

acceptable, approximately 100% of the peptides were conjugated to the liposome, and
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50% drug encapsulation was achieved. The ability of the liposomes to selectively target

the placenta in vitro and in vivo is examined in Chapter 4
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Chapter 4. Validation of
Liposome Targeting in Mice
and Human Tissues
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4.1 Introduction

Prior to administering a bioactive payload in our targeted liposomes, it was necessary to
confirm selectivity of placental binding in vitro and in vivo, assess liposome bio-
distribution and clearance kinetics in vivo, and determine whether the formulation was
well tolerated by mice and was compatible with normal pregnancy. It was also
important to ensure the liposomes released an encapsulated payload in a timely manner
and to examine the tissue distribution of the payload to confirm placental delivery, and
examine the extent of fetal transfer and off target release in maternal organs. The
fluorescent molecule CFS was encapsulated to represent a drug payload; CFS reportedly
crosses the human placenta and enters fetal circulation, so was chosen as an appropriate
candidate (R Bajoria & Contractor 1997; Bajoria et al. 2013; R. Bajoria & Contractor
1997). The data generated from these experiments will aid our understanding of
liposome biodistribution and clearance in the pregnant mouse, which will inform
decisions regarding the suitability of the current formulation, the choice of payload and

the design of a treatment study.

4.2 Aims

This chapter aimed to:
1. Investigate whether control and peptide-decorated liposomes could bind to, and
accumulate within human placental explants
2. Examine the biodistribution and clearance of control and peptide-decorated

liposomes in pregnant mice
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3. Examine the biodistribution of a fluorescent liposomal cargo when delivered to

pregnant mice using control and peptide-decorated liposomes

4.3 Results

4.3.1 Placental homing peptides accumulate within the syncytiotrophoblast of

human placental explants

Free FAM-IRGD and FAM-CGKRK were incubated with first trimester or term
placental explants for up to 3 h. Accumulation of both peptides in the outer
syncytiotrophoblast layer was evident after 30 min (Figure 4.1 A, D, G, J), and the
fluorescent signal increased in intensity from 1 h (Figure 4.1 B, E, H, K) to 3 h (Figure
4.1 C, F, I, L), suggesting continued uptake of the peptides in the syncytiotrophoblast.
The fluorescent signal from the FAM-IRGD peptide appeared to be weaker in first
trimester tissue after 1 h (figure 4.1B) when compared with term tissue of the same time
point (figure 4.1E), but after 3 h, the intensity appeared to be similar (figure 4.1C and
F). Both placental homing peptides remained in the syncytiotrophoblast for 3 h and did
not appear to enter the underlying cytotrophoblast or villous stroma in significant

amounts.
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First trimester Term First trimester Term First trimester Term
[A] FAM iRGD, 30min [D] FAM-iRGD, 30min [G] FAM-CGKRK, 30min [J] FAM-CGKRK, 30min’ [M] PBS, 30min [P] PBS, 30min

ST

[B] FAM-iRGD, 1h ' 3 [H] FAM-CGKRK, * | [K] FAM-CGKRK, 1h [N] PBS, 1h [Q] PBS, 1h

ST\ ST —>l(
P ff

[C] FAM-IRGD, 3h [1] FAM-CGKRK, 3h [L] FAM-CGKRK, 3h [0] PBS, 3h [R] PBS, 3h
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- ’ <« ST
. ) S v ‘e L/ST\
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Figure 4.1: Homing peptide binding to human placental explants. The placental homing peptides (A-F) FAM-iRGD (green) and (G-L) FAM-CGKRK (green) accumulated in the ST of both human
first trimester and term placental explants and did not significantly penetrate into the VS. All images were taken at the same exposure; autofluoresence was corrected for by using PBS-treated tissue
sections to set the exposure (M-R). Nuclei were stained with DAPI (blue), N=3 placentas, n=3 biopsies from each placenta were examined, 10 images were taken of each sample, representative images

are shown (Scale bar = 50um).
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4.3.2 Homing peptide-decorated liposomes bind to the syncytiotrophoblast of

human placental explants.

To assess whether liposomes decorated with homing peptides accumulated in placental
explants in a similar manner to free homing peptide, term human explants were
incubated with liposomes decorated with FAM-IRGD (FAM-iRGD-liposomes; targeted
liposomes; green), FAM-CGKRK (FAM-CGKRK-liposomes; targeted liposomes;
green), rhodamine-iRGD (Rh-iRGD-liposomes; targeted liposomes; red), TAMRA-
CGGGCGKRK (TAMRA-CGKRK:-liposomes; targeted liposomes; red) or the control
peptide sequence, TAMRA-ARA (TAMRA-ARA-liposomes; non-targeted liposomes;
red). Liposomes not coated in peptide, but synthesised using lipids labelled with the
fluorophore NBD (Non-coated liposomes; non-targeted liposomes; green) were also
tested as an additional control. Liposomes were incubated with the explants for several
time points ranging from 3 h — 48 h. With the exception of non-coated liposomes, it was
the peptide moiety that was fluorescently tagged, thus any fluorescent signal observed
could originate from peptide-coupled lipids or from peptide liberated from the

liposomal surface.

Targeted liposomes accumulated in the syncytiotrophoblast of human term placental
explants to a similar extent to free peptide, confirming that the peptides were still
functional after conjugation to the liposome surface. However kinetics were slower:
whereas the free peptides were visible in the syncytiotrophoblast of term placental
explants within 30 min (figure 4.1 D & J), targeted liposomes were only visible after 3 h
(figure 4.2 A, B, I, J, Q, R). The fluorescence intensity increased over 48 h, suggesting

that the targeted liposomes continued to accumulate over this time. Based on
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fluorescence intensity, liposomes accumulated in a concentration-dependent manner

over all time periods examined.

TAMRA-ARA-liposomes also accumulated in the placental syncytiotrophoblast, but
were not visible until 24 h of incubation (figure 4.2 KK & LL), and were no longer
visible at 48 h (figure 4.2 MM & NN). Non-coated liposomes labelled with NBD were
not visible accumulating in the syncytiotrophoblast, but diffuse areas of green
fluorescence were observed in the villous stroma at 6 h (figure 4.2 RR) and 24 h (figure
4.2 SS & TT); the signal intensity was stronger when the higher concentration was used
(figure 4.2 TT). In a similar manner to TAMRA-ARA-liposomes, fluorescence

attributed to the non-coated liposomes was not observed at 48 h (figure 4.2 QQ & RR).
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TAMRA-ARA peptide coated liposomes Non-peptide coated liposomes
150pl

50l 150pl 50l

[GG]3h [PP]3h

[LL] 24h [5S124h [TT123h

[RR] 48h

Figure 4.2: Liposome binding to human term placental explants. Liposomes decorated with the placental homing
peptides (A-H) FAM-iRGD (green), (I-P) FAM-CGKRK (green), (Q-X) Rh-iRGD (red), (Y-FF) TAMRA-
CGGGCGKRK (red) accumulated in the ST of human term placental explants; a low concentration was observed in
the VS. Liposomes coated with (GG-NN) TAMRA-ARA also accumulated in the ST at 24h; (OO-RR) uncoated
liposomes (green) accumulated to a less extent. Nuclei were stained with DAPI (blue), N=3 placentas, n=3 biopsies
from each placenta were examined, 10 images were taken of each sample, representative images are shown (Scale bar

= 50pum).
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4.3.3 Homing peptide-decorated liposomes bind to the mouse placental labyrinth

and spiral arteries throughout gestation

To examine whether homing peptide-decorated liposomes selectively accumulated in
the mouse placenta and to assess liposome biodistribution, pregnant C57 mice were
injected 1.V. at E12.5 with liposomes, which were allowed to circulate for several time

points before the mice were subjected to terminal cardiac perfusion.

After 6 h, a fluorescent signal was visible within the placental labyrinth, but not in the
junctional zone following injection of iIRGD-liposomes and CGKRK-liposomes; this
pattern of targeting was observed at all subsequent time points examined (figure 4.3 B,
C, E and G). The fluorescent signal persisted up to 48 h (figure 4.3 C & G), but was
markedly decreased at 72 h, implying that liposomes were being cleared from, or
metabolised by the placental tissue (figure 4.3 D & H). ARA-liposomes modestly
accumulated in the labyrinth and junctional zone within 6 h (figure 4.3 I) and persisted
for 48 h, with a reduction at 72 h (figure 4.3 L). Non-coated liposomes were observed in
the labyrinth and junctional zone, but not until 48 h post-injection (figure 4.3 O) and

were still present, but at a lower intensity, at 72 h (figure 4.3 P).

Targeted liposomes were not observed in the major maternal organs or the fetal tissues
at any time point studied (figures 4.4-7 A-D and H-K), with the exception of the liver,
spleen and kidney (figures 4.4-7 E-G and L-N), which take up all nanoparticles non-
selectively (Agemy et al. 2011). Intense red fluorescence was observed in the kidney,
liver and spleen at 6 h (figures 4.4 E-G and L-N), which gradually decreased over time.

Urine collected from mice 3 h after injection with targeted liposomes was pink in
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colour, suggesting that the liposomes and/or peptides were, at least in part, cleared by
the kidneys (figure 4.8). iRGD-liposomes were not observed in the liver or spleen after
72 h (figure 4.7 F & G), but a low level of signal was observed in the kidney (figure 4.7
E). CGKRK-liposomes were still present after 72 h in the kidney, liver and spleen at a

low concentration (figure 4.7 L-N).

ARA-liposomes were also present in the maternal clearance organs within 6 h (figure
4.4 S-U) and were visible at a lower concentration at 24, 48 and 72 h (figure 4.5-7 S-U).
They appeared to accumulate in the clearance organs at a lower concentration than the
targeted liposomes. Signal from ARA-liposomes was also detected at low levels in the
maternal heart at 24, 48 and 72 h (figure 4.5-7 O) reaching a maximum at 72 h (figure
4.7 O). Non-coated liposomes were not observed in any maternal organs at any time
points examined (figure 4.4-7 V-X, Z, BB), except a small amount of green

fluorescence in the spleen at 24h and the liver at 48h and 72 h (figure 4.7 AA).

ARA-liposomes and non-coated liposomes were observed in fetal tissues, in particular
near the cord insertion point and abdominal region at 48 h (figure 4.6 R & Y),
indicating placental transfer of liposomes (or liposomal components) to the fetal

circulation.
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iRGD-liposomes:

[A] iRGD E12.5, 6h [B] iRGD E13.5, 24h [C]iRGD E14.5, 48h

[D] iRGD E15.5, 72h

Jz

CGKRK-liposomes:
[E] CGKRK E12.5, 6h [F] CGKRK E13.5, 24h [G] CGKRK E14.5, 48h

[H] CGKRK E15.5, 72h

Jz
Lab

ARA-liposomes:

[1] ARA E12.5, 6h [)] ARA E13.5, 24h [K] ARA E14.5, 48h [L] ARA E15.5, 72h

Jz

Non-coated/NBD-liposomes:

[M] Non-coated/NBD [N] Non-coated/NBD [0] Non-coated/NBD [P] Non-coated/NBD
E12.5, 6h E13.5, 24h E14.5,48h E15.5, 72h

Lab

Figure 4.3: Liposome accumulation in the mouse placenta. A-D) Rh-iRGD liposomes (inset shows control tissue),
E-H) TAMRA-CGKRK liposomes, I-K) TAMRA-ARA liposomes, M-P) Non-decorated/NBD liposome
accumulation in the placental labyrinth (Lab), junctional zone (Jz) and maternal spiral arteries (SA) after 1.V (tail
vein) injection to pregnant mice at E12.5, collected after 6, 24, 48 and 72 h of circulation and cardiac perfusion.

Peptide (red); nuclei stained with DAPI (blue); NBD lipid (green). (scale bar = 100um).
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iRGD-liposomes:

[A] Heart, iRGD E12.5 [B] Lung, iRGDE12.5 [C] Brain, iRGDE12.5 [D] Fetus, CFS E12.5

[E] Kidney, iRGD E12.5 [F] Liver, iRGD E12.5 [G] Spleen, iRGD E12.5

CGKRK-liposomes:

[H] Heart, CGKRK E12.5 [1] Lung, CGKRK E12.5 [J] Brain, CGKRK E12.5 [K] Fetus, CGKRK E12.5

[L] Kidney, CGKRK E12.5 [M] Liver, CGKRK E12.5 [N] Spleen, CGKRK E12.5

ARA-liposomes:

[O] Heart, ARAE12.5 [P] Lung, ARAE12.5 [Q] Brain, ARA E12.5 [R] Fetus, ARAE12.5

[S] Kidney, ARAE12.5 [T] Liver, ARAE12.5 [U] Spleen, ARA E12.5

Non-coated/NBD-liposomes:

[V] Heart, non-coated/NBD il [W] Lung, non-coated/NBD [l [X] Brain, non-coated/ NBD [l [Y] Fetus, non-coated/NBD
E12.5 E12.5 E12.5 E12.5

[Z] Kidney, non-coated/ [AA] Liver, non-coated/ [BB] Spleen, non-coated/
NBD E12.5 NBD E12.5 NBD E12.5

Figure 4.4: Liposome distribution in mouse organs after 6 h circulation. (A-G) Rh-iRGD-liposomes, (H-N)
TAMRA-CGKRK-liposomes, (O-U) TAMRA-ARA-liposomes and (V-BB) non-coated/NBD liposome distribution
in maternal organs and fetal tissue after 1.V injection into pregnant mice at E12.5, collected after 6 h of circulation.
Peptide (red); nuclei stained with DAPI (blue); NBD lipid (green), (scale bar = 100pum).
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iRGD-liposomes:

[A] Heart, iRGD E13.5 [B] Lung, iRGD E13.5 [C] Brain, iRGD E13.5 [D] Fetus, iRGD E13.5

[E]Kidney, iRGD E13.5 [F] Liver, iRGD E13.5 [G] Spleen, iRGD E13.5

CGKRK-liposomes:

[H] Heart, CGKRK E13.5 [1] Lung, CGKRK E13.5 [J] Brain, CGKRK E13.5 [K] Fetus, CGKRK E13.5

[L] Kidney, CGKRK E13.5 [M] Liver, CGKRK E13.5 [N] Spleen, CGKRK E13.5

ARA-liposomes:

[O] Heart, ARAE13.5 [P] Lung, ARAE13.5 [Q] Brain, ARA E13.5 [R] Fetus, ARAE13.5

[S] Kidney, ARAE13.5 [T] Liver, ARA E13.5 [U] Spleen, ARA E13.5

Non-coated/NBD-liposomes:

[V] Heart, non-coated/NBD [l [W] Lung, non-coated/NBD [l [X] Brain, non-coated/ NBD |8 [Y] Fetus, non-coated/NBD
E13.5 E13.5 E13.5 E13.5

[Z] Kidney, non-coated/ [AA] Liver, non-coated/ [BB] Spleen, non-coated/
NBD E13.5 NBD E13.5 NBD E13.5

Figure 4.5: Liposome distribution in mouse organs after 24 h circulation. (A-G) Rh-iRGD-liposome, (H-N)
TAMRA-CGKRK-liposome, (O-U) TAMRA-ARA-liposome and (V-BB) non-coated/NBD liposome distribution in
maternal organs and fetal tissue after 1.V injection into pregnant mice at E12.5, collected after 24 h of circulation..

