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ABSTRACT

Diseases of the posterior segment of the eye, such as age-related macular
degeneration and diabetic retinopathy, are the leading causes of blindness in
the developed world. Drug delivery to the posterior eye tissues, including the
retina and choroid, is accomplished by frequent intravitreal injections, which
are expensive and burdensome to the health care providers and patients, and
may cause harmful side effects. Therefore, sustained and less invasive delivery
strategies are vitally needed to improve the treatment. Melanin pigment is
found at high concentrations in ocular tissues, and many clinical drugs bind to
it. Targeting the pigment to obtain sustained drug action in ocular tissues
could be a feasible approach for improving ocular drug therapy. Therefore, this
thesis project aimed to study the effects of pigment binding on
pharmacokinetics in the eye with in vitro , in vivo and in silico methods. In
addition, we investigated drug binding to the vitreous humor, as it may
participate in modulating ocular pharmacokinetics and has been studied only
scarcely.

Melanin is a negatively charged, hydrophobic polymer, and it is expected
to bind all basic and lipophilic drugs to some extent. Melanin is located in
intracellular melanosomes, which are cell organelles surrounded by a lipid
membrane, and are expected to have an acidic intraluminal pH. Due to the
location of melanin, cellular and physiological factors act in concert with the
binding to the melanin polymer, to impact ocular pharmacokinetics of
melanin-binding drugs. We investigated pigment binding and related cellular
and physiological factors with seven small molecule drug or drug-like
compounds: chloroquine, timolol, nadolol, propranolol, methotrexate, 5(6)-
carboxy-2 ;7 :dichlorofluorescein (CDCF) and diclofenac. A pH-dependent
binding (pH 5.0 vs. 7.4) to isolated porcine ocular melanin was observed,
mainly with the acidic compounds that are less negatively charged and bind
better at pH 5.0. Therefore, pH plays an important role in drug-melanin
binding in the case of acidic drugs, but is less important in the case of basic
drugs. The binding parameters, maximum binding capacity and affinity, were
reliably calculated with the Sips binding isotherm instead of the commonly
used Langmuir isotherms. The Sips isotherm is in line with the heterogeneous
nature of the melanin surface to where the drugs bind, and, therefore, is better
suitable for parameter analysis. Cellular uptake and intracellular binding in
pigmented retinal pigment epithelial cells were shown to correlate with
melanin binding, but other factors, such as lipophilicity of the drug, also need
to be taken into account. Pharmacokinetic simulations of the retention of
drugs in pigmented posterior segment tissues demonstrated that low drug
permeability in the plasma and melanosomal membranes and the entrapment
of positively charged drugs in the melanosome increases melanin binding
related retention in these tissues. In addition, both the intracellular binding



experiments with pigmented cells and the pharmacokinetic simulations
showed that only a small fraction (~0.01%) of the highest binding drug of this
study, chloroquine, is in the free form inside the cells. The free form of the drug
elicits the drug action (beneficial or harmful), and it is, therefore, important to
differentiate between the free and total drug inside the cells when assessing
drug response. Furthermore, we demonstrated the distribution and retention
of 123-chloroquine in the eyes of pigmented but not albino rats after
intravenous administration, establishing the use of single photon emission
computed tomography/computed tomography imaging in monitoring
melanin binding related kinetics invivo . Allin all, in the variety of experiments
performed, melanin binding was shown to have a major impact on ocular
pharmacokinetics in pigmented tissues. In addition to investigating melanin
binding, drug binding to the vitreous humor was studied with a cassette of 35
clinical small molecule drugs. The binding was rather low and vitreal binding
was concluded to have only a modest effect on ocular pharmacokinetics.

