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i. Abstract 
	  

	  
The Retinal Pigment Epithelium (RPE) phagocytoses and degrades spent 

Photoreceptor Outer Segments (POS) every day, placing an unparalleled 

burden on lysosomes in RPE cells, which require well-regulated turnover to 

maintain degradative capacity. With age and in Age-related Macular 

Degeneration (AMD), debris accumulates inside and outside RPE cells 

leading to the hypothesis that lysosome dysfunction could contribute to AMD 

pathology. This project aimed to identify the functional relevance of different 

subpopulations of lysosome within the heterogenous lysosomal compartment 

of RPE cells. Models of lysosome dysfunction were then generated in order to 

determine whether they recapitulate hallmarks of aging and AMD.   

 

Electron microscopy (EM) and electron tomography of primary porcine RPE 

(pRPE) revealed morphologically distinct subpopulations of lysosomes that 

form a complex network. Pulse-chase experiments showed that multilamellar 

Cathepsin D-rich lysosomes transition to electron dense lysosomes that 

stained poorly for Cathepsin D, suggesting that these subpopulations 

represent different stages of the lysosome cycle.  

 

Tracking of phagocytosed POS suggests that POS degradation occurs by 

both full fusion and kiss-and-run interactions between phagosomes and 

lysosomes. Correlative light and electron microscopy, and high content 

imaging, demonstrated that POS loading induces the gradual formation of 

lipofuscin-like autofluorescent granules. Loading cells with degradation-

resistant UV-irradiated POS induced the formation of more and larger 

autofluorescent granules, thus recapitulating one of the hallmarks of aging 

and AMD.  

 

Treatment with the acidotropic compound chloroquine caused accumulation of 

undigested phagocytic, endocytic and autophagic cargo, consistent with 

lysosome dysfunction. This was accompanied by accumulation of lamellar 

lysosomes containing unprocessed lysosomal Cathepsin D, a feature 
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recapitulated by direct protease inhibition and prevented by inhibiting protein 

synthesis.  

 

Together, the findings in this PhD project shed new light on the identity, 

function and fate of lysosomes in the RPE and suggest that lysosome 

dysfunction could contribute to the pathology of AMD, as well as to 

chloroquine-induced retinopathy. 
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ii. Impact Statement 
 
 
In line with the continuing ageing of the population, age-related conditions 

such as Age-related Macular Degeneration (AMD) are an ever-growing 

burden. AMD is responsible for over 50% of registered blindness in the UK 

and there is currently no treatment for dry AMD. Advances in basic 

discoveries of the mechanisms of pathogenesis are supported by extensive 

studies of in vitro models, as experimental conditions can be more precisely 

and simply controlled than when using a system-level in vivo approach. Whilst 

immortalised cell lines can be valuable tools for studying healthy cells and 

disease mechanisms, their use for studying age-related conditions is limited 

as they are effectively ‘forever young’. Developing reproducible in vitro models 

of aged or diseased cells can provide a more accurate platform for the 

practical study of cell biology in age-related conditions. 

 

This project develops in vitro systems to model lysosome dysfunction in aged 

Retinal Pigment Epithelium (RPE). The project investigates lysosomes in 

healthy cells, and how normal lysosomal function is compromised in the 

models. The RPE is an ideal system for studying lysosome biology, as the 

demand on these cells for degradative function means that the cells contain a 

higher number of lysosomes than other cell types, and the mechanisms 

governing lysosomal function are very tightly controlled in the RPE.  

 

Findings from the study could identify mechanisms involved in healthy 

lysosomal turnover and homeostasis, potentially revealing therapeutic targets 

for treatment of AMD. Treatments or preventative measures for AMD would 

improve quality of life for the significant number of sufferers, and relieve some 

strain from global healthcare. In addition to AMD, lysosome dysfunction is 

implicated as a contributing factor in the pathogenesis of numerous 

neurodegenerative diseases. The eye is also considered to be a “window to 

the brain”, in which observations in tissues of the eye can be used to detect 

early signs of neurodegeneration. 
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I have shown that studying the ultrastructure of lysosomes by conventional 

electron microscopy can give information on their activity and stage of the 

lysosome cycle. This is important because it potentially allows active and 

inactive lysosomes to be identified in tissue from disease models and 

patients, where conventional ways to measure lysosome activity are not 

possible. This could provide further insight into the role of lysosome 

dysfunction in disease pathology and aid the assessment of responses to 

potential therapies.  

 

The use of electron microscopy (EM) techniques provides valuable insights 

into lysosome biology beyond limits of more conventionally utilised 

biochemical and light microscopy techniques. The specialised techniques 

used are unparalleled for localising proteins and analysing 3-dimensional 

structure at high resolution, but are rarely utilised due to the demanding 

technical skills and the amount of specialised facilities and equipment 

required. Using these techniques I have identified a network of lysosomes that 

has important functional implications for maintaining lysosome activity through 

the lysosome cycle. 

 

This project has also yielded new insight into the role of chloroquine in 

regulating lysosome function. A greater understanding of the biological effects 

of chloroquine treatment is important because this drug is currently being 

investigated for treatment of certain cancers where autophagy is implicated in 

resistance to therapy and is also being investigated for use in the treatment or 

prevention of COVID-19 infection.  

 

The models developed in this study will be useful in studies aimed at 

understanding how ageing can progress to early AMD, and will also form the 

basis of screens to identify targets for therapeutic intervention and drugs that 

rejuvenate dysfunctional lysosomes. The discovery of preventative measures 

and therapies for AMD would significantly impact the healthcare sector and 

improve quality of life for many AMD sufferers. The findings could have 

relevance in other neurodegenerative diseases in which lysosome dysfunction 

has been implicated.  
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of autophagy-related protein markers.  
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Figure 5.22 p62 mRNA expression is not significantly increased in all 
of the time points. 
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Figure 5.23 Model for the hypothesised disruption of lysosomal 
reformation arising as a consequence of perturbed 
lysosomal hydrolase activity.  
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Figure 6.1 Proposed model for the long-term effects of chloroquine 

on lysosome turnover. 
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1: Introduction 
	  

1.1: Overview 
 

Age-related macular degeneration (AMD) is a multi-factorial degenerative 

disease affecting the ageing retina, clinically characterised by a gradual 

deterioration and eventual loss of central vision. The disease progresses as a 

result of degeneration of the retinal pigment epithelium (RPE) - a monolayer 

of cells that provides a supporting role to the photoreceptor cells in the neural 

retina. Loss of the RPE can give rise to photoreceptor cell death, and a 

deterioration of eyesight in old age.  

 

A critical role of the RPE is the phagocytosis, degradation and clearance of 

spent photoreceptor outer segments (POS) that are shed from the 

photoreceptors on a daily basis. Clearance of shed POS involves their 

internalisation into the RPE by phagocytosis and the subsequent degradation 

of phagocytosed material by lysosomes. This process is vital for maintaining 

retinal homeostasis but subjects the lysosomes of RPE cells to a significant 

degradative burden.  

 

RPE cells in aged individuals and those with the early form of AMD present 

with several classic hallmarks. Accumulations of lipofuscin granules within the 

RPE and deposits basal to the RPE, clinically referred to as drusen, are often 

present. Lipofuscin has been shown to contain a mix of lipid and protein, and 

includes toxic material such as the photoreceptor-derived bis-retinoid N-

retinylidene-N-retinylethanolamine (A2E). AMD also shares several striking 

similarities with other diseases involving lysosome storage disorder and those 

in which lysosome dysfunction has been implicated. These observations 

suggest that lysosome dysfunction in aged RPE cells could play a major role 

in the development of early AMD. 
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Using in vitro assays, this project will investigate lysosome function and 

turnover in RPE cells, as well as analyse models of chronic lysosome 

dysfunction to gain insights into age-related effects of lysosome disruption.    

 

1.2: The Eye, Retina and Retinal Pigment Epithelium 
	  

1.2.1: The eye 
 

The eye is a complex organ consisting of specialised tissues that detect light 

and facilitate the sense of sight. Surveys often suggest that the sense of sight 

is the most valued of all of the senses (Enoch et al., 2019). The structural 

organisation of the human eye is illustrated in Figure 1.1. In the anterior 

portion, components of the optical apparatus function to focus light onto the 

retina. These anterior components consist of the iris (which controls the 

amount of light allowed into the eye through adjustment of the pupil’s 

diameter), the lens (which focuses the light onto the retina) and the cornea. 