Peptide (red); nuclei stained with DAPI (blue); NBD lipid (green). (scale bar = 100um).
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iRGD-liposomes:

[A] Heart, iRGD E14.5 [B] Lung, iRGD E14.5 [C] Brain, iRGD E14.5 [D] Fetus, iRGD E14.5

[E] Kidney, iRGD E14.5 [F] Liver, iRGD E14.5 [G] Spleen, iRGD E14.5

CGKRK-liposomes:

[H] Heart, CGKRK E14.5 [1] Lung, CGKRK E14.5 [J] Brain, CGKRK E14.5 [K] Fetus, CGKRK E14.5

[L] Kidney, CGKRK E14.5 [M] Liver, CGKRK E14.5 [N] Spleen, CGKRK E14.5

ARA-liposomes:

[O] Heart, ARAE14.5 [P] Lung, ARAE14.5 [Q] Brain, ARA E14.5 [R] Fetus, ARAE14.5

[S]Kidney, ARAE14.5 [T] Liver, ARA E14.5 [U] Spleen, ARA E14.5

Non-coated/NBD-liposomes:

[V] Heart, non-coated/NBD Ml [W] Lung, non-coated/NBD [l [X] Brain, non-coated/ NBD [l [Y] Fetus, non-coated/NBD
E14.5 E14.5 E14.5 E14.5

[Z] Kidney, non-coated/ [AA] Liver, non-coated/ [BB] Spleen, non-coated/
NBD E14.5 NBD E14.5 NBD E14.5

Figure 4.6: Liposome distribution in mouse organs after 48 h circulation. (A-G) Rh-iRGD-liposome, (H-N)
TAMRA-CGKRK-liposome, (O-U) TAMRA-ARA-liposome and (V-BB) non-coated/NBD liposome distribution in
maternal organs and fetal tissue after 1.V injection into pregnant mice at E12.5, collected after 48 h of circulation.

Peptide (red); nuclei stained with DAPI (blue); NBD lipid (green). (scale bar = 100um).
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iRGD-liposomes:

[A] Heart, iRGD E15.5 [B] Lung, iRGD E15.5 [C] Brain, iRGD E15.5 [D] Fetus, iRGD E15.5

[E] Kidney, iRGD E15.5 [F] Liver, iRGD E15.5 [G] Spleen, iRGD E15.5

CGKRK-liposomes:

[H] Heart, CGKRK E15.5 [1] Lung, CGKRK E15.5 [J] Brain, CGKRK E15.5 [K] Fetus, CGKRK E15.5

[L] Kidney, CGKRK E15.5 [M] Liver, CGKRK E15.5 [N] Spleen, CGKRK E15.5

ARA-liposomes:

[O] Heart, ARAE15.5 [P] Lung, ARAE15.5 [Q] Brain, ARA E15.5 [R] Fetus, ARAE15.5

[S] Kidney, ARAE15.5 [T] Liver, ARA E15.5 [U] Spleen, ARA E15.5

Non-coated/NBD-liposomes:

[V] Heart, non-coated/NBD
E15.5

[W] Lung, non-coated/NBD [X] Brain, non-coated/ NBD [Y] Fetus, non-coated/NBD
E15.5 E15.5 E15.5

[AA] Liver, non-coated/ [BB] Spleen, non-coated/
NBD E15.5 NBD E15.5

[Z] Kidney, non-coated/
NBD E15.5

Figure 4.7: Liposome distribution in mouse organs after 72 h circulation. (A-G) Rh-iRGD-liposome, (H-N)
TAMRA-CGKRK-liposome, (O-U) TAMRA-ARA-liposome and (V-BB) non-coated/NBD liposome distribution in
maternal organs and fetal tissue after 1.V injection into pregnant mice at E12.5, collected after 72 h of circulation.

Peptide (red); nuclei stained with DAPI (blue); NBD lipid (green). (scale bar = 100um).
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Figure 4.8: Mouse urine collected 3h after 1.V. administration of iRGD-liposomes.

4.3.4 Repeated dosing of homing peptide-decorated liposomes highlights different

clearance kinetics

As a potential drug treatment study would involve multiple injections of liposomes
throughout pregnancy, the biodistribution of liposomes was investigated on E18.5
following intravenous injections on E11.5, 13.5, 15.5, 17.5 with either iIRGD-liposomes,
CGKRK-liposomes, ARA-liposomes or non-coated-liposomes. This experiment was
undertaken to examine the phenomenon of “accelerated blood clearance” (Ishida et al.
2002), whereby a second dose of liposomes is cleared more rapidly than the first dose,
as it is recognised more readily by the immune system. As the final dose of liposomes
was administered 24 h before the animal was culled, the tissue distribution should be

comparable to that observed after one dose administered 24 h previously.

IRGD-liposomes and CGKRK-liposomes were still observed in the placenta at E18.5
(figure 4.9, H & P), suggesting that the final dose administered to the animal remained
in the placenta for at least 24 h, and the signal was comparable to that observed after a

single dose was administered and allowed to circulate for 24 h. There was lower
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fluorescence intensity in the placenta of those animals treated with ARA-liposomes and
non-coated/NBD-liposomes (figure 4.9 X & FF) compared to the targeted liposomes,

but signal was comparable to that observed after a single administration.

Fluorescence was not observed in any of the maternal organs or fetal tissues of the
animal treated with iRGD-liposomes (figure 4.9 A-G), suggesting that the liposomes are
cleared rapidly from all organs except the placenta. A fluorescent signal was observed
in the clearance organs of the animal treated with CGKRK-liposomes (figure 4.9 M-Q),

but was not detected in any other maternal or fetal tissues (figure 4.9 1-L).

A strong fluorescent signal was visible in the spleen of ARA-liposome-treated animals
(figure 4.9 W), with a lesser amount present in the liver and kidney (figure 4.9 U & V).
Fluorescence was not present in any other maternal organs examined (figure 4.9 Q-S),
but was observed in the fetal tissues (figure 4.9 T). Green fluorescence attributed to the
NBD fluorophore used to track non-coated liposomes was not observed in any maternal
organs examined (figure 4.9 Y-AA & CC-DD), except for the spleen (figure 4.9 EE). A
strong fluorescent signal was also observed in the fetal tissues (figure 4.9 BB),

particularly near the fetal abdomen, showing placental transfer of the fluorescent lipids.
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[A] Heart, KRK E18.5,
4 doses

[E] Kidney, iRGD E18.5,
4 doses

[1] Heart, CGKRK E18.5,
4 doses

[M] Kidney, CGKRK E18.5,
4 doses

[Q] Heart, ARAE18.5,
4 doses

[U] Kidney, ARA E18.5,
4 doses

[Y] Heart, non-coated/
NBD E18.5, 4 doses

[CC] Kidney, non-coated/

NBD E18.5, 4 doses

iRGD-liposomes:

[B] Lung, iRGD E18.5,
4 doses

[F] Liver, iRGD E18.5,
4 doses

[C] Brain, iRGD E18.5,

4 doses

[G] Spleen, KRK E18.5,
4 doses

CGKRK-liposomes:

[J] Lung, CGKRK E18.5,
4 doses

[N] Liver, CGKRK E18.5,
4 doses

[K] Brain, CGKRK E18.5,
4 doses

[O] Spleen, CGKRK E18.5,
4 doses

ARA-liposomes:

[R] Lung, ARA E18.5,
4 doses

[V] Liver, ARA E18.5,
4 doses

[Z] Lung, non-coated/
NBD E18.5, 4 doses

[DD] Liver, non-coated/

NBD E18.5, 4 doses

Non-coated/NBD-liposomes:

[S] Brain, ARAE18.5,
4 doses

[w] Spleen, ARAE18.5,
4 doses

[AA] Brain, non-coated/
NBD E18.5, 4 doses

[EE] Spleen, non-coated/
NBD E18.5, 4 doses

[D] Fetus, iRGD E18.5,
4 doses

[H] Placenta, iRGD E18.5,
4 doses

[L] Fetus, CGKRK E18.5,
4 doses

[P] Placenta, CGKRK E18.5,
4 doses

<

[T] Fetus, ARAE18.5,
4 doses

[X]Placenta, ARA E18.5,
4 doses

fus, ngn-coated/

oses

[FF] Placenta, non-coated/
NBD E18.5, 4 doses

Figure 4.9: Liposome accumulation in the mouse placenta after multiple injections. (A-H) Rh-iRGD-liposome,
(I1-P) TAMRA-CGKRK-liposome, (Q-X) TAMRA-ARA-liposome, (Y-FF) non-coated/NBD liposome distribution in
maternal organs and fetal tissue after four 1.V injections into pregnant mice starting at E11.5 and finishing on E17.5,

with culling taking place on E18.5. Peptide (red); CFS cargo (green); nuclei stained with DAPI (blue).
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4.3.5 Homing peptide-decorated liposomes bind to the syncytiotrophoblast of

human placental explants and can deliver an encapsulated cargo.

To assess whether liposomes decorated with homing peptides can deliver an
encapsulated cargo to the trophoblast bilayer, human term placental explants were
incubated with Rh-iIRGD (iRGD/CFS-liposomes) or TAMRA-CGKRK (CGKRK/CFS-
liposomes) coated liposomes encapsulating the water-soluble fluorophore CFS (green)
for several time points up to 48h. Liposomes coated in the non-targeting sequence Rh-
ARA (ARA/CFS-liposomes), and non-coated liposomes both encapsulating CFS (non-
coated/CFS liposomes) were used as controls. CFS self-quenches at the concentration
encapsulated inside of the liposomes, but fluoresces as it becomes more dilute, thus any
green signal observed was due to the release of CFS into the tissue. Non-coated

liposomes were not fluorescently tagged with NBD for the purposes of this experiment.

IRGD/CFS-liposomes and CGKRK/CFS-liposomes showed similar accumulation
Kinetics as those described in section 4.3.2. They began to accumulate in the
syncytiotrophoblast within 3 h and remained there for at least 48 h (figure 4.10 A-H).
Co-localisation of the homing peptides and CFS was observed after 3 h, indicating
liposomal release of the cargo (figure 4.10 A, E); the fluorescence intensity increased
with time (figure 4.10 A-D, E-H) suggesting sustained delivery. After 24 h, CFS
fluorescence was detected in stromal tissue, showing that the fluorophore was able to
penetrate the trophoblast bilayer (figure 4.10 C, G). This accumulation of CFS in the

stroma was still observed after 48 h (figure 4.10 D, H).
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ARA/CFS-liposomes also accumulated in the syncytiotrophoblast, but at a much slower
rate and they did not release CFS (figure 4.10 I-L). They were still visible in the
syncytiotrophoblast at 48 h, which is different from what was observed when ARA-
liposomes were incubated with placental explants in section 4.1.2, and were only visible
in the syncytiotrophoblast at 24 h. Non-coated liposomes were not detected and green
fluorescence was not observed, indicating that the non-coated liposomes did not release

CFS (figure 4.10 M-P).

iRGD/CFS-liposomes:

ARA/CFS-liposomes:

Non-coated/CFS liposomes:

Figure 4.10: Liposome accumulation and cargo distribution in term human placental explants. (A-D) Rh-

iRGD/CFS liposomes, (E-H) TAMRA-CGKRK/CFS liposomes, (I-K) TAMRA-ARA/CFS liposomes, (M-P) Non-
coated/CFS liposome accumulation in human term placental explants, after incubation for 3, 6, 24 and 48 h. Peptide

(red); CFS cargo (green); nuclei stained with DAPI (blue). (Scale bar = 50um).
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4.3.6 Homing peptide-decorated liposomes encapsulating a fluorescent drug

analogue bind to the mouse placental labyrinth and release their contents

To examine the capability of liposomes decorated in placental homing peptides to
selectively deliver a cargo to the placenta in vivo, CFS was encapsulated inside of the
liposomes and injected into pregnant C57 mice. The mice were injected intravenously
on E12.5 with iRGD/CFS-liposomes, CGKRK/CFS-liposomes, ARA/CFS liposomes or
non-coated/CFS liposomes. In a similar manner to that reported in section 4.3.3,
targeted liposomes encapsulating CFS were observed in the placental labyrinth within 6
h (figure 4.11 A), with CGKRK/CFS-liposomes also detectable within the endothelium
of maternal spiral arteries (figure 4.11 E) as previously described (Harris et al. 2012)
(Harris, 2012). The appearance of a yellow colour on the image shows co-localisation of
the red fluorescently tagged homing peptide and the green CFS, indicating that CFS is
released from the IRGD/CFS-liposomes (figure 4.11 A) and the CGKRK/CFS-
liposomes (figure 4.11 E) within 6 h. Accumulation of the targeted liposomes and
release of CFS occurred within the labyrinth and spiral arteries and was not observed in
the junctional zone for all time points examined (figure 4.11 A-H). Fluorescence
attributed to the homing peptide was evident until 72 h (figure 4.11 D, H), and the
fluorescence intensity of the green CFS cargo diminished over time, indicating drug
clearance. In particular, iRGD/CFS-liposomes accumulated in the spiral arteries and
released CFS at all time points examined, with figure 4.11 D showing an example of

accumulation within the epithelium and the surrounding perivascular area.

ARA/CFS-liposomes modestly accumulated in the labyrinth, spiral arteries and to a

lesser extent in the junctional zone (figure 4.11 I-L), in a distribution similar to that
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described in section 4.3.3. A small amount of CFS release was observed from 24-72 h
(figure 4.11 J-L), but not to the same extent as that seen with the targeted liposomes.
Non-coated/CFS liposomes appeared to release CFS in the labyrinth within 24 h (figure
4.11 N). The highest intensity signal from CFS release was observed at 48 h (figure

4.11 O) and this diminished by 72 h (figure 4.11 P)

Targeted liposomes were observed in the clearance organs at high concentrations within
6 h (figure 4.12 E-G, L-N), in a distribution similar to that described in section 4.3.3.
Small amounts of green fluorescence were observed in the liver of CGKRK/CFS-
liposome treated animals after 6 h (figure 4.12 M), and the spleen after 24 h (figure 4.13
M) indicating that some free CFS was present; however the majority of the signal
observed in the clearance organs at 24h and beyond was that of the red, peptide-coupled
fluorophore and not the CFS cargo. The intensity of fluorescence of iRGD/CFS-
liposomes in the maternal clearance organs diminished over time, showing that the
peptide/liposome conjugate was cleared over 72 h, however a low intensity signal was
still observed in the kidney at 72 h (figure 4.15 L). Targeted liposomes and CFS were

not observed in any other maternal or fetal tissues (figure 4.12-4.15 A-D & H-K).

ARA/CFS-liposomes were also observed in the maternal clearance organs within 6 h
(figure 4.12 S-U), but at a lower concentration when compared with iRGD/CFS- or
CGKRK/CFS-liposomes. Again the predominant signal observed came from the red
peptide; signal decreased over time and a small amount was visible in the liver at 72 h
(figure 4.15T). Liposomes were not observed in any other maternal organs (figure 4.12-

15 O-R), but were present in fetal tissues within 24 h (figure 4.13 R) and persisted for
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72 h (figure 4.15 R), indicating placental transfer of both the liposome and the payload

into the fetal circulation.