In conclusion, this thesis project generated important information of the
extensive pharmacokinetic impact of drug-melanin binding in ocular tissues.
In addition, we demonstrated the moderate pharmacokinetic impact of vitreal
drug binding, which is not comparable to melanin binding. The computational
models developed on melanin binding and its pharmacokinetic implications
can be used in drug discovery and development. Thein vitro methods can also
be implemented to the industry scale drug development process. The results
obtained support the feasibility of using melanin targeting to attain sustained
action in pigmented ocular tissues, but more research into the approach is
needed before it can be employed in practice.
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Introduction

1 INTRODUCTION

Eyesight has always been considered the most important of our five senses.
The fear of sight loss in people diagnosed with conditions with a prognosis of
blindness can lead to severe psychological distress (De Leo et al., 1999). Visual
impairment has been shown to decrease the quality of life more than many
other chronic conditions (e.g. cancer, ischemic heart disease, diabetes, and
depression) (Park et al., 2015) and the quality of life is lower in people with
acquired than with congenital blindness (Vuleti Uet al., 2016). Diseases of the
posterior segment of the eye, such as diabetic retinopathy (DR) and age-
related macular degeneration (AMD), are the leading cause of irreversible
blindness in developed countries (Wong et al., 2014). These diseases are
mostly a problem of the aging population, as for example the prevalence of
age-related maculopathy in the Finnish population increased from 1% in
people aged 20-64 to 27% in the population aged 85 and over (Laitinen et al.,
2009). Also other vision-threatening diseases of the eye, such as glaucoma and
cataract, increase with age. Thus, the exponential aging of the population is
likely to increase the prevalence of ocular diseases remarkably. Globally, there
are expected to be 200 million AMD patients in 2020 and 290 million in 2040
(Wong et al., 2014).

There are great challenges in treating diseases of the posterior eye segment;
some of the diseases do not have effective drug treatments, and drug delivery
to reach the target tissues poses a challenge for the treatment and drug
development. Currently, AMD is treated with anti-angiogenic agents
administered through intravitreal injections given every 4-6 weeks (Tuuminen
et al., 2017). In the United States alone, 4 million intravitreal injections were
given in 2013, and the yearly number was expected to rise to 6-8 million by
2016 (Williams, 2014). This invasive treatment may be unpleasant, distressing
and frightening for the patient, can cause harmful side effects, such as
intraocular inflammation and ocular hemorrhage, requires a specialized
expert to administer the drug, and is very expensive. To improve the treatment
of ocular diseases, long-acting delivery strategies are needed, especially in the
case of small molecule drugs (e.g. corticosteroids and antibiotics) that are
cleared rapidly from the vitreous. In the case of the posterior eye segment,
which is difficult to reach through topical delivery to the ocular surface,
sustained delivery of the drug would decrease the frequency of invasive
intravitreal administration. Targeting the posterior tissues could enable the
use of less invasive administration routes, such as topical or oral delivery.

Many clinical drugs bind to melanin pigment which is found at high
concentrations in ocular tissues. This thesis aimed to study the possibility of
using pigment binding of drugs as an ocular targeting strategy by investigating
how the binding affects the pharmacokinetics in the eye. Pigment binding is a
well-known phenomenon but systematic research of the properties of the
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drugs that bind and other cellular and physiological factors affecting the
binding is missing. Additionally, drug binding to the vitreous humor and its
impact on vitreal pharmacokinetics has been studied only scarcely. Therefore,
in addition to melanin binding, we investigated drug binding to the vitreous
humor. This study increases the understanding of pigment binding and vitreal
binding in ocular drug treatment and provides tools for the development of
new drugs.
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Review of the literature

2 REVIEW OF THE LITERATURE

2.1 PHARMACOKINETICS IN THE EYE

The eye is a well-protected organ with a variety of tissue and dynamic barriers
surrounding it (Hornof et al., 2005; Urtti, 2006). In drug delivery, these
barriers need to be penetrated in order to elicit the effect in the targeted tissue.
Anterior tissues of the eye, the cornea, conjunctiva, aqueous humor, iris,
ciliary body, and trabecular meshwork, are mainly treated by topical drug
administration on the surface of the eye. This is accomplished by eye drops,
ointments or gels. The posterior segment tissues, the retina, choroid, sclera
and vitreous, are more difficult to reach by topical delivery, and local invasive
drug delivery, such as intravitreal injection, is necessary. To develop effective
drugs and drug delivery strategies for ocular diseases, a profound
understanding of the ocular barriers is required.