Light passes through the clear vitreous humour and is focussed onto the 

retina in the posterior portion of the eye (Kaplan, 2007).  
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Figure 1.1: Structural anatomy of the human eye. 
Schematic of human eye anatomy, with retinal organisation inset. The anterior portion 
contains the optic apparatus, and the posterior portion contains the retina, which includes the 
photoreceptors, the RPE and the retinal vasculature (from Friedlander, 2007). 
 

The retina (Fig. 1.1, inset) is the portion of the eye responsible for the 

detection of light through the photosensitive rod and cone photoreceptor cells 

in the neural retina layer, with associated supporting tissues. In the centre of 

the retina, at the focal point of light entering the eye, resides the fovea. The 

outermost layer of the retina is the choroid, which contains the 
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choriocapillaris- a bed of fenestrated microcapillaries that provides the blood 

supply to the retina. Between the choroidal layer and the RPE layer is Bruch’s 

membrane, which acts to control exchange of substances between the 

choriocapilaris and the RPE (Strauss, 2005).  

 

Photoreceptor cells contact the RPE and consist of a synaptic terminal to one 

side of the cell body, and inner segment (IS) and outer segment (OS) to the 

other, with the OS in contact with the RPE. Rod photoreceptor cells are highly 

sensitive to light and facilitate vision in conditions of low ambient light, whilst 

cone cells are less sensitive to light and are responsible for colour vision 

when light intensity is higher (Baylor, Nunn and Schnapf, 1984). The macula 

is a region around 6mm in diameter in the centre of the retina surrounding the 

fovea. As the fovea is the primary focal point of the light entering the eye, this 

region contains a higher density of cone cells than the peripheral retina 

(Purves et al., 2001). The spatial distribution of photoreceptors across the 

human retina is illustrated in Figure 1.2. 
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Figure 1.2: Anatomical distribution of rod and cone photoreceptors across the human 
retina.  
Rod photoreceptors, which are functional in low light conditions, are distributed across most 
of the retinal area. The less sensitive cone photoreceptors are concentrated to the central 
retinal region, the fovea, where most of the light entering the eye is focused. Note the 
reduced diameter of the cone photoreceptors in the fovea to allow their dense packing (from 
Purves et al., 2001).  
 

The OSs of photoreceptor cells express opsins on their stacked membrane 

disks. Opsins are G protein coupled receptors that are sensitive to light 

energy and induce signal transduction by isomerisation of 11-cis-retinal to all-

trans-retinal. Through a cascade of events triggered by this conversion, the 

photoreceptor cell becomes hyperpolarised and transmits nervous impulses 

through the optic nerve (cranial nerve II) to the brain’s occipital lobe where 

these impulses are processed to form an image (Kawamura and Tachibanaki, 

2008).  

 

The retina’s developmental origin is the neural tube ectoderm, meaning the 

retina shares a common developmental lineage with parts of the brain and is 

considered an extension of the central nervous system. In fact, the layers of 

the eye are continuous with the brain, and the retina is continuous with the 



	   32	  

brain meninges. This close developmental link and anatomical similarity has, 

in more recent years, led to the eye being used to non-invasively study or 

diagnose neurodegenerative disease, as a so-called  ‘window to the brain’ 

(London, Benhar and Schwartz, 2013). This is possible because indications of 

some neurodegenerative disease are often visible in the eye prior to diagnosis 

in the primarily affected tissue, enabling diagnoses to be reached by low-cost 

retinal imaging such as fundoscopy. Thus, studies of retinal tissues such as 

the retinal pigment epithelium could provide insights that are applicable to 

diseases of the CNS. 

1.2.2: The retinal pigment epithelium 
 

The retinal pigment epithelium (RPE) is the pigmented monolayer of highly 

polarised cuboidal cells in the retina and forms the blood-retina barrier (BRB), 

which is part of the blood-brain barrier (BBB). In normal conditions, RPE cells 

are generally non-proliferative, but some mature RPE cells retain the 

capability to divide in unusual circumstances such as in pathological 

conditions (Al-Hussaini et al., 2008). Apical to the RPE are the 

photoreceptors, and basal to the RPE is Bruch’s membrane. The RPE’s 

numerous roles in the support of photoreceptor cells and the transport of 

molecules to and from the retina make it a vital component for the 

maintenance of retinal homeostasis and proper functioning of the eye (Bok, 

1993; Strauss, 2005). The structure of the RPE is shown by transmission 

electron microscopy in Figure 1.3. 
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Figure 1.3: Transmission electron micrograph showing part of the porcine retina.  
A cross section through the porcine retina demonstrates RPE morphology and the RPE’s 
association with the photoreceptors and Bruch’s membrane. The retinal pigment epithelium 
(RPE) is in contact with Bruch’s membrane (BM) basally, where basal infoldings (BI) regulate 
the surface area of the basolateral membrane. Apical processes (AP) associate alongside 
photoreceptor outer segments (POS) on the apical pole and tight junctions (TJ) between 
adjacent cells maintain the RPE monolayer’s integrity. Melanosomes (MeS) give the RPE 
their pigmented appearance, and the cells contain many mitochondria (Mi) to meet their 
significant energy demands.  Phagosomes (Ps) are present in the RPE after POS 
phagocytosis, which are degraded by lysosomes (Ly). The choroidal layer (Ch) basal to 
Bruch’s membrane contains connective tissue and the retinal vasculature.  
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The apical pole of the RPE possesses actin-rich apical processes, which 

protrude from the cell to associate closely alongside the outer segments of 

photoreceptor cells (Bonilha et al., 2006). Some refer to the apical processes 

as microvilli, although scanning electron microscopy reveals that they appear 

to form sheet-like protrusions from the RPE rather than the finger-like 

projections typically associated with microvilli (Fisher and Steinberg, 1982). 

The RPE’s basolateral membrane contains organised infoldings and contacts 

Bruch’s membrane. These basal infoldings increase the surface area of the 

basolateral membrane that is exposed to Bruch’s membrane to maintain 

transepithelial water and ion transport (Hayes et al., 2019).  

 

Tight junctions between RPE cells ensure that the epithelial monolayer is 

complete and the blood-retina barrier is maintained (Rizzolo, 2007). A notable 

characteristic feature of RPE cells (that lends to their nomenclature) is 

pigmentation, formed by the presence of melanin-containing melanosomes. 

The bulk of melanogenesis occurs transiently during embryonic development 

of RPE cells and effectively ceases in adult RPE, although whether the adult 

RPE continues to undergo melanogenesis at a low level is ambiguous (U 

Schraermeyer, 1993).  

1.2.3: Functions of the RPE 
 

RPE cells can be considered professional phagocytes, antigen-presenting 

cells and secretory cells through their numerous functions. The RPE layer 

also acts as a selective regulatory epithelial barrier to the retina. These roles 

make the RPE a vital component for regulating retinal homeostasis. The 

major roles of the RPE are summarised in Figure 1.4.  
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Figure 1.4: Major functions of the RPE. 
An overview of the critical functions of the RPE. Shed photoreceptor outer segments are 
internalised through phagocytosis and phagosomes (Ps) are degraded by lysosomes (Ly). 
Melanosomes (MeS) protect the RPE from photo-oxidative damage and contribute to removal 
of scattered light. Ion pumps and channels regulate ionic microenvironments and water efflux 
from the retina to the blood. Paracrine polarised secretion of factors including PEDF and 
VEGF supports surrounding tissues and cells. Glucose and Vitamin A are transported from 
the blood to the RPE and have vital roles in phototransduction and photoreceptor 
maintenance. All-trans-retinal is isomerised to 11-cis-retinal in the RPE as part of the visual 
cycle. 
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The most notable role of the RPE in the context of this project is the 

phagocytosis and degradation of spent photoreceptor outer segments (POS). 

As a result of photo-oxidative damage induced by light energy focussed onto 

the retina, the POS must be constantly renewed. This disk renewal occurs at 

a significant rate (Young and Bok, 1969) - it is estimated that the POS are 

totally renewed around every 10 days (Young, 1967). Primarily occurring at 

light onset in a diurnal manner, rod photoreceptor cells ‘shed’ around 10% of 

the length of their outer segments on a daily basis. It should be noted that 

whilst we commonly refer to this process as POS ‘shedding’, there is no 

evidence that POS fragments detach and shed spontaneously without a 

contribution from the RPE (Williams and Fisher, 1987). The significant mass 

of spent POS must be cleared from the subretinal space to maintain retinal 

homeostasis. This is achieved by the RPE through the process of 

phagocytosis and internalisation of shed POS fragments into the RPE cells, 

intracellular trafficking of phagosomes, fusion with lysosomes and eventual 

degradation of the phagosomal cargo. In healthy RPE cells, the rate of 

degradation and clearance of POS is sufficient to maintain the ability of the 

RPE to clear POS that are phagocytosed the following day (Strauss, 2005). 