Non-coated/CFS liposomes were not fluorescently tagged, but CFS release was
observed in the maternal liver at 24 h (figure 4.13 AA); a higher intensity was observed
in the liver at 48 h (figure 4.14AA), but this was absent at 72 h (figure 4.15AA),
suggesting more rapid clearance of non-coated liposomes than ARA-decorated
liposomes. CFS from non-coated liposomes was not observed in any other maternal
organs (figure 4.12-15 V-Y), but was present in fetal tissues at 24 h and 48 h (figure

4.13-14Y).
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iRGD/CFS-liposomes:
[A] iRGD/CF%E;l‘Z.S, 6h }B] iRGD‘CFS E13.5,24h | [C]iRGD/CFS E14.5,48h | [D]iRGD/CFS E15.5,72h
y iz

).

.

.
’

ARA/CFS-liposomes:
[1] ARA/CFS E12.5, 6h [J]'ARA/CFS E13.5,24h  J [K] ARA/CFS E14.5,48h | [L] ARA/CFS E15.5, 72h

Non-coated/CFS liposomes:

[M] Non-coated/CFs [N] Non-coated/CFS [0] Non-coated/CFS [P] Non-coated/CFS
E12.5, 6h E13.5, 24h E14.5, 48h E15.5,72h

iz

Figure 4.11: Liposome accumulation and cargo distribution in the mouse placenta. (A-D) Rh-iRGD/CFS
liposomes, (E-H) TAMRA-CGKRK/CFS liposomes, (I-K) TAMRA-ARA/CFS liposomes, (M-P) Non-coated/CFS
liposome accumulation in the placental labyrinth (Lab), junctional zone (JZ) and maternal spiral arteries (SA) after
1.V injection to pregnant mice at E12.5, collected after 6, 24, 48 and 72 h of circulation and cardiac perfusion. Peptide

(red); CFS cargo (green); nuclei stained with DAPI (blue). (scale bar = 100um).
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iRGD/CFS-liposomes:
[A] Heart, iRGD/CFSE12.5 [l [B] Lung, iRGD/CFSE12.5 [l [C] Brain, iRGD/CFSE12.5 [l [D] Fetus, iRGD/CFS E12.5

[E] Kidney, iRGD/CFS E12.5 [l [F] Liver, iRGD/CFS E12.5 [G] Spleen, iRGD/CFSE12.5

CGKRK/CFS-liposomes:

[H] Heart, CGKRK/CFS [1] Lung, CGKRK/CFS [J] Brain, CGKRK/CFS [K] Fetus, CGKRK/CFS
E12.5 E12.5 E12.5 E12.5

[L] Kidney, CGKRK/CFS [M] Liver, CGKRK/CFS [N] Spleen, CGKRK/CFS
E12.5 E12.5 WE125
' &
"

ARA/CFS-liposomes:

[O] Heart, ARA/CFSE12.5 [P] Lung, ARA/CFSE12.5 [Q] Brain, ARA/CFSE12.5 [R] Fetus, ARA/CFSE12.5

[S] Kidney, ARA/CFSE12.5 [T] Liver, ARA/CFSE12.5 [U] Spleen, ARA/CFSE12.5

Non-coated/CFS-liposomes:

[V] Heart, non-coated/CFS [W] Lung, non-coated/CFS [X] Brain, non-coated/CFS [Y] Fetus, non-coated/CFS
E12.5 E12.5 E12.5 E12.5

[Z] Kidney, non-coated/ [AA] Liver, non-coated/ [BB] Spleen, non-coated/
CFSE12.5 CFSE12.5 CFSE12.5

Figure 4.12: Liposome and cargo distribution in mouse organs after 6 h circulation. (A-G) Rh-iRGD/CFS-
liposome, (H-N) TAMRA-CGKRK/CFS-liposome, (O-U) TAMRA-ARA/CFS-liposome, (V-BB) non-coated/CFS-
liposome distribution in maternal organs and fetal tissue after 1.V injection into pregnant mice at E12.5, collected

after 6 h of circulation. Peptide (red); CFS cargo (green); nuclei stained with DAPI (blue). (scale bar = 100um).
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iRGD/CFS-liposomes:

[A] Heart, iRGD/CFS E13.5 [B] Lung, iRGD/CFS E13.5 [C] Brain, iRGD/CFS E13.5 [D] Fetus, iRGD/CFS E13.5

[E] Kidney, iRGD/CFS E13.5 IEI Liver, iIRGD/CFS E13.5 !gLSpleen, iRGD/CFS E13.5

B

CGKRK/CFs-liposomes:

[H] Heart, CGKRK/CFS [1] Lung, CGKRK/CFS [1] Brain, CGKRK/CFS [K] Fetus, CGKRK/CFS
E13.5 E13.5 E13.5 E13.5

[L] Kidney, CGKRK/CFS '[M] Liver, CGKRK/CFS [N]'Spléen; CGKRK/CFS
E13.5 E13.5 E13.5 &

ARA/CFS-liposomes:

[O] Heart, ARA/CFSE13.5 [P] Lung, ARA/CFSE13.5 [Q] Brain, ARA/CFSE13.5 [R] Fetus, ARA/CFSE13.5

[S] Kidney, ARA/CFSE13.5 [T] Liver, ARA/CFSE13.5 [U] Spleen, ARA/CFSE13.5

Non-coated/CFS-liposomes:

[V] Heart, Non-coated/CFS [W] Lung, Non-coated/CFS [X] Brain, Non-coated/CFS [Y] Fetus, Non-coated/CFS
E13.5 E13.5 E13.5 E13.5

[Z] Kidney, Non-coated/ [AA] Liver, Non-coated/ [BB] Spleen, Non-coated/
CFSE13.5 CFSE13.5 CFSE13.5

Figure 4.13: Liposome and cargo distribution in mouse organs after 24 h circulation. (A-G) Rh-iRGD/CFS-
liposome, (H-N) TAMRA-CGKRK/CFS-liposome, (O-U) TAMRA-ARA/CFS-liposome, (V-BB) non-coated/CFS-
liposome distribution in maternal organs and fetal tissue after 1.V injection into pregnant mice at E12.5, collected

after 24 h of circulation. Peptide (red); CFS cargo (green); nuclei stained with DAPI (blue). (scale bar = 100um).
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iRGD/CFS-liposomes:

[A] Heart, iRGD/CFS E14.5 [B] Lung, iRGD/CFS E14.5 [C] Brain, iRGD/CFS E14.5 [D] Fetus, iRGD/CFS E14.5

[E] Kidney, iRGD/CFS E14.5 [ [F] Liver, iRGD/CES E14.5 [G] Spleen, iRGD/CFS E14.5

CGKRK/CFS-liposomes:

[H] Heart, CGKRK/CFS [1] Lung, CGKRK/CFS [)] Brain, CGKRK/CFS [K] Fetus, CGKRK/CFS
E14.5 E14.5 E14.5 E14.5

[\J Kidney, CGKRK/CFS " [M] Liver, CGKRK/CFS [N] Spleen, CGKRK/CFS
E14.5 e M E1AS E E14.5

ARA/CFS-liposomes:

[O] Heart, ARA/CFSE14.5 [P] Lung, ARA/CFSE14.5 [Q] Brain, ARA/CFSE14.5 [R] Fetus, ARA/CFSE14.5

-{S] Kidney, ARA/CFSE14.5 [T] Liver, ARA/CFSE14.5 [U] Spleen, ARA/CFSE14.5

Non-coated/CFS-liposomes:

[V] Heart, non-coated/CFS [W] Lung, non-coated/CFS [X] Brain, non-coated/CFS [Y] Fetus, non-coated/CFS
E14.5 E14.5 E14.5 E14.5

[Z] Kidney, non-coated/ [AA] Liver, non-coated/ [BB] Spleen, non-coated/
CFSE14.5 CFSE14.5 CFSE14.5

Figure 4.14: Liposome and cargo distribution in mouse organs after 48 h circulation. (A-G) Rh-iRGD/CFS-
liposome, (H-N) TAMRA-CGKRK/CFS-liposome, (O-U) TAMRA-ARA/CFS-liposome, (V-BB) non-coated/CFS-
liposome distribution in maternal organs and fetal tissue after 1.V injection into pregnant mice at E12.5, collected

after 48 h of circulation. Peptide (red); CFS cargo (green); nuclei stained with DAPI (blue). (scale bar = 100um).
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iRGD/CFS-liposomes:

[A] Heart, iRGD/CFS E15.5 [l [B] Lung, iRGD/CFS E15.5 [C] Brain, iRGD/CFS E15.5 [D] Fetus, iRGD/CFS E15.5

[E] Kidney, iRGD/CFS E15.5 [F] Liver, iRGD/CFS E15.5 [G] Spleen, iRGD/CFS E15.5

CGKRK/CFS-liposomes:

[H] Heart, CGKRK/CFS [1] Lung, CGKRK/CFS [J] Brain, CGKRK/CFS [K] Fetus, CGKRK/CFS
E15.5 E15.5 E15.5 E15.5

[L] Kidney, CGKRK/CFS [M] Liver, CGKRK/CFS [N] Spleen, CGKRK/CFS
E15.5 E15.5 E15.5

ARA/CFS-liposomes:
[O] Heart, ARA/CFSE15.5 [P] Lung, ARA/CFSE15.5 [Q] Brain, ARA/CFSE15.5 [R] Fetus, ARA/CFSE15.5

[S] Kidney, ARA/CFSE15.5 [T] Liver, ARA/CFSE15.5 [U] Spleen, ARA/CFSE15.5

Non-coated/CFS-liposomes:

[V] Heart, non-coated/CFS [W] Lung, non-coated/CFS [X] Brain, non-coated/CFS [Y] Fetus, non-coated/CFS
E15.5 E15.5 E15.5 E15.5

[Z] Kidney, non-coated/ [AA] Liver, non-coated/ [BB] Spleen, non-coated/
CFSE15.5 CFSE15.5 CFSE15.5

Figure 4.15: Liposome and cargo distribution in mouse organs after 72 h circulation. (A-G) Rh-iRGD/CFS-
liposome, (H-N) TAMRA-CGKRK/CFS-liposome, (O-U) TAMRA-ARA/CFS-liposome, (V-BB) non-coated/CFS-
liposome distribution in maternal organs and fetal tissue after 1.V injection into pregnant mice at E12.5, collected
after 72 h of circulation. Peptide (red); CFS cargo (green); nuclei stained with DAPI (blue). (scale bar = 100um).
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4.4 Discussion

The uptake Kinetics and tissue distribution of peptides, lipids and CFS after targeted
liposome exposure were tracked in human placental tissue ex vivo and in mice in vivo
using fluorescence microscopy. Table 4.1 provides a summary of the localisation and

biodistribution data for each liposomal formulation.

Our initial experiments demonstrated that we were able to replicate the findings of King
et al (King et al. 2016), confirming that the homing peptides iRGD and CGKRK
accumulated in the placental syncytiotrophoblast of first trimester and term placental
explants. This allowed us to conjugate the homing peptides to liposomes to produce
targeted liposomes that were examined for their ability to target the human and mouse
placenta. CFS was encapsulated into targeted and non-targeted liposomes to track drug
release and biodistribution over time. It is considered as a good candidate because it is
self-quenching at high concentrations when encapsulated inside liposomes, but
fluoresces upon release, (Weinstein et al. 1977), it doesn’t become incorporated into the
liposomal lipid bilayer (R Bajoria et al. 1997), it can be quantified by spectroscopy, it is
non-toxic to mice, cells and tissues, and has previously been used to examine liposomal
drug transfer from maternal circulation to fetal circulation in the ex vivo dual perfused
human placenta model (R Bajoria & Contractor 1997; Bajoria et al. 2013; R. Bajoria &

Contractor 1997).
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(A)

Human placental

Mouse tissues

fesue Placental Placental Maternal brain Maternal heart Maternal lung | liver | kidney | spleen Fetal tissues
Labyrinth Junctional zone
Liposome composition T:hm)e Pep CFS T:r:)e Pep CFS Pep CFS Pep CFS Pep CFS Pep CFS Pep CFS Pep CFS Pep CFS Pep CFS
iRGD-liposomes 3 + / 6 ++ / - / / / / + / ++ / + / = /
6 + / 24 +H / / / / / + / +HH / + / /
24 + / a8 + / / / / / + / + / + / /
48 +H / 72 + / ® / / / / = / + / / * /
CGKRK- liposomes 3 + / 6 + / / / I/ / + / + / + f /
6 + / 24 +H / / / / / + / + / + / /
24 + / 48 +H / = / = / = / / + £ + / + / 3 /
a8 +H / 72 + / / / / / + / + / + / /
ARA- liposomes 3 / 6 + / + / / / 7 - / + / + / /
6 / 24 + / + / 3 / + / / + / + / + / = /
24 + / a8 + / + / / + / / + / + / / + /
48 - / 72 + / + / / + / / + Vi + / + / /
Non-coated liposomes 3 / 6 / / / / / - / / / /
6 + / 24 / / / / / - / / + / /
24 + / 48 ++ / ++ / 74 / { /! / / + /
48 / 72 + / + / 4 / / + / / / /
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(8)

Human placental

Mouse tissues

tissue
Placental Placental Maternal brain Maternal heart Maternal lung Maternal liver Maternal kidney Maternal spleen Fetal tissues
Labyrinth Junctional zone
Liposome composition Time Pep CFS Time Pep CFS Pep CFS Pep CFS Pep CFS Pep CFS Pep CFS Pep CFS Pep CFS Pep CFS
(h) (h)
iRGD/CFS-liposomes 3 + + 6 ++ ++ - - - = ++ - ++4 4+ = &
6 + + 24 + + F: + +H ++ +
24 ++ ++ 48 ++ ++ - + + + +
48 ++ ++ 72 + +
CGKRK/CFS-liposomes 3 + 6 ++ ++ ++ + ++ + + -
6 + + 24 ++ ++ - - - - + + + + - + - 3
24 ++ ++ 48 ++ ++ + + + + +
48 ++ ++ 72 + + - - - + + @
ARA/CFS-liposomes 3 6 + + + + + + +
6 24 + + + + + + + + + +
24 ++ - 48 + + + + - - - + + + + + + +
48 ++ - 72 + + + + - - - + = - + +
Non-coated/CFS 3 6 & / / - / / / / / )
6 24 / + / + / g / / / + / + / i+ f +
24 48 / ++ / ++ / - / / / ++ / / / ++
a8 72 / + / + / / / / / / / +

Table 4.1: Summary of localisation and biodistribution data in human placental explants and mice. (A) Liposome distribution, (B) liposome and CFS cargo distribution.
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4.4.1 Homing peptide-decorated liposomes accumulate in the human placental

syncytiotrophoblast and can release their cargo there

Empty homing peptide-decorated liposomes and those encapsulating CFS accumulated
in the syncytiotrophoblast of the human placental explants in a similar manner to free
peptides, but with slower kinetics. Once internalised, co-localisation of the homing
peptides and CFS was observed, with the fluorescence intensity increasing over time,
suggestive of sustained release and uptake of the cargo. It has previously been reported
that free peptides and peptide-decorated micelles accumulate to a similar extent in the
tumor parenchyma in vivo, but do not accumulate in normal tissues (Sugahara et al.
2009). Therefore our hypothesis that homing peptide-decorated liposomes would show
similar localisation in human placental explants as that of free homing peptides was

proven to be correct.

Non-targeted empty and CFS encapsulating liposomes also accumulated in the
syncytiotrophoblast, but at a much slower rate. A reason for this uptake by placental
explants could be due to the presence of choline in the phospholipid bilayer. Choline, a
catabolic product of phosphatidylcholine (Li & Vance 2008) (a constituent of DSPC)), is
necessary to support fetal development throughout pregnancy. Choline transporters are
expressed on the placental surface to ensure transport of choline to the fetus to support
cell membrane lipid synthesis (Baumgartner et al. 2015); liposomes containing choline

may be internalised into the syncytiotrophoblast in part via these receptors.