2.1.1 BARRIERS IN OCULAR DRUG DELIVERY

Cornea and precorneal loss

Drug targets for ocular diseases are generally located in the inner parts of the
eye and the drug has to penetrate at least the outermost tissue of the eye, the
cornea. After the instillation of an eye drop, less than 5% of the drug generally
passes the cornea to reach the aqueous humor (Maurice and Mishima, 1984).
The majority of the drug is lost by the so called precorneal loss, either through
overflow or nasolacrimal drainage of the tear fluid or through absorption via
the conjunctiva to the systemic circulation.

In addition to the precorneal loss, the cornea itself poses a barrier for drug
penetration (Figure 1, [1]). It is composed of five layers; epithelium, Bowman’s
layer, stroma, Descemet's membrane, and endothelium (Remington, 2012).
The epithelium is five to seven cell layers thick (~50 am), and tight junctions
join the cells of the surface layer. Drugs penetrate the epithelium mainly
transcellularly, benefiting the permeation of lipophilic compounds. The
stroma of the cornea is hydrophilic (thickness ~500 an), and thus favors the
penetration of hydrophilic compounds. The endothelium is a single cell layer
with relatively leaky tight junctional complexes and its contribution to the
barrier functions of the cornea is minor. Both Bowman'’s layer and Descemet’s
membrane are collagenous layers, each 5-15an thick, but neither of these
layers is relevant for the barrier properties of the cornea (Durairaj, 2016). In
total, lipophilicity improves the drug permeation across the cornea, whereas
hydrogen bonding capacity, interpreted as lowering the permeability in the
hydrophilic, collagen-rich stroma, decreases the permeation (Kidron et al.,
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2010). The permeability values for corneal permeability vary roughly from
5x 107 cm/s for the most hydrophilic compounds towards 5 x 105 cm/s for
the more lipophilic compounds (Kidron et al., 2010; Prausnitz and Noonan,
1998).

ciliary body

blood-retinal barrier

retina

aqueous
humor

corneal epithelium

conjunctival epithelium

blood-aqueous barrier
sclera

choroid

Figure 1 Structure of the eye and barriers in ocular drug delivery. The absorption and
elimination of the drug takes place as follows: [1] Absorption through the cornea, [2]
absorption through the non-corneal route through the conjunctiva and sclera, [3]
distribution from the systemic circulation to the anterior chamber, [4] elimination
through aqueous humor outflow through the Schlemm'’s canal and trabecular
meshwork, [5] elimination through the circulation of the iris, [6] distribution from the
systemic circulation to the vitreous through the blood-retina barrier, [7] intravitreal
delivery, [8] elimination through the blood-retina barrier, and [9] elimination through
the anterior route to the posterior and anterior chambers. Figure from Hornof et al.
(2005), reprinted with permission from Elsevier.

Conjunctiva

After topical delivery, the drug can also enter the eye through the non-corneal
route via the conjunctiva and sclera (Figure 1, [2]). The conjunctiva is a
vascularized tissue with an apical epithelial layer and inner stroma
(Remington, 2012). It can be divided into palpebral conjunctiva covering the
inner surface of the eyelids and to bulbar conjunctiva covering the visible
scleral surface in the anterior section of the eye. The forniceal conjunctiva
connects these two parts. The epithelium contains tight junctions, which are,
however, leakier than the corresponding junctions in the corneal epithelium

(Ahmed and Patton, 1985). In rabbit, the pore size of the conjunctival

15



Review of the literature

epithelium was shown to be twice that of the corneal epithelium, and the pore
density 15 times higher (Hamalainen et al., 1997). The conjunctival stroma
contains the blood and lymphatic flow that can clear the drug to the systemic
blood circulation. When penetrating the bulbar conjunctiva, the drug that is
not cleared by the blood circulation, reaches the scleral tissue. This non-
corneal route is useful mainly for compounds that penetrate the cornea poorly,
e.g. very hydrophilic molecules and macromolecules (Ahmed and Patton,
1985; Jarvinen et al., 1995). The posterior segment of the eye is also possible
to reach through this route, as the drug, after penetrating the sclera, can gain
access to the choroidal and retinal tissues. Permeability in the conjunctiva
varies around 1x 10% — 5 x 105 cm/s (Prausnitz and Noonan, 1998; Ramsay
et al., 2017), and has been shown to depend on molecular features, such as
polar surface area and hydrogen bond donor count (Ramsay et al., 2017).
Conjunctival permeability does not, however, directly correlate with the
lipophilicity (logD) of the compound (Prausnitz and Noonan, 1998; Ramsay et
al., 2017).