 

As light is focussed onto the retina by the lens, the retina is subjected to 

significant light radiation and photo-oxidative damage, which is further 

exacerbated by the high oxygen saturation and high perfusion rate of blood 

passing through the retinal choriocapillaris (Alm and Bill, 1972). Melanosomes 

of RPE cells function to absorb some of this high-energy focussed light, 

reducing the extent of photo-oxidative damage in the retina and also 

contributing to the removal of scattered light to improve the acuity of vision 

(Schraermeyer and Heimann, 1999).  

 

The complete monolayer of the RPE forms part of the blood-retina barrier. 

Thus, some nutrients vital for photoreceptor survival and function must be 

transported from the blood in the fenestrated choriocapillaris to the 

photoreceptors through RPE cells. Conversely, metabolites in the RPE are 
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transported to the choriocapillaris to aid clearance of material. One such 

process whereby the RPE regulates transport of macromolecules is termed 

transcytosis. In this process, solutes are taken up by the RPE and transported 

across the cell in vesicles, evading lysosomal degradation and depositing 

content at the opposite pole by fusion of the vesicle with the plasma 

membrane. Vitamin A, also known as retinol, is vital for visual function and 

must be taken up by the RPE from the blood by the Retinol Binding Protein 

(RBP) receptor STRA6 that is expressed by the RPE (Harrison, 2019). The 

RPE also expresses GLUT1 and GLUT3 on either pole that are responsible 

for transport of glucose in and out of RPE cells (Ban and Rizzolo, 2000).  

 

Furthermore, the RPE is responsible for maintaining ion concentrations at 

either side of the barrier that it forms. Various voltage and ligand-gated ion 

pumps and ion channels on the apical and basal membranes of the RPE cells 

function to maintain ionic microenvironments and pH on either pole of the 

RPE to sustain retinal electrophysiology (Reichhart and Strauss, 2014). 

Expression of Na+/K+-ATPase specifically (and unusually) at the apical pole is 

implicated in an important role in phototransduction by buffering the ionic 

balance in the subretinal space in which the photoreceptors reside. Voltage-

dependent Ca2+ channels have roles in regulating secretion of factors 

(discussed later) by the RPE (Wimmers, Karl and Strauss, 2007). 

Maintenance of ionic microenvironments is also important for regulating the 

removal of water from the retina through the RPE to maintain the correct 

intraocular pressure. This is vital to eliminate water from the retina that would 

otherwise accumulate as a result of the intraocular pressure forcing water 

from the vitreous humour to the retina (Reichhart and Strauss, 2014).  

 

In addition to maintaining the ionic microenvironment in the subretinal space, 

the RPE plays another vital role in phototransduction. The photoreceptors 

themselves do not have the capability to convert all-trans-retinal to the 11-cis-

retinal isoform, and the RPE plays an integral role in this isomerisation 

process, which is commonly referred to as the visual cycle. All-trans-retinal is 

internalised into the RPE via interstitial retinal binding protein (IRBP) and 

converted to 11-cis-retinal by retinoid isomerohydrolase (RPE65) within the 
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RPE cells. 11-cis-retinal is then recycled back to the photoreceptors through 

delivery to apical membrane by cellular retinaldehyde binding protein 

(CRALBP) to allow its integration back into to the photoreceptors via IRBP, 

which facilitates photoreceptor re-excitation and phototransduction (Strauss, 

2005). An elusive IRBP independent mechanism for retinal transport to 

photoreceptors also presumably exists, evidenced by intact visual cycle in 

IRBP knockout mice despite retinal degeneration (Ripps et al., 2000). A failure 

in the RPE to convert the isoform due to deficiency of functional RPE65 is 

associated with a rare form of retinal degeneration that manifests in infancy 

known as Leber Congenital Amaurosis (LCA). This is an example of a disease 

originating from RPE dysfunction that results in photoreceptor dysfunction and 

blindness, highlighting the importance of the RPE in maintaining retinal 

homeostasis and vision (Baehr et al., 2003). 

 

Many vital growth factors that are required for retinal development and 

homeostasis are produced and secreted by the RPE. The most well described 

of these secreted factors, Vascular Epithelium Growth Factor (VEGF) and 

Pigmented Epithelium Derived Factor (PEDF), are secreted in a polarised 

manner. VEGF is secreted basally and functions to stabilise the 

choriocapillaris, whereas PEDF is secreted apically and functions as a 

neuroprotective factor for the photoreceptors and other neural cells in the 

neural retina (Blaauwgeers et al., 1999). This further highlights the important 

role of RPE in maintaining different environments required for retinal integrity 

and structural organisation at either side of the blood-retina barrier.  
 

1.3: Age-related Macular Degeneration (AMD) 
 

1.3.1: Signs, symptoms and epidemiology 
 
Age-related Macular Degeneration (AMD) is a degenerative disease 

characterised by a gradual deterioration of central vision as a result of 

degenerative and/or neovascular changes in the macula region of the retina 

(Gehrs et al., 2006). The disease affects around 14 million people worldwide, 

is the leading cause of sight loss in developed countries, and constitutes over 
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half of all cases of visual impairment leading to blindness registration in the 

UK (Resnikoff et al., 2004; Bunce, Xing and Wormald, 2010; World Health 

Organization, 2014). AMD manifests as a distortion of central vision and a 

loss of colour vision, arising as a result of the degeneration occurring in the 

macular region of the retina, which is the region responsible for central vision 

and where cone photoreceptors are most concentrated. A representation of 

the distortion in central vision typical of AMD is illustrated in the Amsler grid 

representation in Figure 1.5. 

 

 
Figure 1.5: Sight distortion as a result of AMD.  
Amsler grid representation the central 10 degrees of vision in normal (A.) and AMD (B.) eyes 
illustrates the distortion in the central vision that AMD patients might experience (modified 
from Ashar, Miller and Sisson, 2012).  
 

Coupled with the ageing of the global population, increasing prevalence of 

AMD is an ever-growing burden on society and its management a challenge 

to public health (Colijn et al., 2017). Advances in living conditions and public 

health over time have resulted in a year-on-year increase in life expectancy, 

and this increase is forecast to continue. It is estimated that in 2015, 12% of 

the population was over the age of 60, which is predicted to rise to 22% of the 

global population by 2050 (Ackland, Resnikoff and Bourne, 2017). This ageing 

of the population and its correlation with an increase in incidence of visual 

impairment is summarised in Figure 1.6. Increasing prevalence of age-related 

conditions threatens to challenge global heath care, requiring significant 
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investment to manage and treat sufferers, as well as providing a huge market 

for therapeutic prevention or treatment. 

 

 
Figure 1.6: Increased rates of visual impairment correlate with continuing ageing of the 
global population.  
Graph illustrating the correlation between the increase in the global population aged over 60 
and the number of individuals who are blind or who have moderate to severe visual 
impairment (MSVI). Estimated projected figures for 2020 and 2050 are included and show a 
dramatic rise blindness and MSVI (from Steedman MR, Taylor K, Kurek N, 2018). 
 

1.3.2: Risk factors 
 

The pathogenesis of AMD is complex and multi-factorial, influenced by both 

environmental and genetic factors. The major risk factor for development of 

AMD is age, as reflected by the prevalence of the disease in individuals over 

the age of 55. This is unsurprising, given the fact that RPE cells do not divide 

in normal conditions, and therefore their function will inevitably decline with 
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age and most cells will never be replaced by new, functioning, RPE cells 

within a lifetime. Whilst age is considered the main risk factor, studies have 

also demonstrated that AMD prevalence is also on the increase when 

disregarding the ageing of the population as a factor (Evans and Wormald, 

1996), highlighting the involvement of other contributing factors in AMD 

pathogenesis. 

 

The main environmental factors linked to an increased risk of developing AMD 

are smoking and obesity (Armstrong and Mousavi, 2015). Smokers have a 

two to three-fold increased risk of developing AMD relative to non-smokers. 

Although the exact mechanism linking smoking and AMD is unknown, studies 

have shown that mice exposed to cigarette smoke showed a significant 

increase in the likelihood of developing AMD-like pathology. Some studies 

have also suggested that individuals categorised as obese have an increased 

risk of developing dry AMD. However, the studies investigating links between 

obesity and maculopathies are often contradictory and thus a solid 

association between obesity and AMD cannot be made (Cheung and Wong, 

2007). 