It is important to note that after 24 h in culture, a proportion of the CFS entered the

villous stroma underlying the trophoblast bilayer, indicating the possibility of drug
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transfer into fetal circulation when administered in vivo. This phenomenon would need
to be investigated in more detail with additional preclinical testing to ensure fetal safety;
the ex vivo dual perfused human placenta would be an ideal model to undertake these

studies in.

Although ARA-liposomes and non-coated liposomes were taken up by the placental
explants, there was no evidence of CFS release from these liposomes. Lack of CFS
release suggests that these control formulations are not internalised and degraded by
placental explants in the same way as targeted liposomes, possibly due to the lack of
cell-penetrating peptide. It has previously been reported that the uptake and drug release
from non-coated anionic liposomes containing CFS by isolated primary term human
cytotrophoblast cells was much greater than that from neutral or cationic liposomes over
a 3 h period (R Bajoria et al. 1997). Our non-coated liposomes are slightly anionic
(approximate ZP = -6mV), which suggests that they, along with the CFS cargo should
be internalised by placental explants. However, it is likely that the cell membrane of
primary cytotrophoblasts does not express the same repertoire of receptors as the
overlying syncytiotrophoblast layer (which is exposed to the maternal circulation); thus

rates of binding and cannot be directly compared in these two different models.

The uptake kinetics of peptide-decorated liposomes was much slower than that of free
homing peptides and there may be for several reasons for this. Conjugation of free
peptide to the liposomal surface causes it to be held in a rigid conformation, so it is not
free to orientate itself to optimally bind to its target ligand, making binding less likely to
occur. Also, it has been reported that multivalent display of the homing peptides on the

liposome surface increases the avidity of the homing peptides binding to cell surface

178



epitopes (Ruoslahti et al. 2010). However, this effect depends on the distribution of the
epitopes across the plasma membrane (Ruoslahti et al. 2010). If the distance between
peptide receptors is too great, multivalency will not improve uptake. The addition of a
surface PEG layer can also shield the distal end of the peptide, preventing it from
actively targeting the tissue as quickly (Sawant & Torchilin 2012); however, as we still
observed selective targeting with homing peptide-decorated liposomes compared to
controls, this doesn’t stop our liposomes from binding to the tissue, but may be a

limiting factor.

It is clear that the presence of homing peptides on the liposome surface improves
liposome uptake and promotes drug release in the human explant model. This is to be
expected as both the iIRGD and CGKRK sequences have proven cell penetrating
properties, that improve cellular uptake of attached cargo (Sugahara et al. 2009).
Several studies suggest that undecorated liposomes and their contents are internalized
into cells either by fusion with the cell membrane or by endocytosis (Papahadjopoulos
et al. 1973; Poste & Papahadjopoulos 1976; Diizgiines & Nir 1999), with endocytosis
being the more likely mechanism in the placenta (R Bajoria et al. 1997). However, the
IRGD and CGKRK homing peptide sequences are known to be internalised into cancer
cells by receptor-mediated uptake; following binding to integrin o as described in
Section 1.5.1 (Sugahara et al. 2009) and it is believed that CGKRK is internalised by a
similar, but unknown receptor-mediated mechanism. The change in kinetics observed
between free peptide and peptide-decorated liposomes could be due to a difference in
uptake mechanisms induced by (i) multivalent display of the homing peptide and (ii) the

size, charge and/or properties of the liposome itself. The exact uptake mechanism needs
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to be examined in further detail, possibly by using receptor blocking antibodies and

endocytotic pathway inhibitors.

Currently, both free homing peptide and peptide-decorated liposomes predominantly
remain confined to the outer syncytiotrophoblast layer of the placental explants. This
syncytial confinement is different from what has been observed using peptide-decorated
quantum dots (QD) (M. Bayatti; personal communication): after incubation for 24 h
with first trimester explants, non-coated QDs were present in the syncytiotrophoblast
only, whereas iRGD-decorated QD penetrated the syncytiotrophoblast and were present
in the underlying cytotrophoblasts. Again, these results show that the route and

mechanism of peptide binding and uptake differs depending on the attached cargo.

Although uptake of targeted liposomes by human placental tissue has not been
examined before, our results support those of several other studies performed in a
variety of cell lines. Liposomes decorated with iRGD peptide accumulated in HUVECs
to a greater extent than non-coated liposomes after 4 h of incubation, (Nallamothu et al.
2006) accumulating over a similar time course to our targeted liposomes. Liposomes
decorated with the homing peptide HAI'YPRH, which selectively binds to the transferrin
receptor, were incubated with the human ovarian carcinoma cell line A2780, which
overexpresses the transferrin receptor. As observed in our experiments, non-targeted
liposomes were taken up by the cells, but not to the same extent as targeted liposomes,
which reached 3.7 fold higher levels than uptake of non-targeted liposomes (Wu et al.
2015). Finally, liposomes encapsulating VEGF siRNA to limit angiogenesis in tumour
vasculature, and docetaxel, a chemotherapeutic, were decorated in two receptor-specific

peptides: Angiopep-2, which targets the low-density lipoprotein receptor-related protein
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overexpressed on the blood brain barrier and glioblastoma cells, and the neuropilin-1
receptor tLyP-1, which will mediate tissue penetration in a similar way to the iRGD
peptide. The liposomes were incubated with four different cell lines; the human
glioblastoma cell line U87 MG, bovine brain microvascular endothelial cells (a model
of the blood brain barrier), the rat glial tumor cell line C6 and the human glial tumor
cell line U251 MG. Again, similar results to ours were observed: all liposome
formulations were taken up by all cell lines, but liposomes decorated with both homing

peptides showed the greatest up take (Yang et al. 2014).

Our results are also supported by several other studies that have examined drug release
from peptide decorated-liposomes. Combretastatin A-4, which has a similar molecular
weight to CFS encapsulated in a similar liposome formulation to ours, was completely
released from RGD-decorated liposomes within 10 h of incubation in saline at 37 °C
(Zhang et al. 2010). Liposomes decorated in RGD peptide and encapsulating
doxorubicin were incubated with the melanoma cell line B16F10 or HUVECs for up to
3 h (Zhang et al. 2010). Significantly higher concentrations of doxorubicin were
observed in both cell lines when incubated with targeted-liposomes, compared to
incubation with non-targeted liposomes, showing that RGD improved cellular uptake of
the drug. The efficacy of the doxorubicin was also improved, with more of the cells
dying as a result of exposure to the RGD/doxorubicin liposomes. The same liposomes
were administered to mice bearing B16F10 tumours (Du et al. 2011); treatment with
targeted liposomes significantly reduced the tumour size and increased the mouse
survival rates when compared with non-targeted liposome treatment. Similar results
have been reported when mice bearing S*® sarcoma were administered RGDF-targeted

liposomes encapsulating doxorubicin (Du et al. 2011); treatment reduced tumour size
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and increased survival rates when compared with non-targeted liposomes encapsulating
doxorubicin, again demonstrating enhanced efficacy. These findings support our
observations that targeted-liposomes release their encapsulated drug more effectively
than non-targeted liposomes and that a greater concentration of drug release occurs at

the target site.

4.4.2 Homing peptide-decorated liposomes accumulate in the mouse placental

labyrinth and can release their cargo there

Human placental explants represent a good model to examine liposome binding and
uptake, as they are a physiologically relevant model used to study placental growth and
function (Forbes et al. 2008). If liposomes were injected intravenously into a pregnant
woman, they would enter the intervillous space via the spiral arteries and encounter the
syncytiotrophoblast of the placental villi; the same region liposomes encounter when
they are incubated with human placental explants in vitro. However, it is only possible
to assess the targeting ability of homing-peptide decorated liposomes in vivo. Thus, the
use of pregnant mice permitted assessment of tissue distribution of the targeted and non-
targeted liposomes and allowed us to investigate whether fetal transfer of the liposomes

or liposomally encapsulated cargo occurred.

As the premise of this study was to develop a means of selectively targeting the
placenta, whilst maintaining its barrier function, we purposely restricted liposome
administration until after E11.5, when the placental barrier is considered to be fully
formed and can limit the transfer of nanoparticles and drugs to the fetus (Yang et al.

2012). We believe that fetal transfer would occur prior to this time point and wanted to
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actively avoid this. For these reasons, pregnant C57 mice at E11.5 were used to examine

the tissue distribution and drug delivery capabilities of the liposomes in vivo.

Table 4.1 shows that homing peptide- decorated liposomes accumulated in the mouse
placental labyrinth, but not in the junctional zone at any time point examined; similar to
the observations of King et al (King et al. 2016) when free peptides were injected
intravenously into pregnant mice, but with slower uptake kinetics. Within the placenta,
the homing peptide-decorated liposomes were able to release their cargo in the
labyrinth, recapitulating what was observed when homing-peptide decorated liposomes
were incubated with human placental explants. ARA-liposomes accumulated to a much
lower extent in the placental labyrinth and also accumulated in the junctional zone and
released CFS. Non-coated liposomes accumulated in both the placental labyrinth and

junctional zone and were able to release CFS.

It has been reported that the rabbit and rat placenta takes up liposomes very efficiently,
almost as efficiently as the liver and spleen (Tuzel Kox et al. 1995), which could
explain why all liposome compositions were present in the mouse placenta within 48 h
of injection. Also, as described previously, liposomes are a good source of choline and
fatty lipids so may be transported via choline receptors. The non-targeted liposome
compositions accumulated to a lesser extent than the targeted liposomes in the placenta
and accumulated non-specifically in both the labyrinth and the junctional zone. This
confirms that the addition of a homing peptide enables targeted delivery of a potentially
higher liposome concentration to the labyrinth, which may ultimately result in a higher
concentration of drug at this exchange region. One key reason for using targeted

liposomes to treat placental dysfunction is to reduce fetal drug exposure. Non-targeted
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liposomes accumulated in fetal tissues, in particular near the cord insertion point and
abdominal region, indicating, a high risk of fetal exposure to any payload they may
carry. This observation is similar to what has previously been reported when liposomes
were tested in the dual-perfused human placenta model. Although targeted liposomes
have not previously been examined, small liposomes with a neutral or negative surface
charge, (similar to ours) were able to transfer more encapsulated CFS to the fetal
circulation, when compared with free CFS and positively charged liposomes containing
CFS (R. Bajoria & Contractor 1997). These findings demonstrate why non-targeted
liposomes are not appropriate for placental delivery, and further support targeted drug

delivery strategies.

4.4.3 Off-target accumulation of liposomes

When maternal organs were examined, targeted and non-targeted liposomes were
transiently observed in the liver, kidney and spleen at high concentrations as previously
reported (Ishida et al. 2002), but not in the other major maternal organs or fetal tissues.
There was a limited amount of CFS observed in these organs, suggesting that liposomes
were cleared from these organs before drug release occurred, which should limit the off
target side effects of the drug. CFS release was more readily observed in the placenta,
likely due to internalisation of the liposomes aided by the presence of the cell
penetrating homing peptides. The clearance route and kinetics of these two peptides or
peptide-liposome conjugates have not been properly examined previously, so we are
unable to draw comparisons from the literature. iRGD-liposomes were not observed in
the liver or spleen at 72 h, but a small amount of fluorescent signal was noted in the

kidney. CGKRK-liposomes were still present in all clearance organs at 72 h, exhibiting
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a slower rate of clearance or degradation compared to iRGD liposomes. After 72 h,
targeted liposomes were still observed at a low concentration within the placental
labyrinth, but fluorescent signal within the maternal clearance organs was dramatically
reduced. This indicates selective liposome retention within the placenta and clearance of
the liposomes from the maternal organs. The fluorescent signal from the targeted
liposomes observed in the clearance organs was higher than that observed in the
placenta for all time points examined, possibly suggesting that the dose of liposome
administered was too high, placental receptors were saturated and the excess of

liposomes was rapidly cleared, as described previously (Ruoslahti et al. 2010).

4.5 Summary

Data presented in this chapter show that biocompatible liposomes decorated in the
placental homing peptides iIRGD or CGKRK are capable of selectively accumulating in
the syncytiotrophoblast of human placental tissue and can also target and bind to the
placental labyrinth and spiral arteries of pregnant mice in vivo. CFS, a fluorescent drug
analogue, was used to track drug release from these targeted liposomes and showed
placental delivery of an encapsulated cargo. All liposome formulations were transiently
observed within the maternal clearance organs. Importantly, targeted liposomes were
not transferred to fetal tissues, whereas non-targeted liposomes and their encapsulated

CFS were present in fetal tissues.
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Chapter 5: Targeted Placental
Delivery of IGF-1 and IGF-11
In C57 and PO Mice
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5.1 Introduction

Once placental targeting and drug release in vivo was confirmed, a review of the
literature was undertaken to decide on a candidate drug to encapsulate that would
benefit from placental delivery. Several candidate drugs, outlined in section 1.3.3,
improve placental function and increase fetal weight and survival when administered
systemically to pregnant mice, but have concerning off-target side effects (Renshall et

al. 2014).

As our targeted liposomes accumulate in the human placental syncytiotrophoblast and
the mouse placental labyrinth, it was therefore important to choose a therapeutic that
would enhance ST or CT function and in doing so would improve placental function.
The growth factors IGF-I and -I1, discussed in section 1.3.3.5, were selected as
candidate therapies for placental-specific delivery. IGF-1R is expressed on the human
ST and CT, and is expressed throughout the mouse labyrinth trophoblast (Charnock et
al. 2015), meaning that the appropriate receptors are present to bind to targeted IGFs.
Incubation with IGFs increase CT proliferation and decrease apoptosis (Forbes et al.
2008), whilst administering exogenous IGF-I or IGF-11 to healthy pregnant animals
enhances placental function and increases in fetal growth and viability (Sferruzzi-perri
et al. 2007). However, these growth factors cannot safely be administered systemically
to humans as a potential therapy for FGR, because their receptors are ubiquitously
expressed (Jones & Clemmons 2013) and there is a risk of inducing detrimental off-
target pathology, including breast cancer (Osborne et al. 1989) and retinal angiogenesis
(Lofqvist et al. 2009). Therefore IGFs are the ideal biological payload to encapsulate

and administer to pregnant mice, with the aim of enhancing placental function. IGF-I1 is
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of particular interest as it has been shown to act directly on the placenta, increasing
placental growth and nutrient transfer to indirectly promote fetal growth (Sferruzzi-Perri

et al. 2008; Sferruzzi-perri et al. 2007).

Healthy C57 mice were treated with targeted liposomes containing IGF-1 or IGF-II to
examine whether treatment significantly enhanced normal placental and/or fetal
development. Maternal body weight and organ weights were examined to assess
evidence of potential off target effects. Secondly, the PO mouse model was treated to
assess whether targeted delivery of IGF-11I could rescue impaired placental and/or fetal
growth. As our approach involves targeting exogenous IGF-I1 to the placental labyrinth,
the PO mouse, which lacks expression of IGF-I1 in this area, was considered to be a

suitable model for proof of principle experiments.