Sclera

The sclera consists of the episclera and scleral stroma. In addition, the
suprachoroid lamina (lamina fusca), residing inner to the scleral stroma, can
either be counted as a part of the scleraor part of the choroid. In reality, it
consists of parts of both tissues (Remington, 2012), and forms a loose layer
that does not play a role in the barrier functions of the sclera. It can, however,
be used as a delivery space for suprachoroidal injections. The episclera is also
a loose tissue, but on the outer surface of the sclera. It is vascularized and can
participate in clearing drugs to the systemic circulation, but otherwise does
not play a role in the barrier properties of the sclera (Chan et al., 2010; Ranta
and Urtti, 2006). The scleral stroma is considered to be an avascular tissue;
even though some vessels traverse the tissue, it has no capillary system
(Remington, 2012). It is formed mainly of collagen fibrils and proteoglycans.
The barrier properties and the structure of the sclera are similar to those of the
corneal stroma (Prausnitz and Noonan, 1998). Scleral permeability is mainly
determined by the molecular size, macromolecules permeating slower than
small molecules. Compared to the whole cornea, the sclera is a more
permeable tissue (Papp for small molecules 5x 106 - 5 x 105 cm/s) and the
more hydrophilic the drug, the larger seems to be the difference in corneal and
scleral permeability (Prausnitz and Noonan, 1998).

Choroid

The choroid is a densely vascularized, loose connective tissue. Its barrier
properties in drug permeation are mainly due to its blood flow (Robinson et
al., 2006). It has been shown, however, that permeation through the non-
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corneal route is not greatly affected by the choroidal blood flow but
conjunctival and episcleral blood flow play a more important role (Chan et al.,
2010; Robinson et al., 2006). Contrasting reports claim that the choroidal
blood flow does play a role (Ranta et al., 2010; Ranta and Urtti, 2006),
therefore, more results are needed to assess the relevance of its barrier
function in ocular drug distribution, especially in human. The choroid is
densely pigmented (Menon et al., 1992), influencing the pharmacokinetics of
drugs that bind to melanin pigment. Melanin binding does not contribute to
the barrier properties of the tissue as such, but melanin can form a depot of
the drug and lower the free concentration in the tissue. It can also prolong the
lag time in drug permeation (Pitkdnen et al., 2005).

Retinal pigment epithelium

The retinal pigment epithelium (RPE), th e outermost layer of the retina, is a
densely pigmented cell monolayer with tight junctions (Remington, 2012). It
is a part of the blood-retina barrier and has a crucial role in preventing the
penetration of xenobiotics to the retina. Permeability in the RPE depends on
the lipophilicity of the molecule, more lipophilic molecules permeating faster
(Pitkanen et al., 2005). Permeability of small molecules varies approximately
from 1 x 10% to 1x 10° cm/s, but larger molecules can have permeabilities as
low as 3x 108 cm/s (FITC-dextran 80 kDa) (Pitkanen et al., 2005). Compared
to the choroid, the RPE is a much greater barrier to drug permeation (Pitkanen
et al., 2005; Ranta et al., 2010). Permeabilities of FITC-dextrans were 10-100
fold higher in the excised choroid than in the excised RPE-choroid
(unpublished results, presented in Pitkdnen et al. 2005). However, the blood
flow of the choroid, missing in the excised tissues, increases the barrier
function of the choroid. The melanin pigment in the RPE can cause a similar
depot effect for binding drugs as mentioned for choroidal pigment, but again,
does not participate in the barrier properties.