 

Genetic factors play a major role in the development of AMD. Those with a 

family history of AMD have approximately a 50% risk of developing the 

disease later in life, compared to a 12% risk in those with no family history of 

AMD (Stine, 1989). ATP—binding cassette rim protein A4 (ABCR or ABCA4) 

was the first gene to be associated with an increased risk of developing AMD 

(Allikmets et al., 1997). Polymorphisms in genes involved in complement 

activation and the complement cascade including complement factor H (CFH), 

complement component 3 (C3), and complement factor B (CFB) are also 

implicated in AMD and are considered major risk factors as they can induce 

an excessive inflammatory response in the retina.  Additionally, 

polymorphisms in genes involved in membrane transport, lipid metabolism, 

extracellular matrix remodelling and angiogenic pathways are also linked to 

AMD (Fritsche et al., 2013; Grassmann, Fauser and Weber, 2015), and are 

summarised in Table 1. 
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Gene Protein Function 

Apolipoprotein E (APOE) Lipid transport 

ATP-binding cassette rim protein (ABCR) Membrane transport 

Age-related maculopathy susceptibility 

protein 2 (ARMS2) 

Unknown 

ATP synthase (MT-ATP6) ATP synthesis 

Complement factor H (CFH) Inhibition of inflammatory response 

Complement factor B (CFB) Alternative pathway component 

Complement factor 3 (C3) Mediates inflammatory response 

DNA excision repair protein (ERCC6) Formation of DNA repair complexes  

Fibroblast growth factor 2 (FGF2) Diverse functions 

Fibulin 5 (FBLN5)  Polymerisation of elastin 

Hepatic lipase C Converts IDL to LDL 

Lysyl oxidase-like 1 (LOXL1) Connective tissue development 

Selectin P Platelet/leukocyte interactions 

Serpin peptidase inhibitor (SERPING1) Regulation of complement 

Serum peptidase 1 (HTRA1) Regulates cell growth 

Transferrin (Tf) Iron binding 

Voltage-dependent calcium channel 3 

(CACNG3) 

L-type calcium channel protein 

Table 1.1: List of the genes most commonly associated with an increased risk of 
developing AMD. 
Summary of the major genes linked with an increased risk of AMD and their biological 
function (adapted from Mousavi and Armstrong, 2013). 
 

1.3.3: Clinical categorisation 
 

AMD can be categorised as either early or late AMD. The late form is further 

sub-categorised into geographic atrophy and choroidal neovascularisation, 

which are colloquially referred to as ‘dry’ and ‘wet’ AMD, respectively. The 

early stage of AMD often presents in individuals above the age of 55 with 

drusen deposits basal to the RPE and changes in RPE pigmentation, but 

without cell death or loss of sight at this stage (Bird, Phillips and Hageman, 

2014). Early AMD may or may not progress to late AMD. The stages of AMD 

pathogenesis are outlined in Figure 1.7. 
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Figure 1.7: Progression of AMD pathogenesis. 
Hallmarks of aged RPE are more pronounced in early AMD, though early AMD precedes 
changes in or loss of sight. Late AMD can manifest as dry or wet AMD, and is accompanied 
by photoreceptor loss and resulting deterioration of eyesight. 
 

In some cases, early AMD can progress to late stage AMD, which is 

considered the point at which RPE and photoreceptor cell death result in the 

distortion and deterioration of sight. Geographic atrophy is a slowly-

progressing form of AMD, which constitutes a larger proportion of cases of 

AMD than the neovascular form (Ferris et al., 2013). In the geographic 

atrophy form, accumulation of material inside and basal to the RPE cells is 

thought to induce an inflammatory cellular response that results in cell death. 

It is estimated that around 10-15% of patients with dry AMD progress to the 

neovascular type, resulting from increased VEGF secretion as a downstream 

effect of an increased inflammatory response from the dysfunctional RPE 

(Kauppinen et al., 2016). The newly formed blood vessels are leaky and this 

results in retinal bleeds and physical disruption of the retina. The pathological 

features of eyes affected by AMD are shown in Figure 1.8. 

 



	   44	  

 
Figure 1.8: Pathological features of AMD observed by fundoscopy. 
Fundoscopy images showing a healthy retina (left) compared to retinae with early AMD 
(centre), late dry AMD (right, upper) and late wet AMD (right, lower). The macular region is in 
the centre of each image, to the left of the optic nerve. In ageing or early AMD, drusen 
deposits can be identified as autofluorescent patches in the macula. This can progress to 
either dry or wet late AMD. In dry AMD, drusen deposits are much more widespread and 
more autofluorescent. In wet AMD, drusen accumulations are accompanied by 
neovascularisation that infiltrates and disturbs the retinal layer further (adapted from Wet 
AMD, 2016). 
 

There are currently no preventative measures or cures for AMD. Whilst anti-

angiogenic therapy can provide palliative stabilisation of the neovascular form 

of AMD by targeting excess secreted VEGF by the RPE (Garweg et al., 

2018), there are no treatments for the geographic atrophy form or early AMD, 

and those treatments targeting VEGF-induced neovascularisation are often 

prone to resistance (Sun, Yang and Zhao, 2016). Thus, an understanding of 

the pathogenesis of AMD on a cellular level is vital to identify new therapeutic 

targets to prevent and treat AMD, especially the early and geographic atrophy 

forms (Bird, 1996). 

1.3.4: Cellular hallmarks of AMD 
 

RPE cells are highly susceptible to age-induced changes due to lack of cell 

turnover and renewal. As such, areas of RPE loss generally do not recover 

and resulting sight loss is irreversible. As time progresses and the RPE is 

continually exposed to environmental insult, gradual deterioration in their 
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function and eventual degeneration of RPE cells can contribute towards the 

formation of geographic atrophy and retinal neovascularisation. Common 

hallmarks of aged RPE cells in AMD are summarised in Figure 1.9. These 

include lipofuscin accumulation, sub-RPE drusen deposits (basal to the RPE), 

subretinal deposits (apical to the RPE), and thickening of Bruch’s membrane.  

 

 
Figure 1.9: Cellular hallmarks of aged RPE cells.  
A comparison of typical RPE morphology of a young child and an elderly adult. Hallmarks of 
aged RPE cells include lipofuscin, incompletely digested phagosomes and extracellular 
drusen deposits (De Jong, 2006). 
 

A classic hallmark of aged RPE cells is an increase in accumulation of 

autofluorescent lipofuscin (LF) granules and lipofuscin-like material 

associated with melanosomes, termed melanolipofuscin (MLF) (Feeney-

Burns, Hilderbrand and Eldridge, 1984). Lipofuscin granules are 

autofluorescent due to the presence of chromophores derived from bis 

retinoids, which accumulate as a result of deficient recycling of retinal back to 

the photoreceptors as part of the visual cycle (Sparrow et al., 2003; Boyer et 
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al., 2012). These accumulations are phototoxic (Wassell et al., 1999), in the 

case of lipofuscin due to the liberation of reactive oxygen species from 

retinoid-derived A2E upon exposure to blue light, and so oxidative stress 

contributes to the pathogenesis of AMD (Beatty et al., 2000). The origin and 

content of MLF is more ambiguous, but has been shown to contain RPE-

specific markers, suggesting that MLF may be formed differently to LF 

(Warburton et al., 2007). 

 

An increase of material basal to the RPE and apical to Bruch’s membrane 

such as basal laminar deposits and drusen is another typical hallmark of 

AMD, and the presence of autofluorescent drusen observed by fundoscopy is 

a defining hallmark used for the clinical diagnosis of AMD. Although accepted 

as a common feature in AMD and considered a major factor in AMD 

diagnosis, the origin of drusen is still largely unknown (De Jong, 2017). The 

basal deposits are rich in esterified cholesterol and phosphatidylcholine (PS), 

possibly derived from POS membranes. Vitronectin has been identified as a 

major protein component of drusen in human donor retinal tissue, and is most 

likely synthesised by the RPE (Hageman et al., 1999).  

 

Analysis of drusen in human eyes shows a marked increase in their deposit 

size in individuals with AMD. These deposits are protein and lipid-rich, 

suggesting that material derived from POS membranes may contribute to 

drusen formation (Pauleikhoff et al., 1994). Drusen and drusen-like (in mouse 

models) deposits contain autophagy and exosome markers, indicating that 

exocytosis from the RPE may contribute to their formation (Wang et al., 

2009). Retinal pseudodrusen is another hallmark that some AMD patients 

exhibit, which represents accumulations in the subretinal space apical to the 

RPE (rather than basal accumulations). Whilst the origin of pseudodrusen is 

also unclear, the presence of opsin within the deposits suggests that the 

material accumulates as a result of rod photoreceptor dysfunction or 

phagocytic defect (Wightman and Guymer, 2019). 