5.2 Aims

This chapter aimed to:

1. Examine the safety profile of targeted nanoparticles encapsulating IGFs
following administration to pregnant C57 mice

2. Examine whether targeted delivery of IGFs alters fetal and/or placental
weight when administered to pregnant C57 or PO mice

3. Examine whether targeted delivery of IGF-I1I alters gross placental
morphology and/or basal cell proliferation rate within the placenta

4. Examine whether excretion of liposomal components via the maternal
clearance organs results in altered gross morphology or induced abnormal

cell proliferation in these tissues, indicative of off-target cargo release.
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5.3 Results

5.3.1 Experimental details

Treatment was administered 1.V to pregnant C57 or PO mice on E11.5, 13.5, 15.5 and
17.5 of pregnancy. C57 treatment groups were as follows, N = number of dams treated,

n = number of fetuses collected:

(@) Non-treated (N =14, n =99)

(b) Vehicle (PBS) (N =8, n =59)

(c) Free IGF-I (N=9,n=62)

(d) Free IGF-11 (N =8, n=43)

(e) Non-coated liposomes (N = 8, n = 49)

(F) ARA-liposomes (N =8, n=53)

(9) IRGD-liposomes (N = 8, n = 56)

(h) CGKRK-liposomes (N =9, n = 62)

(i) iIRGD/IGF-I liposomes (N =8, n = 86),

(1) Non-coated/IGF-II liposomes (N =9, n = 68),
(k) ARA/IGF-II liposomes (N = 8, n = 45) and

(I) iIRGD/IGF-II liposomes (N = 8, n = 43).

PO treatment groups were as follows, (n(total) = total number of fetuses collected,

n(WT) = total number of wild type fetuses collected, n(P0O) = total number of mutant PO

fetuses collected):
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(m) Free IGF-11 (N=8, n(total) = 53, n((WT) = 21, n(P0) = 32)
(n) iRGD/IGF-11 (N=8, n(total) = 60, n(WT) = 32, n(P0) = 28)

(0) iRGD liposomes (N=3, n(total) = 20, n(WT) = 13, n(P0) = 7)
(p) Non-treated group (N=5, n(total) = 41, n(WT) = 20, n(P0) = 21)

(g) Non-treated group (N=3, n(total) =16, n(WT) = 10, n(P0O) = 6)

Free IGFs were administered systemically to compare the effect of non-targeted
treatment; recombinant human IGFs were used to allow their plasma concentration to be
measured using an anti-human IGF ELISA. IGFs were administered at 1mg/kg/dose,
reflecting the concentration delivered by subcutaneous osmotic mini-pump to pregnant
guinea pigs (Sferruzzi-perri et al. 2007). IGFs encapsulated inside liposomes were
administered at a final concentration of 0.5mg/kg, half of the concentration of freely
administered IGF. The non-treated animals (a, p, q) and those injected with vehicle
(PBS; b) were included to control for the stress of restraint and repeated injections. |
processed three unhandled animals (group q) and compared these with five collected
previously by my colleagues (group p) to reduce the number of animals used. Data from
(p) and (q) were combined because the mean from each group was not significantly

different.

5.3.2 Repeated liposome administration was not detrimental to pregnancy

outcome in C57 mice

No treatment was detrimental to pregnancy outcome, as the number of live fetuses per

litter (figure 5.1A), the number of resorptions per litter (figure 5.1B) and the median
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maternal weight gain from onset of treatment (E11.5 to E18.5) were not significantly
altered (figure 5.1C) compared to non-treated animals and those injected with PBS.
There were no behavioural changes or evidence of pathology in the dams, nor were
there any gross fetal or placental pathology after multiple injections. This suggests that
the chosen liposome formulation and dosing regimen was well tolerated during

pregnancy in the mouse.
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Figure 5.1: Repeated administration of liposomes to pregnant C57 mice did not detrimentally affect pregnancy outcome. There were no significant alterations in (A) number of live pups per
litter, (B) number of resorptions per litter, (C) maternal weight gain from E11.5 - E18.5. N = 8/9 dams per group, with the exception of non-treated animals where N=14. Median + IQR are plotted,

dotted red line shows median of non-treated group.
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5.3.3 Targeted delivery of IGF-11 to C57 mice increased placental weight

As IGFs are essential for optimal placental growth and function, it was hypothesized
that targeted delivery of IGFs to the placenta would enhance placental growth,
translating to an increase in placental weight at E18.5, with a concomitant increase in

fetal weight.

Administration of free IGF-1 or IGF-II did not significantly increase median fetal or
placental weight at E18.5 (Figures 5.2A & B, (c), (d)), but did alter the fetal weight
distribution, with the percentage of fetal weights sitting above the 95 centile increasing
with IGF treatment; 1.01% (1/99) of fetuses from non-treated dams and no (0/59)
fetuses from PBS treated dams were above the 95" centile, whereas 9.68% (6/62) of
fetuses from IGF-I treated dams and 6.98% (3/43) of fetuses from IGF-I11 treated dams

were above the 95" centile (Figure 5.3A, IGF-I green curve; IGF-II dark blue curve).

Treatment with empty liposomes (non-coated liposomes, ARA-liposomes, iRGD-
liposomes and CGKRK-liposomes) had differing effects on fetal and placental weights
(Figure 5.2A & B (e), (f), (9), (h)). The only treatment that increased fetal weight was
empty, non-coated liposomes (Figure 5.2B (e)), (+6.4%, p < 0.001 compared to non-
treated (a); +7.2%, p < 0.01 compared to PBS-treated (b)); this formulation also
uniformly increased the fetal weight distribution (Figure 5.3B, orange curve), but had
no significant effect on placental weight (Figure 5.2A (e)). In contrast, non-coated/IGF-
Il liposome treatment significantly decreased fetal weight compared with non-coated
liposomes (-10.7%, p < 0.0001 (e) (Figure 5.2B) and shifted the fetal weight distribution

curve leftwards (Figure 5.3C, light blue curve). Empty CGKRK-liposomes significantly
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reduced fetal weight (-6.7%, p < 0.0001 compared to non-treated (a), -6.1% p < 0.01
compared to-PBS treated (b)) (Figure 5.2B (h)), so this liposome formulation was not

used for IGF-I1 delivery.

Targeted IGF-I treatment using iIRGD/IGF-I liposomes did not alter median fetal or
placental weights (Figure 5.2A & B (i)), or the fetal weight distribution when compared
with non-treated or PBS-treated animals (Figure 5.3D, yellow curve). However,
targeted delivery of IGF-11 using iRGD/IGF-11 liposomes significantly increased the
median placental weight at E18.5 (Figure 5.2A (1)) when compared with non-treated
mice (+8.9%, p < 0.001 (a)), or mice treated with PBS (+7.5%, p < 0.01 (b)), or with
empty ARA-liposomes (+11.7% p < 0.0001 (f)), empty iRGD-liposomes (+5.5% p <
0.05 (9)), IRGD/IGF-I liposomes (+6.8% p < 0.01 (i)) and non-coated/IGF-II liposomes
(+6.8% p < 0.05 (j)). The increase in placental weight observed when iIRGD/IGF-I1
liposomes were administered did not result in an increase in fetal weight, when
compared with appropriate controls (Figure 5.2B (1)) and the fetal weight population

distribution was also unaffected (Figure 5.3E, purple curve).
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Figure 5.2: Effect of targeted delivery of IGF-11 on placental and fetal weights in C57 mice. Fetal and placental weights were measured at E18.5 after repeated administration of liposomes to
pregnant C57 mice: (A) Targeted delivery of IGF-1I to pregnant C57 mice significantly increased placental weight; (1) is significantly different from (a) p < 0.001, (b) p < 0.01, (f) p <0.0001, (g) p <
0.05, (i) p < 0.001, (j) p < 0.05; (h) is significantly different when compared with (f) p < 0.05, (B) Targeted delivery of IGF-II to pregnant C57 mice did not affect fetal weights; (e) Is significantly
different from (a) p < 0.001, (b) p < 0.01, (f) p <0.0001, (h) p < 0.0001, (j) p < 0.0001; (h) Is significantly different from (a) p <0.0001, (b) p < 0.01, (c) p < 0.0001, (d) p < 0.0001, (g) p < 0.0001; (j) Is
significantly different from (d) p < 0.01. Median + IQR are shown; N = 8/9 dams per group, with the exception of non-treated animals where N=14; Kruskall-Wallis and Dunn’s multiple comparisons

test for significance were performed
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Figure 5.3: Population fetal weight curves collected after repeated administration of liposomes to C57 mice. (A) non-treated, PBS, IGF-I and IGF-II treated dams, (B) non-treated, PBS, iRGD-
liposomes, CGKRK-liposomes, ARA-liposomes, Non-coated-liposomes treated, (C) non-treated, PBS, IGF-I1, non-coated liposomes, non-coated/IGF-11 liposomes treated, (D) Non-treated, PBS, IGF-I,
iRGD-liposomes, iRGD/IGF-1 liposomes treated, (E) non-treated, PBS, IGF-11, iRGD-liposomes, iRGD/IGF-11 liposomes treated. Red line represents the 5 centile of fetal weights collected from non-
= (b) PBS, Green = (c¢) IGF-1, Dark blue = (d) IGF-II, Orange = (e) Non-coated liposomes, Dark pink = (f) ARA-liposome, Red = (g) iRGD-liposomes,

treated animals. Black = (a) untreated,

= (i) iRGD/IGF-I liposomes , (j) Light blue = Non-coated/IGF-11 liposomes, (k) Brown = ARA/IGF-II liposomes, (1) Purple = iRGD/IGF-1I liposome.

= (h) CGKRK-liposomes,
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5.3.4 IGF-I1 was not detected in fetal or maternal plasma

24 h after administration of the final dose of free IGF-I1 or liposomes encapsulating
IGF-II, animals were culled, maternal and fetal plasma were collected and the
concentration of circulating recombinant human IGF-I1 was measured by ELISA
(Figure 5.4B). IGF-I1 was not present at detectable levels in maternal or fetal circulation
24 h after IV administration of PBS, free IGF-11, iIRGD/IGF-I1 liposomes or ARA/IGF-
Il liposomes, but was detected in maternal plasma at a concentration of 164.7 + 29.6
ng/ml plasma when administered in non-coated liposomes. Plasma collected from one
mouse continuously administered IGF-I1 (1mg/kg/day) via a subcutaneous osmotic mini
pump was included as a positive control; 29.8 ng/ml IGF-II was detected in the maternal

plasma of this mouse, but no IGF-11 was detected in the fetal plasma.
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Figure 5.4: IGF-11 concentration in maternal and fetal plasma of treated mice. Recombinant human IGF-11 was
quantified in maternal and fetal plasma 24 hours after 1.V injection. (A) Standard curve of IGF-11, (B) Concentration
of human IGF-II detected in mouse plasma, displayed as mean £ SEM. Plasma from mice continuously administered
IGF-11 via subcutaneous osmotic mini-pumps (SC)* was included as a positive control. N=3 plasma samples from

each treatment (*N=1 plasma sample). Fetal plasma was pooled for each litter; samples were examined in duplicate.

5.3.5 Liposome formulations affected gross placental morphology

Subcutaneous administration of IGF-11 to guinea pigs increased the area of the placental
labyrinth as a percentage of the total placental cross sectional area by 9% (Sferruzzi-

Perri et al. 2006). Placental morphology was therefore examined in mice treated with
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free IGF-I1, iIRGD-liposomes or iRGD/IGF-11 liposomes, alongside a non-treated
control group. The labyrinth cross sectional area as a percentage of the total placental
cross sectional area at the midline (excluding obvious membranes) (Figure 5.5A) was
quantified using the image analysis program HistoQuest (Figure 5.5B). Targeted IGF-I1
treatment did not significantly increase the labyrinth cross sectional area as a percentage
of the total placental cross sectional area compared to controls, although the area was
increased by 6.2% compared to placentas from non-treated mice, and by 7.2%
compared to placentas from IGF-II treated mice (Figure 5.5B). However, empty iIRGD-
liposomes significantly increased the labyrinth cross sectional area as a percentage of
the total placental area by 10.3%, compared with both non-treated and free IGF-II

treated (Figure 5.5B).
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Figure 5.5: Effect of IGF-11 treatment on gross placental morphology. (A) Gross placental morphology was
assessed using HistoQuest image analysis software. Red dotted line denotes placental labyrinth area. Black dotted
line denotes total placental area (excluding membranes). (B) Quantification of the labyrinth area as a percentage of
the total placental area. a, b =p < 0.05; one way ANOVA and Turkey’s multiple comparisons test. Mean + SD
shown. N=3 mice from each treatment group (except for iRGD/IGF-II liposomes where N=5), n=3 placentas from

each mouse, 5 cross sectional images from each placenta were imaged.
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5.3.6 iRGD/IGF-I1I liposomes did not alter placental cell proliferation in the

labyrinth, junctional zone or total placenta.

As IGF-II is a mitogenic growth factor, it was hypothesized that the increase in
placental weight observed when IGF-I1 was targeted to the placenta using iRGD/IGF-11
liposomes could be due to an increase in cell proliferation. Also, the increase in
labyrinth cross sectional area observed after treatment with iRGD liposomes may be
due to increased proliferation within the labyrinth as we have previously observed that
free iIRGD peptide has a modest mitogenic effect (King et al. 2016). Figure 5.6 shows
that treatment with IGF-11, iRGD-liposomes or iIRGD/IGF-II liposomes did not affect
the area of in-cycle Ki-67 positive cells as a proportion of the total area of cells in the
labyrinth (Figure 5.6A), the junctional zone (Figure 5.6B) or the total placenta (Figure
5.6C), suggesting that treatment did not affect basal proliferation rate 24 h after

administration.
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Figure 5.6: Effect of targeted delivery of IGF-11 on basal proliferation rate in placentas from C57 mice. Treatment with IGF-I1, iRGD liposomes or iRGD/IGF-11 liposomes did not significantly
alter the area of Ki-67 positive cells as a proportion of the total area of cells in (A) the labyrinth, (B) the junctional zone, or (C) the total placenta. N=3 mice, n=3/4 placentas taken from each mouse, 10

images from each placental zone were analysed. No significance observed when Kruskall-Wallis and Dunn’s multiple comparisons test for significance were performed; median + IQR are shown.
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5.3.7 Liposome administration did not affect weight or basal rate of proliferation

in the maternal clearance organs

Although the main aim of this project was to improve fetal growth by targeting
treatment to the placenta, a secondary aim was to examine possible maternal and fetal
side effects associated with treatment. To ensure that empty liposomes did not cause
undesirable maternal side effects and that liposomes containing IGF-I or -1I did not
cause off-target mitogenic effects, the weights of maternal clearance organs through
which liposomes are degraded and/or excreted were recorded in the various treatment
groups. Figure 5.7 shows that there was no significant change in maternal kidney or
spleen weight after any treatment and Figure 5.8 shows that the area of Ki-67 positive
cells in the maternal heart (Figure 5.8A), lung (Figure 5.8B), liver (Figure 5.8C), kidney
(Figure 5.8D) and spleen (Figure 5.8E) as a proportional of the total cell area was not
significantly increased by any treatment, suggesting that treatment did not induce any

gross pathology in these organs.
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Figure 5.7: Effect of treatment on maternal clearance organ weights. Administration of free IGF-11 or different liposome formulations did not alter (A) maternal left kidney weight or (B) spleen

weight. Median £ IQR are shown, dotted red line represents median weight. N=4-9 for all groups
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Figure 5.8: Effect of treatment on basal rate of proliferation in major maternal organs. Treatment of C57 mice did not significantly alter the area of proliferating cells as a proportion of the total
area of cells in the maternal (A) heart, (B) lung, (C) liver, (D) kidney, (E) spleen. N=3 mice, 10 images of each organ were analysed. All graphs are displayed using the same y-axis scale so comparisons

between organs can be made. No significance was observed when Kruskall-Wallis and Dunn’s multiple comparisons test for significance were performed; median + IQR are shown
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5.3.8 Repeated liposome administration was not detrimental to pregnancy

outcome in PO mice

As observed in C57 mice, no treatment was detrimental to pregnancy outcome in the PO
mouse model; there was no significant difference in the number of live fetuses per litter
(Figure 5.9A), the number of resorptions (Figure 5.9B) or maternal weight gain from