Vitreous

The vitreous humor, holding a volume of 4 ml in the human eye, is a gel-like
material constituting mainly of water (98-99.7%) (Le Goff and Bishop, 2008).
In addition, it contains structural collagens, mainly collagen type II,
responsible for the gel structure and tensile strength (Le Goff and Bishop,
2008), and glycosaminoglycans, mainly hyaluronic acid, responsible for
stabilizing the collagen network (Bu et al., 2015). The mesh size of bovine
vitreous has been determined to be around 500 nm (Peeters et al., 2005; Xu
et al., 2013) and the vitreous does not pose a barrier for the diffusion of small
molecules or even larger macromolecules (therapeutic proteins have
diameters less than 10 nm). It can, however, hinder the diffusion of particles
larger than 500 nm, such as larger nanoparticles or microparticles for drug
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delivery. The vitreous affects the movement of positively charged particles
(>500 nm) as the vitreous bears a net negative charge due to the anionic
moieties (carboxylic and sulphate groups) of the glycosaminoglycans (Xu et
al., 2013). The aging vitreous tends to liquefy, the total fraction of gel
decreasing from 80 to ~50% (Bishop, 2000; Sebag, 1987), but this is not
expected to significantly modify the barrier properties.

Inner limiting membrane

The inner limiting membrane (ILM), an extrcellular matrix constituted mainly

of collagen, laminin and proteoglycans, resides between the retina and
vitreous (Halfter et al., 2008; Peynshaert et al., 2017). It is the basement
membrane of Muller cells in the retina. It is approximately 3-4 an thick,
except in the foveal area, where it is considerably thinner (min. 20 nm)
(Henrich et al., 2012). The ILM can be a barrier for retinal penetration of
proteins and nanoparticles (Hutton-Smith et al., 2017; Pitk&nen et al., 2004),
and the permeation has been shown to depend more on the charge than the
size of the permeant (Pitkanen et al., 2004), with positive charge hindering the
permeation. For small molecules, the ILM has not been shown to be a barrier.

Blood-ocular barriers

The eye is protected by blood-ocular barriers both in the anterior and posterior
segments. The anterior blood-ocular barrier, the blood-aqueous barrier, is
composed of the endothelium of the iridial vessels and the non-pigmented
epithelium of the ciliary body (Cunha-Vaz, 1979; Cunha-Vaz et al., 2011).
These cells have tight junctions that control the entrance of compounds from
the blood circulation to the aqueous humor (Figure 1, [3]). The blood-aqueous
barrier prevents plasma albumin from entering the aqueous, but small
amounts of plasma proteins are present in the aqueous humor due to their
passage through the ciliary process capillaries (Schlingemann et al., 1998).
The posterior blood-ocular barrier, the blood-retina barrier, is composed
of the RPE and the endothelial cells of the retinal capillaries (Cunha-Vaz et al.,
2011). Both cell layers contain tight junctions, efficiently regulating the
permeability of ions, water, nutrients, and proteins to the retina. The choroidal
capillaries are relatively leaky, allowing passive diffusion of molecules up to 6-
12 nm in size (Sarin, 2010). Small molecule drugs and small macromolecules
can, therefore, gain access to the choroid, but further penetration through the
RPE to the neural retina is limited. The RPE is, nevertheless, permeable to
small molecules, especially to lipophilic compounds that can permeate the cell
membrane passively (Pitkénen et al., 2005), and drug treatment with small
molecules through systemic circulation is possible (Figure 1, [6]). Drug
transporters in the RPE can also affect the permeation of this barrier, and
consequently affect the distribution of drugs from the systemic circulation to
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the retina and vitreous, and vice versa. Although multiple drug transporters,
such as multidrug resistance associated protein 1 (MRP1), -4, and -5, have
been identified in the RPE (Pelkonen et al.,, 2017a), their impact on
pharmacokinetics is complex and still not fully understood (Vellonen et al.,
2017).

2.1.2 DRUG DISTRIBUTION IN THE EYE

The different ocular barriers presented above affect the distribution of drugs
in the eye depending on the properties of the drug and the route of drug
delivery. Drug distribution between the different ocular tissues is presented in
Figure 2.

Topical delivery
|
Tear fluid ‘ Nasolacrimal
duct
Conjunctiva
Cornea e —— s — .
Capillaries <«—— Systemic
—_——— e — — . — delivery
AH
Aqueous 5, Sclera
humor ™

Capillaries

Systemic circulation

Retina

LN

Figure 2 Drug distribution in the eye after topical, systemic and intravitreal delivery. The drug
can move between tissues (compartments) that share an edge. The common
permeation routes are displayed as arrows (dashed arrow indicates slower
permeation). AH, agueous humor.
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