 

It has been demonstrated that cultured primary and stem-cell derived RPE 

cells present with basal deposits after long-term culture, and the chemical 
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composition of deposits are strikingly comparable to those of drusen found in 

vivo (Galloway et al., 2017; Pilgrim et al., 2017). These studies were 

performed in the absence of phagocytosed POS, suggesting that drusen 

formation is not formed entirely of incompletely digested POS. It has also 

been demonstrated using the immortalised RPE cell line, ARPE19, that in 

vitro form sub-RPE deposits that are ultrastructurally comparable to deposits 

in vivo. These deposits were increased by feeding the cells with retinal 

homogenate, or reduced by treatment with the pro-inflammatory cytokine 

tumour necrosis factor alpha (TNF-alpha) or with matrix metalloproteinase-2 

(MMP-2) treatment (Amin et al., 2004).  

 

Thickening of Bruch’s membrane is also observed in ageing and is often 

implicated as a hallmark of AMD, arising from an increase in local 

inflammatory response and infiltration of immune cells. It is, however, unclear 

whether this is a sign specifically attributed to AMD rather than aged RPE in 

general, as thickening of the Bruch’s membrane is also observed in aged 

eyes without other signs of AMD (Bird, 1996). Inflammasome activation in the 

RPE, possibly by components of lipofuscin and drusen, is observed in ageing 

and AMD, suggesting that inflammation-induced thickening of Bruch’s 

membrane is secondary to accumulation of material in the RPE (Liu et al., 

2013; Kauppinen et al., 2016). 

 

1.4: Studying AMD Pathogenesis 
	  

1.4.1: Challenges 
 

Modelling AMD pathogenesis has been fraught with challenges. This can be 

largely attributed to the fact that the processes leading to the pathogenesis of 

AMD are complex and numerous, and differ from patient to patient. Both 

genetic and environmental factors play a role, and pathogenesis in any one 

individual likely involves contribution from multiple cell types and tissues. 

Animal models have been developed that recapitulate some, but not all of, the 
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features of AMD, and there are clear challenges in replicating the 

pathogenesis of age-related conditions in a cell culture-based system. 

1.4.2: Animal models 

	  
AMD pathogenesis involves a number of genetic and environmental factors 

that cumulatively affect the human macula, which has a unique anatomical 

structure. The use of animal models is often limited by the fact that rodents, 

which are the most commonly used animal models, do not have a macula. 

Thus, whilst general retinal diseases can be studied in mouse models, 

macula-specific diseases cannot be modelled effectively in mice, and findings 

must be assumed rather than confirmed to be identical in the macula. In 

addition, it is not possible to produce an animal model that exhibits all features 

of AMD as it is impossible to control all genetic and environmental insults that 

lead to the human disease in ageing.  

 

The first animal model identified with inherited retinal degeneration was the 

Royal College of Surgeons (RCS) rat. The phenotype of the RCS rat is 

characterised by an accumulation of debris in the subretinal space (apical to 

the RPE) as a result of defective phagocytic ability of the RPE. The debris 

accumulation results in photoreceptor cell death and widespread retinal 

degeneration (Strauss et al., 1998). MerTK was later identified as the mutated 

gene in the RCS rat model, and was recognised as a vital component for the 

phagocytosis of shed photoreceptor outer segments (D’Cruz et al., 2000). 

Further animal models have been developed to study AMD in different 

species, but notably no single model recapitulates every feature of human 

AMD, due to the complex multifactorial nature of AMD pathogenesis. The 

models developed and characterised to date have been instrumental in 

uncovering roles for a multitude of factors in the development of AMD. These 

factors include roles for chronic oxidative, lipid metabolism, inflammation and 

immune dysregulation in AMD pathogenesis (Fletcher et al., 2011, 2014; 

Pennesi, Neuringer and Courtney, 2012). 
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1.4.3: In vitro model systems 
 

In vitro cell systems provide a more experimentally tractable model to study 

diseases in a laboratory setting than models using whole organisms. Cell 

systems can also be developed using cells derived from humans, or species 

with closer genetic associations with humans, rather than using rodents. 

However, there are clear practical limitations with using in vitro systems to 

study ageing and age-related diseases. This is because such diseases 

typically manifest over long timeframes and involve a complex combination of 

both genetic and environmental factors that are impossible to 

comprehensively replicate in the laboratory setting.  

 

RPE cell lines are available and can be used for more tractable studies of 

disease models in vitro, but they have drawbacks. RPE cells are mostly non-

proliferative in adults, and so “immortalised” RPE cell lines essentially exhibit 

a major characteristic that RPE cells in vivo do not. The most commonly used 

RPE cell line is ARPE-19, so called as they were originally isolated from a 19-

year-old adult human. ARPE-19 do exhibit some of the characteristic features 

of adult RPE cells such as expression of some RPE-specific genes, limited 

pigmentation, polarised secretion of growth factors and slow proliferation in 

the correct culture conditions (Dunn et al., 1996). Generally, ARPE-19 cells 

require careful differentiation and tend to be flatter and not as highly 

pigmented as RPE in vivo. Protocols for differentiating ARPE-19 cells are 

constantly being developed, but the phenotypes exhibited by the differentiated 

cells can differ significantly between laboratories (often based on passage 

number of the original cells) and can take between 1-4 months, which is 

relatively time consuming (Hellinen et al., 2019).  

 

Primary cells most closely represent in vitro RPE cells, since they are derived 

from an organism after (or during) physiological differentiation. Primary RPE 

cells derived from porcine eyes (pRPE) are commonly used, as they provide a 

cost-effective and plentiful source of cells since they are a by-product of the 

meat industry. Porcine and human genomes are relatively conserved, and 

porcine eye development and anatomy is comparable to humans (Guduric-
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Fuchs et al., 2009). Although primary pRPE cells do divide given the correct 

culture conditions and may lose some RPE-specific gene expression as a 

result, proliferation can be limited by culturing the cells in low serum 

conditions, which retains most of the gene expression and differentiation (Tian 

et al., 2005). The genetic variability encountered when using primary cells can 

limit their use for some studies however, and this accounts for the majority 

problems with reproducibility of data. The availability of primary cells that 

require specialised techniques to isolate and culture, and the limited capacity 

for passaging are also drawbacks of primary cells.  

 

To overcome some of the limitations of the cell lines for in vitro studies, stem-

cell derived RPE have been used. Induced pluripotent stem cells (iPS cells) 

derived from patient fibroblasts can be differentiated into iPS-RPE cells, and 

are an emerging tool to non-invasively investigate and model the cellular 

basis of disease in the specific cell type from an individual patient with a 

known genotype. Embryonic stem cells (ES cells) can also be differentiated 

from a single progenitor cell line into functioning RPE cells that exhibit RPE-

like morphology, express RPE-specific markers and function as RPE when 

transplanted into animals (Vitillo, Tovell and Coffey, 2020).  

 

The development of stem-cell derived retinal organoids from iPS cells 

containing multiple retinal structures is an emerging field that is advancing the 

field of in vitro modelling of disease, studies of retinal development and has 

potential implications for use in regenerative medicine (Sasai, 2013; Parfitt et 

al., 2016). These organoids overcome a major limitation of in vitro 

monocultures, as they contain multiple cell types and provide a more complex 

physiologically representative model in the in vitro setting. 
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1.5: Trafficking Pathways to the Lysosome 
	  

1.5.1: Cellular processes converging on the lysosome 

	  

The lysosome is an endpoint for the processes of phagocytosis, endocytosis 

and autophagy. Astonishingly and unusually, the RPE exhibits all of these 

processes, which are summarised in Figure 1.10. Phagocytosis is the process 

whereby large particles are internalised into cells, and is most notably utilised 

by macrophages to ingest and clear foreign pathogens. Clearance of material 

ingested through phagocytosis requires degradation of content by the 

lysosome. Molecules that cannot passively enter cells, or those that are 

incorporated in the plasma membrane, are internalised by endocytosis. The 

endocytic pathway consists of intricate sorting complexes and mechanisms 

that function to direct cargo down either recycling or degradative routes, the 

latter of which converges on the lysosome. The process of autophagy 

facilitates turnover of cellular components, to remove old or dysfunctional 

components from the cell or to utilise existing cellular components as 

catabolic substrates.  
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Figure 1.10: Cellular processes converging upon the lysosome in the RPE. 
In the RPE, the lysosome (Ly) is the degradative endpoint for endocytosis, phagocytosis and 
autophagy. The latter is sub-categorised as macroautopgahy, microautophagy or chaperone-
mediated autophagy (CMA). Purple shading represents ubiquitinated intracellular 
components targeted for degradation. 
 