E11.5-E18.5 (Figure 5.9C).
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Figure 5.9: Repeated administration of liposomes to pregnant PO mice did not detrimentally affect pregnancy outcome. (A) Number of live pups per litter (B) number of resorptions per litter (C)
maternal weight gain from E11.5-E18.5. N=8 dams/ group. No significance was observed when Kruskall-Wallis and Dunn’s multiple comparisons test for significance were performed; median + IQR

are shown.
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5.3.9 Targeted delivery of IGF-II altered the PO fetal weight distribution

The expected PO phenotype was maintained for all treatment groups; PO fetuses were
approximately 69% of the weight of the WT fetuses as previously described
(Constancia et al. 2002); PBS-treated PO = 76.8% median WT weight; IGF-II-treated PO
= 77.1% median WT weight; iRGD/IGF-11 liposome-treated PO = 79.8% median WT
weight (Figure 5.10B). The PO placentas were approximately 68% of the weight of the
WT placentas also as previously reported (Constancia et al. 2002); PBS-treated PO =
72.9% median WT weight; IGF-II-treated PO = 69.4% median WT weight; iRGD/IGF-
Il liposome-treated PO = 66.8% median WT weight (Figure 5.10A). Treatment with free
IGF-I1 or iRGD/IGF-II liposomes did not significantly increase the median fetal or
placental weight compared with PBS-treated animals (Figure 5.10A & B). However,
treatment with iRGD/IGF-I11 liposomes significantly increased the median PO fetal
weight (+5.2%, p < 0.05), but not the median placental weight of PO or WT compared
with PBS treated animals (Figure 5.10B). This treatment also altered fetal weight
distribution with fewer of the lightest PO fetuses observed. Figures 5.11 B & C show the
5t and 10" centiles of fetal weights from untreated dams; 7.4% (2/27) of PO fetuses
from untreated dams and 15.6% (5/32) of PO fetuses from IGF-II treated dams fell
below the 10" centile of the PO weight distribution. In contrast, no (0/28) PO fetuses
from iRGD/IGF-I treated dams fell below the 10" centile of this distribution.
Overlapping the WT and PO fetal weight distribution curves (Figure 5.11C) shows that
the increase in PO fetal weight observed when the dams were treated with iRGD/IGF-11
did not restore the PO fetal weight distribution to that of the WT fetal weight, but did

shift it closer toward the 5 centile of the WT fetal weight distribution. The same effect
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was not observed in WT fetuses, whose weight distribution curves were unaltered with

treatment (Figure 5.11A).

As an additional control, empty iRGD-liposomes were administered to PO mice.
Unfortunately, due to time constraints only 3 animals could be treated, and one litter
was composed entirely of WT fetuses, so fetal and placental weights are not shown

here. The tissues collected were used for further experiments included below.
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Figure 5.10: Effect of targeted delivery of IGF-11 on placental and fetal weights in PO mice. (A) PO and WT placental weights, (B) PO and WT fetal weights. Median + IQR are shown ****=p <
0.0001. Kruskall-Wallis test and Dunns post hoc test, # = p < 0.05, Mann-Whitney test between PO PBS fetuses and PO iRGD/IGF-I11 liposome fetuses. N=8 dams/group; red dotted lines show median

weights of WT and PO pups from PBS treated dams.
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Figure 5.11: Targeted delivery of IGF-I1 alters fetal weight distribution of PO fetuses. Black = WT
fetuses/placentas from untreated dams, Dark blue = WT fetuses/placentas from IGF-I1 treated dams, Purple = WT
fetuses/placentas from iRGD/IGF-II liposome treated dams, Grey = PO fetuses/placentas from untreated dams, Faded
blue = PO fetuses/placentas from IGF-1I treated dams, Faded purple = PO fetuses/placentas from iRGD/IGF-II

liposome treated dams. N=8 dams/group.
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5.3.10 Liposomes encapsulating IGF-11 decreased proliferation in the placenta of

the PO mouse

Although iRGD/IGF-II liposome treatment of PO mice did not significantly affect
placental weight, altered placental cell proliferation might be associated with an
increase in surface area, translating into the observed increase in fetal weight. Figure
5.12 shows that when PO animals were treated with iRGD/IGF-11 liposomes, placentas
collected from PO fetuses exhibited a decreased area of Ki-67 positive cells as a
percentage of the total area of cells in the labyrinth (Figure 5.12A), the junctional zone
(Figure 5.12B) and the placenta as a whole (Figure 5.12C). There was no effect of
treatment on the area of Ki-67 positive cells in placentas collected from WT fetuses

(Figure 5.12D-F).
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Figure 5.12: Effect of targeted delivery of IGF-11 on basal proliferation rate in placentas from PO mice. Treatment of PO mice with IGF-11, iRGD liposomes and iRGD/IGF-I1 liposomes,
significantly decreased proliferation in (A) the labyrinth, (B) the junctional zone, and (C) the total placenta, collected from PO fetuses. Treatment did not significantly affect proliferation in (D) the
labyrinth, (E) the junctional zone, or (F) the total placenta collected from WT fetuses. N=3 mice, n=6 placentas from each mouse (3 PO and 3 WT placentas), 10 images from each placental zone were

analysed. Significance observed when Kruskall-Wallis and Dunn’s multiple comparisons test for significance were performed; *= p < 0.05; Median * IQR plotted.
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5.3.11 iRGD/IGF-I1 liposomes did not affect maternal organ weight or basal rate

of proliferation

Following treatment, maternal organ weights were collected and area of Ki-67 positive
cells was examined. There was no significant alteration in proliferation rate in the
maternal kidney (Figure 5.13 A), spleen (Figure 5.13 B) or liver (Figure 5.13 C). The
area of Ki-67 positive cells as a proportional of the total area of cells in the maternal

brain, heart and lung was also unaltered (Figure 5.14A-F).
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Figure 5.13: Effect of treatment on maternal clearance organ weights. Administration of free IGF-11 or iRGD/IGF-1I liposomes did not alter maternal (A) mean kidney weight, (B) spleen weight or

(C) liver weight. N=8 for IGF-1l and iRGD/IGF-II treated animals and N=3 for PBS-treated animals. No significance was observed when Kruskall-Wallis and Dunn’s multiple comparisons test for

significance were performed; median £ IQR plotted.
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Figure 5.14: Effect of targeted delivery of IGF-11 on basal proliferation rate in major maternal organs. Treatment of PO mice with IGF-11, iRGD liposomes and iRGD/IGF-11 liposomes
did not significantly affect the area of proliferating cells as a proportion of the total area of cells in the maternal (A) brain, (B) heart, (C) lung, (D) liver, (E) kidney, (F) spleen. N=3/8 mice, 10
images of each organ were analysed. All graphs are displayed on the same axis, so comparisons between organs can be made. No significance was observed when Kruskall-Wallis and Dunn’s

multiple comparisons test for significance were performed; median + IQR plotted.
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5.4 Discussion

Here we report that IGF-11 can be delivered selectively to the placenta by encapsulation
in iIRGD-liposomes and can elicit a biological response in both the C57 and PO mouse
strains. Table 5.1 gives a summary of the effects of treatment on fetal and placental

weights, placental morphology and proliferation rate.

It was first important to assess the safety of treatment. Liposomes are inherently
biocompatible, but few studies have been undertaken to investigate the effects of their
administration during pregnancy, thus it was important to determine whether their
repeated administration detrimentally affected pregnancy outcome. Free IGF-I or 11
have also not previously been administered I.V. to pregnant mice, so it was important to

assess their effects on the pregnancy.

No treatment (free IGFs or liposomally encapsulated IGFs) administered to C57 or PO
mice significantly altered the number of resorptions, the number of live pups per litter,
or maternal weight gain during the latter half of pregnancy, with the exception of
CGKRK-liposomes which decreased fetal weight significantly; this outcome will need
to be examined further in due course. There was also no gross fetal or maternal
pathology or any alterations in maternal behaviour suggestive of discomfort. Liposomes

were therefore considered acceptable to use during pregnancy.
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Mouse strain Treatment Fetal weight | Placental weight Placental Placental
(median) (median) morphology proliferation
Cc57 (c) Free IGF-I d & NA NA
c57 (d) Free IGF-Il © o TR =
C57 (e) Non-coated liposomes M (+6.4% (a)) 4 NA NA
C57 (f) ARA-liposomes =4 “ NA NA
C57 (g) iRGD-liposomes & — M (+10.3% (a)) “
C57 (h) CGKRK-liposomes J (-6.7% (a)) > NA NA
C57 (i) iRGD/IGF-I liposomes L4 > NA NA
C57 (j) Non-coated/IGF-Il liposomes J (-10.7% (e)) | & NA NA
Cc57 (k) ARA/IGF-II liposomes S &~ NA NA
C57 (1) iRGD/IGF-II liposomes > M (+8.9% (a)) &« &
PO (WT fetuses) (m) Free IGF-II & s NA s
PO (PO fetuses) (m) Free IGF-II © S NA €
PO (WT fetuses) (o) iRGD liposomes 4 s NA o
PO (PO fetuses) (o) iRGD liposomes & & NA &
PO (WT fetuses) (n) iRGD/IGF-II liposomes < 3T NA &
PO (PO fetuses) (n) iRGD/IGF-II liposomes M+5.2% (p/q)) | & NA 4 (p/a)

Table 5.1: Treatment summary of C57 and PO animals showing the differences in fetal weight, placental weight, placental morphology and placental cell proliferation.
1 = treatment significantly increased variable, | = treatment significantly decreased variable, when compared with group displayed in brackets, <> = treatment had no effect on variable when compared

with untreated animals (a).
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5.4.1 Liposome administration to C57 mice

Within a normal C57 litter a range of fetal weights is observed, including a proportion
that are defined as growth restricted (<5" centile). It was therefore hypothesized that
targeted placental delivery of the mitogens IGF-I and -I1 in this mouse strain would

enhance placental function, improve fetal growth and increase fetal weights at term.

Free IGF-I or IGF-II did not affect litter size, nor the number of resorptions per litter,
possibly because they were administered from E11.5, thus could not influence
implantation success, as previously reported (Tian et al. 2002; Pinto et al. 2002). Our
findings for IGF-I treatment contradict those reported by Sferruzzi-perri et al.,
(Sferruzzi-perri et al. 2007) who state that continuous subcutaneous administration of
IGF-I to guinea pigs reduced the number of resorptions compared with control litters
and reduced maternal adipose stores late in pregnancy; we observed no change in
maternal weight gain with treatment following 4 bolus injections. Sferruzzi-perri also
reported that IGF-11 treatment did not alter maternal body weight (Sferruzzi-Perri et al.

2008), supportive of our findings.

Table 5.1 shows that IV administration of free IGF-1 or -11 to C57 or PO mice did not
significantly alter fetal or placental weights. This opposes previous reports (Sferruzzi-
Perri et al. 2008) whereby IGFs enhanced fetal growth (IGF-I = +17% , IGF-11 = +11%)
and viability near term in guinea pigs by promoting placental nutrient transport to the
fetus. The group report that although IGFs did not affect placental weight, IGF-11
treatment did increase the cross sectional labyrinth as a percentage of the whole

placental area by 9% when compared with controls (Sferruzzi-Perri et al. 2006).
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Here, in contradiction to Sferruzzi-perri et al (Sferruzzi-Perri et al. 2006), we report that
targeted administration of IGF-11 using iRGD/IGF-11 liposomes significantly increased
placental weight in C57 mice, but this did not increase fetal weight, and targeted IGF-I
treatment did not alter fetal or placental weight. As well as this, targeted IGF-II
treatment did not significantly increase the placental labyrinth surface area as a
proportion of total placental area, but the mean area was increased by 6.2% compared to
placentas from non-treated mice, and by 7.2% compared to placentas from IGF-II
treated mice. Although these findings were not significant, they are similar to what was

reported in guinea pigs (+9%) (Sferruzzi-Perri et al. 2006).

Empty iRGD-liposomes did significantly increase the labyrinth area by 10.3%,
compared with both non-treated and free IGF-I11 treated animals. The rate of cell
proliferation was unaffected by treatment at E18.5, suggesting that the observed weight
increase may be a result of enhanced proliferation at earlier time points in gestation, or
may be due to a decrease in trophoblast apoptosis; the iRGD peptide has been shown to
modestly reduce the number of M30 positive cytotrophoblasts when incubated with first

trimester human explants (King et al. 2016).

There may be several reasons for the disparities between our data and IGF treatment in
pregnant guinea pigs. Firstly, IGFs may be processed differently by mice and guinea
pigs; Figure 1.7 shows that there is a high level of variation in the maternal
concentration of IGF between species, and Table 1.1 shows that there are different
biological responses observed between species when exposed to increased IGF levels.
This shows that comparisons between species cannot be easily made. The route of

administration (I.V bolus verses subcutaneous infusion) and the timing of
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administration (every other day via liposomal delivery verses continuous delivery via
osmotic mini-pump) may also affect the results observed. IGFs when administered 1.V
are likely to have a much shorter half-life than when administered subcutaneously; it
has been reported that the half-life of IGF-1/-11 is approximately 4 h when administered
1.V to male rats (Zapf et al. 1986), but is 21 h when administered subcutaneously to

human adolescents (Camacho-Hibner et al. 2006).

It has been hypothesized that IGFs may have a growth regulatory function (Charnock et
al. 2015); the hormones don’t uniformly increase fetal weight, but normalise fetal
weight to within optimal range, so that the fetus doesn’t under- or overgrow. This could
be a reason as to why we didn’t observe an increase in fetal weight following targeted
IGF-I or IGF-11 treatment in healthy C57 mice, where fetal growth is already following
an optimal trajectory. One way to examine this theory was to treat animals with an FGR

phenotype such as the PO mouse.

5.4.2 Liposome administration to PO mice

We report that targeted IGF-11 treatment improved the fetal weight distribution of PO
mice, but did not increase placental weight. In particular, the median PO fetal weights
increased significantly when compared with untreated animals, but the weights of the
heavier WT fetuses were unaltered, supporting the normalising theory (Charnock et al.
2015). As litter size and resorption rate was unaffected, this suggests that the growth of
the smallest PO fetuses was enhanced, rather than pregnancy losses occurring earlier in
gestation. This finding is clinically relevant as a treatment that increases the weight of

the smallest babies, but does not cause overgrowth of appropriately grown babies fulfils
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a currently unmet clinical need. Although the PO phenotype is not rectified to the extent
that PO fetuses are a similar weight to WT fetuses, the relevance of improving the fetal
weight distribution, even marginally, has a significant impact on fetal survival and
neonatal health; a growth restricted fetus with a birth weight < 10" centile is at a
significantly increased risk of fetal death, fetal respiratory distress syndrome and
necrotizing enterocolitis (where portions of the bowel undergo necrosis) (Bernstein et
al. 2000). It also influences longer-term adult health with FGR babies more likely to
develop a range of metabolic and cardiovascular diseases as adults (Ozanne et al. 2004).
A pertinent example of which is seen in a cohort of 64-year-old men; those with
birthweights less than 2.95 kg (6.5 pounds) were 10 times more likely to have type-2
diabetes than those with birthweights more than 4.31 kg (9.5 pounds) (Barker, Hales, et
al. 1993). Therefore a small increase in fetal weight could have a dramatic influence on
short and longer term health and even influence future generations (Fernandez-Twinn et

al. 2015).