1.5.2: Membrane trafficking overview 
 

The pathways converging on the lysosome require complex regulation of 

internalisation, transportation and interaction with other organelles, including 

with lysosomes. These processes are encapsulated in the umbrella term 

‘membrane trafficking’. The best-characterised mechanism of membrane 

traffic involves budding of a transport vesicle from a donor compartment, and 

its movement to and fusion with the correct target membrane. Vesicle budding 

is mediated by coat proteins (including those that contain clathrin) that have 
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the ability to bind to the correct donor compartment, recruit cargo and deform 

the membrane to generate buds. After vesicle scission and uncoating, the 

vesicle moves via interaction with the microtubule and/or actin cytoskeleton to 

the correct target compartment with which it interacts via tethering proteins. 

Finally, the vesicle membrane fuses with the target membrane via SNARE 

proteins.  

 

This model of relatively stable compartments between which cargo shuttles 

via transport vesicles has been useful for identifying components of the 

membrane trafficking machinery but is somewhat oversimplified. For example, 

progression along the endocytic pathway to the lysosome involves a 

maturation process whereby cargo directed towards the lysosome is retained 

and recycling proteins are removed before delivery of endocytosed cargo to 

the lysosome. Phagocytosis is a signal-dependent process involving major 

actin-driven plasma membrane rearrangements, without a clear requirement 

for coat proteins. The phagosome then undergoes sequential interactions with 

the endocytic pathway before final fusion with the lysosome. Macroautophagy 

involves enclosure of autophagic cargo with a double membrane in a process 

regulated by complex autophagic machinery before, again, sequential 

interactions of the autophagosome with the endocytic pathway and fusion with 

the lysosome. Although formed in different ways, endosomes, phagosomes 

and autophagosomes use related molecular machinery to move, tether and 

fuse with the lysosome.  In the next section basic principles of that machinery 

are summarised, before describing individual pathways to the lysosome in 

RPE cells in more detail.   

1.5.3: Membrane trafficking mechanisms 
 

The Rab GTPases belong to the Ras superfamily of G proteins and 

orchestrate organelle trafficking by defining subcellular compartments and 

recruiting specific effectors (Seabra, Mules and Hume, 2002). Newly 

synthesised GDP-bound Rabs are delivered to the target organelle and 

anchor into the membrane through prenylated domains on the Rab protein. 

Rab Escort Proteins (REPs) are responsible for both the correctly targeted 
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delivery and prenylation of Rabs (Alexandrov et al., 1994). Loss-of-function 

mutations in the CHM gene encoding REP-1 are associated with 

choroideremia- an hereditary X-linked form of retinal degeneration (Seabra, 

Ho and Anant, 1995). GTP-bound Rabs located to specific compartments 

recruit different downstream effectors that are involved in membrane budding, 

sorting of vesicular cargo, vesicle motility and tethering, and membrane 

fusion.  

 

The phosphoinositide family (PIs, also known as PtdIns or PIPs) of membrane 

phospholipids have also been identified as important molecules in defining the 

identity of vesicular membranes such as endosomes, autophagosomes and 

lysosomes, and play an important role in membrane trafficking (Di Paolo and 

De Camilli, 2006). The precise identity of the PI type is determined by the 

phosphorylation state of its 3-, 4- or 5-OH group, which transitions as 

membranous compartments mature and their identity is changed (Wallroth 

and Haucke, 2018). The conversion of PIs in the endocytic and autophagy 

pathways and their roles in defining membrane identity and fate is summaried 

in Figure 1.11. Similarly to Rabs, the PIs with different phosphorylation sites 

are responsible for recruiting and anchoring downstream effectors and 

complexes to the correct membranes to coordinate trafficking and fusion 

events (Jeschke and Haas, 2018). The PIs are a relatively poorly understood, 

considering the significant role they play in membrane trafficking. This could 

be partly attributed to the fact that PIs are membrane-bound lipids rather than 

proteins, and generally require the use of more specialised probes, rather 

than antibodies, for their study. 
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Figure 1.11: The phosphoinositides define membrane identity. 
The role of PIs in defining membrane identity in the endosomal and endolysosomal systems 
(from Wallroth and Haucke, 2018). The PIs with different phosphorylation sites/sites are 
required to recruit specific downstream factors and complexes involved in membrane 
trafficking and membrane fusion.  
 

During the trafficking of vesicles, motility-dependent repositioning is important 

for maturation of the compartment and interactions with other organelles, such 

as fusion with the lysosome. Motor proteins are required to bind vesicles, with 

associated scaffold proteins, and transport them towards target locations. The 

myosins are responsible for transport along actin, and kinesins and dyneins 
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regulate bidirectional anterograde and retrograde transport along 

microtubules (Hamm-Alvarez, 1998).  

 

Tethers are formed between opposed membranes to anchor the target 

vesicles/organelles and provide a platform for assembly of other complexes 

required for communication or fusion. Tethers exist either as long coiled coil 

proteins or multi-subunit complexes. The specific tethering complexes are 

often recruited by the GTP-bound Rabs that define the membrane identity. 

The tethers maintain close association between membranes and provide a 

platform for transport proteins and/or complexes required for completion of 

membrane fusion, such as trans-SNARE complexes (Kümmel and 

Ungermann, 2014; Spang, 2016). 

 

Soluble N-ethylmaleimide-sensitive factor Attachment protein Receptor 

(SNARE) complexes are vital for membrane fusion. Individual SNAREs form 

tetrameric trans-SNARE complexes sometimes termed SNAREpins, formed 

by interaction of a trimeric t-SNARE (associated with the “target” membrane, 

also known as a Q-SNARE) with a v-SNARE (associated with the “vesicle” 

membrane, also known as R-SNARE) (Luzio, Pryor and Bright, 2007). The 

membrane fusion event is coupled to trans-SNARE disassembly by αSNAP 

(Clary, Griff and Rothman, 1990) and the NSF ATPase (Block et al., 1988), 

which provides the necessary force to pull membranes into closer apposition 

to facilitate fusion (Kümmel and Ungermann, 2014; Manca et al., 2019). The 

factors required for late endosome-lysosome are schematically summarised in 

Figure 1.12. 
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Figure 1.12: Machinery involved in endosome-lysosome fusion. 
Rab7 on the lysosome limiting membrane recruits HOPS complex, which tethers the late 
endosomal and lysosomal membranes together. A SNARE complex is formed at the tether, 
which includes the R-SNARE VAMP7, to complete the fusion event and form the 
endolysosome (adapted from Cai, Reinisch and Ferro-Novick, 2007). 
 

Recently in the field of membrane trafficking, non-vesicular transient 

interactions between organelles mediated by tethered membrane contacts, 

but independent of membrane fusion, have been described. Colloquially 

referred to as membrane contact sites (MCSs), their existence has raised 

interest in understanding their formation, functions, and implications in 

disease. As MCSs are relatively newly described and generally poorly 

understood their exact definition is debated, but they can be generally 

described as associations between organelles that are mediated by tethers 

and facilitate inter-organellar communication without membrane fusion (Gatta 

and Levine, 2017). MCSs between the endocytic pathway and the ER have 

multiple functions including protein:protein interactions, calcium signalling, 

endosome positioning, fission of recycling tubules and lipid exchange 

(Raiborg, Wenzel and Stenmark, 2015). For example, Niemann-Pick disease 

type C protein 1 (NPC1) has been identified as a vital tethering protein at 

MCSs between the ER and late endosomes/lysosomes, facilitating cholesterol 

egress to the ER via Gramd1b to maintain cellular cholesterol homeostasis 

(Höglinger et al., 2019). Loss of function of NPC1 results in the detrimental 

accumulation of lipids in the endolysosomal system as observed in the 

monogenic lysosomal storage disease Niemann-Pick disease type C1 

(Newton, Milstien and Spiegel, 2018).  



	   58	  

1.5.4: Endocytosis 
 

Endocytosis is the process of internalisation of small molecules or 

transmembrane receptors into the cell, and is vital for transfer of essential 

nutrients across the blood-brain barrier that is formed by the RPE. The 

process begins with inward budding of the plasma membrane, either through 

clathrin-mediated endocytosis (CME, which is often receptor mediated) or 

clathrin-independent mechanisms. The plasma membrane buds inwards, and 

in most cases the large GTPase dynamin is responsible for cleaving the 

budding neck to complete fission. During their processing and maturation, the 

small endosomal vesicles are trafficked to early and late endosomes, which 

are generally localised to peripheral or in perinuclear regions of the cell, 

respectively. In these compartments, cargo is sorted into either the recycling 

pathway or the degradative pathway. 

 

Whilst multiple Rab proteins regulate trafficking within the endocytic pathway, 

of particular importance for lysosomal delivery are Rab5 and Rab7. Rab5 is 

associated with early endosomes and facilitates early endosome motility by 

recruitment of kinesin-2 (Pupo et al., 2018), as well as modulating homotypic 

fusion of early endosomal compartments by recruiting the tethering protein 

EEA1 (Mills, Jones and Clague, 1998; Simonsen et al., 1998; Christoforidis et 

al., 1999) and the CORVET tethering complex (Perini et al., 2014) to generate 

the sorting endosome (Woodman, 2000). Key to endosomal maturation is the 

replacement of Rab5 with Rab7 (Rink et al., 2005). Rab7 is required for late 

endosome and lysosome motility by recruitment of Rab7-Interacting 

Lysosomal Protein (RILP) that recruits the dynein-dynactin complex that 

promotes minus-end directed movement along microtubules (Jordens et al., 

2001; Johansson et al., 2007). Rab7 also recruits FYCO1, which in turn 

recruits kinesin to promote plus-end directed microtubule dependent transport 

(Pankiv et al., 2010). The acquisition of Rab7 distinguishes degradative late 

endosomes and lysosomes from recycling/sorting endosomes, and is 

important in recruiting downstream effectors required for homotypic fusion of 

the two compartments. 
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Part of the maturation of endosomes involves the formation of intralumenal 

vesicles (ILVs) to sequester cargo from the endosomal limiting membrane. 

ILV formation underlies the biogenesis of multivesicular bodies (MVBs). This 

functions to sort and remove cargo from the recycling pathway and facilitates 

delivery to the lysosome, progressing along the degradative pathway. In the 

case of transmembrane receptors, loading onto ILVs for delivery to the 

lysosome down-regulates the amount of receptor at the plasma membrane by 

reducing the amount of receptor that is recycled. Removing the catalytic 

domain of the receptor from cytoplasmic substrates by loading onto ILVs also 

limits the ability of the internalised receptor to signal from the endosomal 

compartment (Baass et al., 1995; Kermorgant and Parker, 2005).  

 

The most well characterised mechanism of ILV formation requires the 

Endosomal Sorting Complex Required for Transport (ESCRT) machinery.  

The series of protein complexes is sequentially recruited to sort and 

concentrate ubiquitinated cargo to certain subdomains on the endosomal 

limiting membrane. Acting at the cytoplasmic side of the membrane, ESCRT 

components coordinate inward budding of the domains towards the 

endosomal lumen to form the ILV. This is in contrast to better-characterised 

cellular budding events in the cell that are mediated by coat proteins at the 

cytoplasmic domain of membranes and induce budding towards the 

cytoplasm. Many ESCRT components were first identified through screens of 

vacuolar protein sorting (VPS) mutants in yeast, and at least one orthologue 

has been identified in mammalian cells (Raiborg and Stenmark, 2009). It has 

been shown that EGFR becomes ubiquitinated upon EGF stimulation, which 

is necessary for sorting of EGFR onto ILVs for degradation by the lysosome 

(Eden et al., 2012).    

 

The ESCRT-0 component Hrs recruits clathrin to endosomes, which is 

responsible for concentrating ubiquitinated cargo into clathrin-coated 

subdomains on the membrane (Raiborg et al., 2002), and may regulate ILV 

size (Wenzel et al., 2018). The ubiquitinated subdomains (Katzmann, Babst 

and Emr, 2001) and Hrs (Bache et al., 2003) recruit ESCRT-I, which in turn 

recruits ESCRT-II and ESCRT-III. Although the details of the events leading to 
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formation of the ILV are not fully understood, ESCRT-III has been shown to 

form coiled filaments on the cytoplasmic face of the endosome, which may 

constrict and bend the membrane towards the lumen (Hanson et al., 2008). 

ESCRT-III mediates recruitment of the ATPase Vps4, providing the force for 

membrane scission at the site of budding and forming the ILV (Schöneberg et 

al., 2018). 

 

Endosomes/MVBs destined for the degradative pathway can either fuse 

directly with a pre-existing lysosomal compartment (Futter et al., 1996), or 

cargo can be degraded via a transient ‘kiss and run’ type interaction with 

lysosomes, where material is transferred from the endosome to the lysosome 

without complete fusion (Bright, Gratian and Luzio, 2005). The endolysosomal 

pathway also plays an important role in the delivery of some lysosomal 

components, such as cathepsins, to the lysosome (discussed later). As 

endosomes mature, they progressively become more acidic as they acquire 

and assemble the vATPase protein pump.  

 

Whilst the primary role of ILV formation is to sort and remove cargo from the 

recycling pathway, MVBs can fuse with the plasma membrane and release 

ILVs to the extracellular environment. The extracellular ILVs are termed 

exosomes (Johnstone, 2005; Hessvik and Llorente, 2018). Exosomes can 

contain lipids, proteins and nucleic acids, and have roles in waste removal, 

intercellular communication, transfer of macromolecules and antigen 

presentation. It is thought that cholesterol content of MVBs may be involved in 

regulating whether they progress down the degradative pathway or fuse with 

the plasma membrane and release exosomes (Möbius et al., 2002), although 

the control of MVB fate is not well understood (Edgar, 2016). Rab27a and 

Rab27b likely play roles in exosome release by mediating MVB docking at the 

plasma membrane and trafficking of MVBs towards the plasma membrane, 

respectively (Ostrowski et al., 2010). In the retina, exosome secretion from the 

RPE has been implicated in pathology, for example in contributing to basal 

deposit/drusen formation, stimulation of neovascularisation by VEGF 

secretion and modulating complement activation (Wang et al., 2009; Atienzar-

Aroca et al., 2016).  
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Endosomal cargo that is not destined for the degradative pathway is recycled, 

which is important to maintain cell function by controlling the presentation of 

proteins at the cell surface. There are multiple recycling routes, but the main 

routes either involve direct fusion of vesicles derived from sorting endosomes 

with the plasma membrane governed by Rab4 (Yudowski et al., 2009), or a 

slower route via the pericentriolar recycling endosomal compartment 

governed by Rab11 (Sönnichsen et al., 2000). Transferrin receptor is a well-

described membrane-bound protein that is constantly internalised and 

recycled back to the plasma membrane by being directed along the recycling 

endosomal pathway. Sorting nexins have roles in recycling of material from 

endosomes, by remodelling the membrane and inducing tubulation to sort and 

sequester material from the lumen for recycling (van Weering and Cullen, 

2014). 

 

The Homotypic fusion and vacuole Protein Sorting (HOPS) tethering complex 

is the tether that mediates most fusion events with the lysosome. It is a 

complex consisting of six different VPS proteins (Wartosch et al., 2015) that 

promote assembly of the trans-SNARE complex required for membrane 

fusion. The trans-SNARE complex that mediates late endosome-lysosome 

fusion specifically requires the R-SNARE VAMP7 on the lysosomal 

membrane (Pryor et al., 2004).  

1.5.5: Phagocytosis 
 

The internalisation of large macromolecules is performed by phagocytosis. A 

major role of the RPE is the phagocytosis and clearance of spent 

photoreceptor outer segments (POS). Phagocytosis of rod POS is a diurnal 

event, with peak phagocytosis occurring in the morning upon light onset 

(Young, 1967). Current understanding of the diurnal phagocytosis of cone 

POS in the human retina is limited, although studies utilising optical 

coherence tomography (OCT) for imaging the living human eye have 

suggested that this shedding of cone POS probably also primarily occurs in 

the morning. These studies, however, utilised a limited number of subjects, 
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and cone POS shedding was highly variable between subjects (Jonnal et al., 

2012; Kocaoglu et al., 2016). The process of POS phagocytosis by the RPE 

involves initial binding and recognition of POS fragments, activation of 

signalling cascades within the RPE to form the phagosomal cup, and 

engulfment to form the phagosome. Phagosomes are large organelles relative 

to endosomes, measuring around 1µm in diameter. 