Similar results have been reported when Leu?’IGF-I1, a human IGF-11 analogue that
binds to the IGF clearance receptor IGF-2R and in doing so increases the concentration
of endogenous IGF-11, was administered subcutaneously to the eNOS” mouse model of
FGR (Charnock et al. 2015); the mean fetal weights were not significantly increased,
nor restored to WT levels, but the fetal weight distribution curve was shifted to the right

and a higher proportion of fetuses with weights closer to the mean were observed.

Targeted IGF-11 treatment increased placental weight in C57 animals, but did not affect
placental weight when administered to PO animals. This was an unexpected finding, but

may be because IGF-11 expression is almost eliminated from the labyrinth of PO animals

222



so that targeted IGF-11 administration is only replacing a small amount of that lost,
whereas targeting IGF-11 to the placenta of C57 animals is increasing the concentration
of IGF-11 above optimal levels, potentially saturating available receptors. This excess
could have additional functions, including enhancing nutrient transfer to the fetus to
promote fetal growth or altering the placental structure, in particular increasing the
placental labyrinth cross sectional area (Sferruzzi-Perri et al. 2006), something which
we have not yet investigated in the PO mouse. Although treatment did not increase
placental weight, it did alter the basal rate of cell proliferation, but only in the placentas
collected from PO fetuses: the area of Ki-67 positive cells as a proportion of the total
area of cells was significantly reduced in the labyrinth, junctional zone and the total
placenta. This could mean that proliferation has decreased due to treatment, or that
resources have been directed towards fetal growth, rather than placental proliferation.
Also, there may have been an initial increase in proliferation when treatment was
administered, which increased the total area of cells, meaning that following a return to
the basal proliferation rate, the number of proliferating cells as a proportion of total cell

area would appear to be decreased.

To fully rescue the PO mouse model, it may be necessary to treat with a higher dose of
IGF-I1 from a much earlier time point. In this mouse model, the reduction of IGF-11
expression in the placental labyrinth has not been quantified (Constancia et al. 2002), so
we cannot estimate an adequate dose to administer to achieve a physiologically normal
concentration, comparable to that expressed by the WT placenta. This is something that
could be tried in the future. As well as this, earlier dosing may be necessary. In humans
and many other species, IGF-11 is expressed in fetal and placental tissues from pre-

implantation until just before birth (Nayak & Giudice 2003). The gross placental
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structure has already been laid down by E11.5, meaning that treatment from this point
may not be able to fully rescue the phenotype due to the abnormal placental pathology
already present. Administering targeted IGF-11 from shortly after conception may
enhance fetal and placental growth to a greater extent than what was observed when
treating from E11.5. However, earlier treatment is not yet clinically translatable, as FGR

is not usually detected until the second trimester (Papageorghiou et al. 2004).

A benefit of using targeted liposomes is that the therapeutic is selectively delivered to
the placenta with minimal drug accumulation in other tissues; thus a lower dose can be
administered to achieve the same response (Wang et al. 2010). Due to the passive
encapsulation technique used, a concentration of 0.5 mg/kg/dose of IGFs was
encapsulated in the liposomes; half of the dose of freely administered IGFs.
Encapsulation inside of liposomes increases the drug circulation half-life when
compared with the administration of free drug, meaning that dosing was limited to
every second day; a regime adjusted to provide a similar concentration of IGFs to that
administered previously (Sferruzzi-perri et al. 2007) without stressing the animal with
daily injections. By altering the formulation in the future, liposomes could be
engineered to release their contents over a much longer time period to provide a
sustained dose similar to continuous infusion administration (El-Kareh & Secomb
2000). We observed a biological response of administering targeted IGF-I1 to both
mouse strains, supporting our statement that targeted delivery is more efficient. By this
reasoning we can also assume that IGF-I11 is released from the liposomes when injected
in vivo and is capable of interacting with IGF-1R, expressed throughout the labyrinth
trophoblast and the junctional zone giant cells, trophoblast and glycogen cells

(Charnock et al. 2015), to elicit a biological response. When the concentration of IGF-11
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in maternal and fetal blood plasma was quantified, IGF-I1 was only detectable in
maternal plasma when administered in non-coated liposomes. This may be because the
undecorated liposomes circulate in the plasma for longer, as they do not display the
homing peptide necessary for placental cell binding and internalisation. IGF-1I was not
detected in pooled fetal bloods when administered freely or using non-targeted or
targeted-liposomes, suggesting either that placental drug transfer is minimal, or more
likely, given the observation of non-targeted liposomes in the fetal abdomen, that IGF-II
is cleared from fetal circulation within 24 hours of maternal administration or is present

at an undetectable concentration.

We have previously demonstrated that liposomes are observed in the maternal clearance
organs and although release of their CFS payload was not observed in large quantities,
IGF release may still occur in the maternal kidney, liver and spleen and cause unwanted
side effects. As IGFs are mitogenic hormones, an increase in the weight of these
clearance organs could be an indication that abnormal proliferation and therefore IGF-II
release had occurred. There was no significant change in the weight of the maternal
clearance organs, suggesting that this was not the case. Furthermore, there was no
significant increase in the area of Ki-67 positive cells in these organs following any
treatment in either mouse model. Off target effects such as these are not normally
examined in other drug targeting studies, even though it is accepted that liposomes
accumulate in these organs; we believed it was necessary to undertake these
experiments. However, we did not observe an alteration in placental weight in the PO
mice, or an increase in proliferation in the C57 mice, but still observed a biological
effect, showing that we need to examine the clearance organs more closely to ensure no

detrimental side effects. There is also concern that IGF administration or high levels of
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endogenous IGFs can cause breast cancer (Sachdev & Yee 2001), retinal damage
caused by pathological angiogenesis (Lofqvist et al. 2009), and neural alterations
(Lopes et al. 2014), meaning that more detailed histopathological analysis of these

tissues will be required in due course.

5.5 Summary

We have shown that targeted IGF-1 or IGF-II treatment does not affect fetal weight
when administered to healthy C57 pregnant mice, but targeted IGF-I1 treatment does
increase placental weight when compared to controls. Thus it appears that the targeted
liposomes can successfully deliver a growth stimulus to the placenta. The lack of effect
on the fetus could be due to its growth already being optimal; an increase in fetal weight
above its pre-determined optimum could be detrimental to the pregnancy. However in
the PO mouse, where growth restriction is present, targeted IGF-11 treatment improved
the fetal weight distribution to produce fewer of the lightest and therefore most
vulnerable fetuses, without causing overgrowth in their normally growing littermates.
As well as this, absence of side effects in maternal clearance organs is encouraging. To
conclude, we have developed a method of selectively delivering a payload to the
placenta and in doing so have induced a pharmacological effect on the placenta or
fetuses; further work needs to be undertaken to fully capitalise on the use of such a

targeted system.
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Chapter 6: General Discussion
and Future Work
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6.1.1 Introduction

FGR, defined as the inability of the fetus to reach its maximum growth potential
(Chiswick 1985) is associated with a poorly functioning placenta (Chiswick 1985), for
which there is no adequate treatment except to deliver the fetus prematurely (Fisk &
Atun 2008). Several drugs have been investigated with the aim of improving placental
function, increasing nutrient transfer and/or blood perfusion with the hope of increasing
fetal growth and viability (Ganzevoort et al. 2014; Alers et al. 2013). However, given
the reluctance to administer drugs to pregnant women, the availability of suitable
treatment options for FGR is still lacking (Fisk & Atun 2008). Here we demonstrate a
targeted strategy that can deliver IGF-I11 selectively to the mouse placenta, enhancing
growth of the smallest, most vulnerable fetuses. This may make treating FGR safer,

addressing an important and unmet clinical need.

6.1.2 Development of a targeted nanoparticle for placental drug delivery

To develop a targeted nanoparticle suitable for placental drug delivery, we prepared
liposomes displaying the placental homing peptides iRGD or CGKRK on their surface.
Scrutinising previous studies in which targeted liposomes have been used to enhance
the efficacy of chemotherapeutics (Hoffman et al. 2003; Agemy et al. 2011), as well as
examining nanoparticle interactions with human (R. Bajoria & Contractor 1997; Bajoria
et al. 2013; R Bajoria et al. 1997; Rekha Bajoria et al. 1997; R Bajoria & Contractor
1997; Barzago et al. 1996) and rodent placentas (Refuerzo et al. 2015; Kaga et al.
2012), informed our decision to synthesise non-targeted liposomes from

DSPC:cholesterol:DSPE-PEG(2000) in the MR 65:30:5, and targeted liposomes from
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DSPC:cholesterol:DSPE-PEG(2000):DSPE-PEG(2000)-maleimide:peptide in the MR
65:30:3.75:1.25:1.25. This formulation was considered appropriate to deliver and
release encapsulated cargo at the placenta, whilst limiting fetal and maternal tissue

exposure.

The composition, size and surface charge of the liposomes are important characteristics
to control and assess, as they dictate stability and govern how the body and the placenta
process the liposomes. The final SD of peptide-coated liposomes containing a payload
was between 194 + 25 nm and 320 + 60 nm, depending on the encapsulated substance
and the final SD of non-coated liposomes was between 180 + 3 nm and 208 + 10 nm,
again depending on the cargo. All formulations had an approximately neutral or slightly
negative ZP in PBS. These measurements are similar to those observed previously
(Dubey et al. 2004), (Du et al. 2011), (Nallamothu et al. 2006), (Li et al. 2011), showed
good reproducibility and were appropriate for placental delivery. All liposome
compositions were stable when stored at 4 °C for up to 4 weeks, as determined by SD
measurements. Good stability is necessary to ensure extended shelf life and reduce

manufacturing costs if used clinically.

6.1.3 Targeted liposomes accumulated in the human and mouse placenta

Liposomes coated in CGKRK or iRGD homing peptides selectively bound to human
placental tissue; specifically, the targeted liposomes bound to and accumulated within
the placental syncytiotrophoblast and remained there for several days. Release and
uptake of CFS was observed and, after 48 hours a proportion appeared to have

penetrated the trophoblast bilayer and was present within the villous stroma. This
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suggests a potential risk of placental transfer into fetal circulation, which will need to be
investigated in more detail, either by using the dual perfused human placenta or in
Phase 0/I trials in human pregnancies by examining fetal cord blood and/or plasma.
Although CFS was used as a tracer to study drug release and tissue distribution, it is
unlikely that IGF-1/-11 or any other encapsulated payload will behave in exactly the
same way, due to differences in structure, size, charge and uptake mechanism. Indeed,
CFS was observed in the mouse placental labyrinth within 6 h of targeted liposome
administration and remained there for 72 h, but IGF-11 was not detected in fetal plasma
24 h after targeted administration of liposomally encapsulated IGF-11. Once internalised,
CFS remains within the cytoplasm for a prolonged period of time (R Bajoria et al.
1997). The same may not be true for IGF-11: the growth hormone interacts with its
receptors, is broken down and cleared rapidly, with a half-life of approximately 4 hours
when administered 1.V. to rodents (Zapf et al. 1986); this would explain why they were

not detected in maternal or fetal plasma.

Targeted and non-targeted liposomes were both taken up by human placental explants
cultured in vivo, perhaps because the liposomes are comprised of fatty lipids, a good
nutrient source, and choline; there are choline transporters present on the ST of human
placental explants throughout gestation (Baumgartner et al. 2015). Liposomes can be
internalised into cells by either fusion (Diizgiines & Nir 1999; Poste & Papahadjopoulos
1976; Huth et al. 2006) or endocytosis (Huth et al. 2006). There is evidence that they
are predominantly endocytosed by isolated term human placental cytotrophoblasts (R
Bajoria et al. 1997). However, the syncytiotrophoblast of intact explants differs in many
ways from the underlying cytotrophoblast layer, and the presence of surface homing

peptides increased the kinetics of liposome uptake, suggesting that targeted liposomes
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may be internalised by a different mechanism. iRGD is an example of a CendR protein
sequence as it contains an R/KXXR/K motif at its C-terminus (Sugahara et al. 2009).
This peptide sequence associates with integrin av on tumour vasculature, after which it
Is cleaved and internalised via neuropilin-1 (Sugahara et al. 2009), often appearing in
endosomes or multivesicular bodies after entry (Pang et al. 2014). This process is
similar to pinocytosis, but is nutrient-dependent, cannot be suppressed by standard
inhibitors of pinocytosis and does not depend on any known components of the
endocytosis machinery (Pang et al. 2014). King et al (King et al. 2016) report that iRGD
co-localises with av expressed on the syncytiotrophoblast of placental explants,
suggesting that it is also internalised via neuropilin-1. Agemy et al. (Agemy et al. 2013)
report that CGKRK is internalised by a similar mechanism, mediated by interactions
with p32, a protein expressed on the surface of angiogenic vascular endothelium and
tumour cells, but they do not elucidate further on the mechanism of internalisation. King
et al. (King et al. 2016) report that CGKRK interacts with calrecticulin expressed on the
placental syncytiotrophoblast; the mechanism of internalisation is unknown and will
need to be examined further. As CGKRK and iRGD are cell-penetrating peptides that
aid internalisation of attached cargo (Pang et al. 2014; Agemy et al. 2011; Sugahara et
al. 2009), it is likely that they are responsible for internalization of our targeted
liposomes by the syncytiotrophoblast, where they are degraded by lysosomes, releasing
their encapsulated drug. This might explain why uptake of targeted liposomes is quicker
than uptake of non-targeted liposomes as observed here and previously reported by
Nallamouthu et al. (Nallamothu et al. 2006), and why drug release is only observed
from targeted liposomes, as previously reported (Zhang et al. 2010) in support of our

findings.
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For in vivo studies, C57 mice were intravenously injected with liposomes at different
stages of gestation. To reduce the risk of fetal exposure, animals were only treated after
E11.5 when the placental barrier is fully formed (Georgiades et al. 2002). The targeted
liposomes selectively accumulated in the placental labyrinth and spiral arteries and once
there, were able to deliver CFS to the materno-fetal interface. There was no evidence of
drug transfer to the fetus when using targeted liposomes, but non-targeted liposomes
and CFS were observed in fetal tissues after 24 h, suggesting fetal liposome transfer and
CFS uptake, as previously observed with the perfused human placenta (R. Bajoria &
Contractor 1997; R Bajoria & Contractor 1997). This further supports the use of

targeted liposomes for placental delivery to minimise the risk of fetal drug exposure.

With the exception of transient accumulation in the maternal clearance organs, as
previously reported (Agemy et al. 2011), peptide decorated-liposomes were not detected
in any other maternal organs, demonstrating selectivity of placental targeting.
Liposomes were not detected in the clearance organs 72 hours after administration,
whereas they were still present in the placenta, suggestive of selective retention. The
liposomes prepared here were too large to be rapidly excreted by glomerular filtration
through the kidneys (Andresen et al. 2005), suggesting that the pink urine collected 3 h
after liposome administration contained degraded fluorophore, fluorophore-labelled

peptide and/or fluorophore-peptide-lipid conjugates, rather than intact liposomes.

6.1.4 The effect of targeted IGF treatment on pregnant C57 and PO mice

The specificity of liposome accumulation within the labyrinth of the mouse placenta

provided us with the opportunity to deliver a therapeutic to this region that could
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improve placental growth, cell survival and/or enhance nutrient exchange. We decided
to encapsulate IGF-I or IGF-11 in the targeted liposomes as their receptors are expressed
by the placental labyrinth (Charnock et al. 2015) and they enhance healthy placental
function in both human tissue (Forbes et al. 2008) and animals (Sferruzzi-perri et al.
2007). We therefore hypothesized that targeted IGF administration would enhance
placental function, increase fetal growth, which would translate into a heavier fetus at

term.

The effect of IGF-I or -1l administration to pathological human placental tissue or
mouse models of FGR has not been examined. However, administration of Leu?’(IGF-
I1), which increases the concentration of endogenous IGF-11, did increase fetal weight in
the eNOS™ mouse model and reduced the number of fetuses falling below the 5 centile
in weight (Charnock et al. 2015). Also, mouse models of FGR and/or PE such as the PO,
eNOS™ or the catechol-O-methyl transferase knockout (COMT) mouse, can be
rescued by the administration of vasodilators (Stanley, Andersson, Poudel, et al. 2012;
Dilworth et al. 2013) or antioxidants (Stanley, Andersson, Hirt, et al. 2012), which help
to ameliorate maternal symptoms, enhance placental function and improve fetal growth

and viability.

Our study showed that multiple doses of liposomes were well tolerated during the latter
half of mouse pregnancy in C57 and PO mice; treatment did not affect litter size,
resorption rate or normal maternal weight gain and no overt maternal or fetal pathology
was observed. Repeated liposome administration has not been undertaken before and
the results were promising, suggesting that liposomes have therapeutic potential in

pregnancy and may be clinically useful for safer administration of drugs to pregnant
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women, such as indomethacin, warfarin and valproic acid (Refuerzo et al. 2015; Bajoria

et al. 2013; Barzago et al. 1996).

We report that administering iRGD/IGF-liposomes to C57 mice significantly increased
placental weight, but this increase did not translate into an increase in fetal weight. We
can conclude that the targeted liposomes successfully delivered IGF-11 to the placental
surface eliciting a biological response, but an alteration in placental cell proliferation
was not observed at the time of tissue collection, nor was the surface area of the
labyrinth increased as a proportion of the total placental area, as previously reported
with subcutaneous IGF-I1 administration in guinea pigs (Sferruzzi-Perri et al. 2008).
The fact that fetal weight did not increase suggests that although the placenta is larger, it
had not subsequently become more efficient (Coan et al. 2008); the mass of fetus
produced per unit mass of placenta had actually decreased. Parallel experiments
undertaken with targeted IGF-I showed that placental growth-promoting effect was
IGF-I1 specific, confirming that IGF-I1 has a bigger influence on placental development

than IGF-I, as previously reported (Baker et al. 1993; Sferruzzi-Perri et al. 2011).

IGF-II has recently been hypothesized to have a growth normalising effect in pregnancy
(Charnock et al. 2015); an increase in fetal weight was not observed when Leu?’(IGF-11)
was administered via subcutaneous mini-pump to C57 mice, but treatment did increase
fetal weight in the eNOS™ mouse, which exhibits FGR. Our findings in healthy C57
mice also support the notion that there are regulatory mechanisms in place to prevent
detrimental fetal overgrowth, as is observed in human macrosomia (Stotland et al.
2004). To examine this effect further, we decided to administer IGF-II treatment to the

PO mouse: targeted IGF-II treatment significantly increased the median fetal weight of
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the PO fetuses, but did not affect the WT fetuses. It also altered the fetal weight
distribution curves, with no fetuses from treated dams falling below the 5™ and 10%"
weight centiles of PO fetuses from untreated dams. The treatment had no effect on
median placental weight in either PO or WT fetuses and did not increase the
fetal:placental weight ratio, suggesting that it must have increased fetal weight by
enhancing one or more aspects of placental function, rather than just increasing its
weight. Assessment of rates of placental cell proliferation showed that targeted IGF-11
treatment decreased the area of Ki-67 positive cells as a proportion of total cells in the
placental labyrinth, junctional zone and the whole placenta collected from PO fetuses,
but did not alter proliferation in placentas from WT fetuses. Targeted IGF-I1 treatment
may have diverted resources from placental cell growth to fetal growth. Or it may be
that treatment initially increased proliferation, increasing the total number of cells in the
placenta, so that when the proportion of Ki-67 positive cells were examined 24 hours
after the cessation of treatment, there appeared to be a reduction. Targeted IGF-II
treatment only affected proliferation in the placentas from the smallest, most vulnerable
fetuses, supporting the hypothesis that a growth normalising mechanism may have been

stimulated.

Empty, non-coated liposomes increased fetal weight when administered to C57 animals,
but non-coated liposomes encapsulating IGF-I1 decreased fetal weight significantly. As
we have shown non-specific placental uptake of liposomes in human tissue, and
accumulation of non-coated liposomes in fetal tissues, we believe that this increase may
be due to the metabolism of the lipids that make up the liposomes by the fetus
(Baumgartner et al. 2015). By itself, this appears to be a potential treatment for FGR,

but increasing fetal weight solely by metabolism of fat, rather than promoting healthy
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fetal growth by appropriate nutrient delivery from the placenta, is not ideal. It may be
that this is equivalent to a high fat maternal diet, which has already been shown to cause
fetal macrosomia (Hardy 1999), and future adult metabolic and cardiovascular diseases
(Newbern & Freemark 2011; Ozanne et al. 2004; Aiken et al. 2013). Further
experiments to assess the health of the offspring from treated animals could be done to

confirm this and are described in section 6.1.5

In contrast, fetal weight was reduced when the fetus received IGF-11 via non-coated
liposomes, suggesting that exposure to high concentrations of IGF-I1 are detrimental to
fetal growth and development, possibly by inducing downregulation of endogenous
IGF-II production, downregulation of IGF-II receptor expression, or activation of an
unknown regulatory mechanism to limit overgrowth. This hypothesis can be
investigated further by undertaking immunohistochemistry on archived fetal tissue at a
later date. This evidence of fetal drug exposure when using non-coated liposomes

further supports our use of targeted liposomes to limit drug delivery to the placenta.

Treatment of C57 animals with iRGD-liposomes and ARA-liposomes did not
significantly alter fetal or placental weight compared with the non-treated group. It must
therefore be assumed that the placenta handles peptide-decorated liposomes differently.
As discussed previously when examining uptake of liposomes by human explants, the
presence of the surface homing peptide may induce internalisation by a pinocytosis-like
receptor mediated mechanism, as opposed to fusion/endocytosis of non-coated
liposomes. We have shown that iRGD-liposomes were retained within the placenta and
were not transferred to the fetus, whereas ARA-liposomes were transferred to the fetus.

As an increase in fetal weight was not observed, it could be hypothesised that ARA-
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liposomes do not enter the fetal tissue to the same extent as the non-coated liposomes,
that ARA-liposomes release their cargo prior to fetal transfer, or that once inside the
fetus, they are metabolised differently to undecorated liposomes. It is also possible that

the peptide coating inhibits lipid breakdown and utilisation by the fetus.

Finally, intravenous injections of free IGF-I or IGF-11 to C57 animals did not increase
fetal or placental weight significantly when compared with the non-handled group. 1V
injection of free IGF-I1 to PO animals also had no effect on fetal or placental weight.
These findings differ from those previously reported, whereby subcutaneous continuous
administration of IGF-1 or IGF-II to guinea pigs at a similar concentration to that used
in our study, increased fetal weight and viability by increasing the placenta’s ability to
transport nutrients to the fetus (Sferruzzi-Perri et al. 2006). This may suggest that the
route of administration of growth factors determine their physiological effect; however,
differences in species and dosing regimen (continuous versus bolus) and route of

administration may also influence outcome.

The biological consequences of administering liposomes and homing peptides to
healthy organs and tissues have not previously been investigated. We believed that this
was important to assess, as we observed transient passage of liposome through the
maternal clearance organs, and it is possible that if IGF-I1 is released from the
liposomes at this point, unwanted biological effects such as altered proliferation may be
induced. Our study did not detect an increase in the weight of the maternal kidney,
spleen or liver in C57 or PO mice, nor was the basal rate of proliferation altered in these
organs at the time of tissue collection, providing evidence that there was no significant

drug release. However, there was also no effect of free IGF-11 treatment on maternal
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organs, possibly due to the short half-life associated with 1.\V. administration (Zapf et al.
1986). It will therefore be necessary to assess the morphology and function of the
organs in more detail in due course, to ensure that targeted placental treatment truly

reduces the risk of off-target side effects.

To summarise, by targeting IGF-11 to the placenta using homing peptide decorated
liposomes, we have enhanced placental growth in healthy mice and improved fetal
growth in mice exhibiting FGR. We have demonstrated that multiple doses of targeted
liposomes are well tolerated and can elicit tissue specific effects in pregnancy, showing
that IGF-11 encapsulated inside liposomes remains bioactive. The liposomes also
accumulated in the human placental syncytiotrophoblast ex vivo, and released their
encapsulated payload. This suggests that targeted treatment has the potential be
translated into humans, with the aim of administering a drug that can enhance placental

function and increase fetal weight; a novel approach to the treatment of FGR.

6.1.5 Future work

6.1.5.1 Immediate experiments

To support some of the findings of this project, it will be necessary to conduct further
experiments. Firstly, it would be informative to obtain morphological images of targeted
liposomes using cryo-tranmission electron microscopy (cryo-TEM) (Almgren et al.
2000) to validate current data regarding homing peptide-liposomes conjugation, cargo
encapsulation and size distribution. The encapsulation efficiency of IGF-1 by ELISA

should be quantified, and the release profiles of IGF-I and -11 from liposomes in vitro
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should be characterised by performing dialysis in culture medium, allowing us to better
estimate drug release rates in vivo. It may be necessary to take into account the actions
of tissue-derived enzymes such as placental lipases (Barrett et al. 2015) released from
human placental explants as they may enhance release in vivo, so could be incorporated
into the assay. Targeted liposomes could also be tracked in real time in vivo, using
techniques such as positron emission tomography (PET) (Seo et al. 2008) or MRI
(Kamaly & Miller 2010), to further assess tissue distribution and pharmacokinetics of
the liposomes and encapsulated drug. Together, these findings may inform our choice of

dosing regime and drug concentration to be used for future experiments.

Additionally, it would be useful to examine whether targeted IGF-11 treatment increases
placental nutrient transport in C57 and/or PO mice, as reported in guinea pigs (Sferruzzi-
Perri et al. 2008). This can be quantified by administering radiolabelled analogues of
glucose ([3H]-methyl-D-glucose) and amino acids (methyl [14C]-amino-isobutyric
acid) to the mother, then detecting radionucleide accumulation in the placenta and

transfer into the fetal plasma (Dilworth et al. 2010).

6.1.5.2 Long term studies

To achieve translation into a clinical setting, it will be necessary to examine the safety
and efficacy of our liposome-drug formulation and to undertake toxicity studies in
appropriate large animal models. To do this, the liposome formulation may need to be
modified to further optimise efficacy, stability and drug release. Different surface
peptide concentrations and different lipid formulations could be tested, and liposomes

could be synthesised from pH-sensitive lipids that break down in a hypoxic
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environment (Andresen et al. 2005), such as a poorly perfused placenta to optimise drug
release at the placental surface. Different methods of IGF-I1 encapsulation such as
incorporating IGF-11 in the lipid film before rehydration or using the pH-gradient
loading method (Fritze et al. 2006) could also be utilised to achieve higher
encapsulation concentration, translating to a higher delivered dose. Different drugs or a
combination of drugs could be examined to further enhance placental function.
Combining a vasodilator with a growth factor may enhance placental blood flow, and
therefore the nutrient and oxygen supply required to support growth factor-induced
enhancement of proliferation. Delivering a combination of drugs to diseased tissues has
previously been reported to increase the efficacy of chemotherapeutics (Hare et al.
2013). IGF-I and IGF-I1 could also be co-encapsulated and administered in
combination, as they are both essential for adequate fetal and placental growth and may
need to be present together to induce optimal growth. We could also examine the use of
the antioxidant melatonin, which is currently undergoing clinical trials as treatment for
PE and FGR, with the hope of simultaneously decreasing oxidative stress and
improving placental function (Hobson et al. 2013). Findings from the literature
combined with our data indicate that targeted IGF-II delivery could be combined with
an enhanced maternal dietary regime, providing optimal resources to facilitate enhanced
placental nutrient partitioning in favour of the fetus, without detrimentally affecting the

mother (Sferruzzi-Perri et al. 2008).

The effectiveness of different dosing regimens and the consequences of administering
therapies earlier in pregnancy will also need to be examined. This will become
particularly important as diagnostic testing allows for earlier detection of pathology and

earlier implementation of treatment. Appropriate nutrient availability and fetal growth
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early in pregnancy affects fetal outcome and long-term adult health (Fleming et al.
2012), hence early treatment of suboptimal growth could be particularly effective. It
will be important to determine whether administering treatment every other day is
appropriate in humans or whether daily dosing or weekly infusion may be needed; it has
been shown that bolus liposomal administration of encapsulated drug provides a similar
plasma dose to continuous infusion of free drug (El-Kareh & Secomb 2000), our
formulation of targeted liposomes could provide a more selective treatment option that

is quicker to administer.

To facilitate translation into clinical trials, initially, safety and tissue distribution studies
will need to be conducted in larger animal models, such as the ovine model (David et al.
2011) or non-human primates (Liu et al. 2013). The potential for off target side effects
of treatment on fetal development and long-term health will need to be examined by
conducting longitudinal studies of the offspring of treated females. Several parameters
will need to be studied including; examining alterations in glucose metabolism by
performing glucose tolerance tests (Andrikopoulos et al. 2008); assessing evidence of
cardiovascular disorders, altered vascular responses and/or hypertension using tail cuff
or radiotelemetry techniques (Whitesall et al. 2004), and ensuring there is not postnatal
overgrowth or adult obesity by monitoring weight gain; all of which are associated with
excessive IGF-11 exposure in utero and postnatally (Livingstone & Borai 2014). It will
also be important to examine the effects of treatment on reproductive capability and
epigenetic modifications (Fernandez-Twinn et al. 2015), ensuring that future
generations are unaffected by treatment. Beyond this, initial safety testing, liposome
tissue distribution and drug release kinetics could be examined in women requiring a

pregnancy termination. Eventually, the treatment could be tested in a small clinical trial
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recruiting pregnant women with severe early-onset FGR with dismal prognosis, to see if
treatment improves fetal viability and/or placental function, as is current practice with
other studies (von Dadelszen et al. 2011; Hobson et al. 2013). This stage may be easier
to conduct using liposomes encapsulating sildenafil citrate or melatonin, both of which

have already been approved for administration to pregnant women for clinical studies.

Finally, it may be possible to expand studies by administering targeted treatment to
mouse models of other pregnancy complications such as pre-eclampsia, miscarriage and
premature labour. Indomethacin has already been encapsulated inside liposomes with
the aim of stopping early onset contractions whilst limiting fetal drug exposure, and has
been shown to be effective in rats/mice (Refuerzo et al. 2015); targeted liposomes may

improve safety and efficacy of this approach.
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