 

As previously discussed, phagocytosis of POS in the RPE is a stimulated and 

coordinated event, and engulfment is regulated by receptors expressed on the 

RPE apical membrane - namely tyrosine kinase c-mer (MerTK), αvβ5 integrin 

and CD36 (D’Cruz et al., 2000; Kevany and Palczewski, 2010). The αvβ5 

integrin is expressed on the apical pole of the RPE and maintains adhesion of 

the apical processes to the POS. Milk Fat Globule-EGF factor 8 (MFGE8) is 

bound to POS by a phosphatidylserine binding domain (phosphatidylserine is 

considered the “eat me” signal on the POS membranes), and acts as a bridge 

to link the POS to the αvβ5 integrin (Nandrot et al., 2007). Upon initial 

stimulation, the resulting intracellular signalling cascade activates Focal 

Adhesion Kinase (FAK), which in turn phosphorylates and activates MerTK 

along with the RPE-expressed MerTK ligand Growth-Arrest Specific protein 6 

(Gas6), and internalisation is coordinated by the somewhat enigmatic 

scavenger receptor CD36. As previously mentioned, MerTK is the mutated 

gene responsible for the degenerated retina phenotype in the RCS rat (D’Cruz 

et al., 2000). It has also been shown that an additional protein, tubby, is 

expressed on photoreceptor membranes and can act as a ligand for MerTK to 

trigger phagocytosis (Caberoy, Zhou and Li, 2010; Caberoy, Alvarado and Li, 

2012). Eventual activation of the Rho GTPase Rac1 (Mao and Finnemann, 

2012) and annexin A2 (Law et al., 2009) results in actin cytoskeletal 

remodelling in the apical processes to form the phagocytic cup that surrounds 

the POS, and fusion of membranes around the POS fragment result in 

engulfment to form an intracellular phagosome. 

 

After internalisation, phagosomes move from the apical to the basal region of 

the RPE cell during a process of maturation and subsequent delivery to 

lysosomes. Much of the work focussing on phagosome processing has been 
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performed in macrophages, and so understanding of the processing of 

phagosomes in RPE is largely inferred from mechanisms originally identified 

in macrophages. Rab5 and Rab7 associate with phagosomes at different 

stages in their processing, and recruit proteins and complexes required for 

motility and fusion of the phagosome with lysosomes. In RPE cells, myosin 

VIIa transports phagosomes along the actin cytoskeleton (Gibbs, Kitamoto 

and Williams, 2003), and kinesin-1 and dynein-1 mediate phagosome 

bidirectional motility along microtubules (Jiang et al., 2015). Defects in 

phagosome motility due to mutations in motor proteins have been shown to 

induce AMD-like retinal degeneration (Esteve-Rudd et al., 2018). 

 

The endocytic and phagocytic pathways in RPE cells interact during 

phagosome processing (Desjardins et al., 1994), and exchange content prior 

to fusion with lysosomes by kiss-and-run interactions coordinated by Rab5 

(Veras et al., 2000). During their processing, phagosomes gradually acquire 

lysosomal enzymes and become more acidic, which is concurrent with loss of 

antigenicity of rhodopsin epitopes. Previous work by our lab has evidenced 

this pre-lysosomal processing of POS (Wavre-Shapton et al., 2014), and has 

demonstrated that partial degradation of POS occurs in the phagosomes 

during the maturation process, as a result of their interaction with endosomes. 

This was demonstrated by the loss of the C-terminal cytoplasmic epitope of 

rhodopsin prior to loss of the N-terminal intradiscal epitope of rhodopsin as 

the phagosomes become more basal. The loss of the intradiscal epitope 

subsequently occurs upon fusion with lysosomes later in the phagosome 

processing. Observing the loss of the different rhodopsin epitopes provides a 

valuable tool for tracking pre-lysosomal phagosome processing and 

maturation, and the lysosomal proteolytic processing of POS. Eventual 

phagosome-lysosome fusion is mediated by Rab7, and although the identity 

of the tethers and specific SNARE proteins required for fusion are not fully 

known, the HOPS complex and VAMP7 are required (Becken et al., 2010).  
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Figure 1.13: The phagocytic pathway in the RPE.  
POS internalisation is mediated by αvβ5 integrin and MerTK on the RPE’s apical pole that 
interact with MFG8 or tubby on the POS membranes, respectively. Along with Gas6, a 
signalling cascade is initiated that results in actin remodelling in the outer segments to engulf 
the POS fragment. As the phagosome is processed and is trafficked to more basal regions, it 
interacts with the endocytic pathway, evidenced by the loss of the cytoplasmic domain of 
rhodopsin recognised by the 1D4 antibody. Fusion with lysosomes results in complete 
degradation of the cargo (adapted from Kevany and Palczewski, 2010; D’Cruz et al., 2000; 
Caberoy, Zhou and Li, 2010; Caberoy, Alvarado and Li, 2012; Wavre-Shapton et al., 2014; 
Lörincz et al., 2017). 
 

1.5.6: Autophagy 
 

Autophagy is the cellular process whereby cellular components and protein 

aggregates are cleared by the cell (Klionsky and Emr, 2000). In conditions of 

nutrient starvation, cells can utilise autophagy as a means of using their own 

constituents as substrates for catabolism (Kroemer, Mariño and Levine, 

2010). Autophagy therefore facilitates the clearance of old, defunct or surplus 

organelles and molecules to maintain cellular homeostasis and proper 

function of the cell, as well as providing a source of energy for the cell in 

stress conditions induced by starvation (Ohsumi, 2014). The process can be 

categorised as macroautophagy, microautophagy or Chaperone-Mediated 

Autophagy (CMA). Macroautopagy involves the formation of an encapsulating 

double membrane around the targeted material (an autophagosome), which 



	   65	  

must fuse with lysosomes to be degraded. In microautophagy, the lysosome 

itself engulfs material by inward budding of the lysosomal limiting membrane. 

CMA is the process whereby material associates with chaperone proteins, 

such as HSC-70, which facilitates its translocation across the lysosomal 

membrane via Lysosome Associated Membrane Protein 2 (LAMP2) (Glick, 

Barth and Macleod, 2010). 

 

In macroautophagy, stress-signalling pathways are sensed by Beclin1 at the 

endoplasmic reticulum (and possibly other membranes), which initiates 

formation of the phagophore from the pre-existing membrane structures. The 

autophagy related proteins Atg5 and Atg12 are then conjugated via multiple 

Atg proteins and interact with Atg16L, inducing membrane curvature around 

the material to be engulfed (Glick, Barth and Macleod, 2010). During 

generation of the phagophore, cytoplasmic LC3-I (the mammalian Atg8 

homologue) is lipidated to form LC3-II, which is incorporated into the 

expanding membrane. LC3-II is then degraded along with autophagosomal 

content upon fusion with the lysosome. LC3-II is therefore a commonly used 

marker of autophagosomes, and analysing the ratio of the levels of LC3-II to 

LC3-I indicates upregulation of autophagy (Tanida, Ueno and Kominami, 

2008). Autophagosome-lysosome fusion is then coordinated by Rab7 and the 

HOPS tethering complex, and the Q-SNARE Syntaxin 17 (Minton, 2013). 

 

The autophagic and phagocytic machineries are combined in a process 

known as LC3-associated phagocytosis (LAP). In this form of non-canonical 

autophagy, lipidated LC3 associates with single-membrane phagosomes and 

enhances the ability of phagosomes to fuse with lysosomes and efficiently 

clear material (Sanjuan et al., 2007). Whilst this alternative mechanism is 

predominantly associated with ingestion and clearance of foreign pathogens 

by macrophages, LAP has been shown to be involved in POS phagocytosis 

by the RPE (Kim et al., 2013). The extent to which LAP is utilised in POS 

phagocytosis by the RPE remains ambiguous, although studies have 

demonstrated that around 30-45% of rhodopsin-containing phagosomes in the 

RPE associate with LC3-II, both in vitro (Frost et al., 2015) and in vivo 

(Dhingra et al., 2018). It has been shown that melanoregulin (MREG) plays a 
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role in pre-lysosomal phagosome maturation in LAP in RPE cells specifically, 

possibly by coordinating LC3 recruitment to mediate partial degradation of 

POS (Frost et al., 2015).  

 

1.6: The Lysosome 
	  

1.6.1: Structure and function 
 

Lysosomes are recognised as the primary degradative organelle, although it 

should be noted that some ubiquitinated proteins can be degraded by the 

proteasome (Ciechanover, 2005). The lysosome is vital for degrading 

proteins, macromolecules and organelles, and recent advances in the 

understanding of lysosomes has uncovered diverse and vital roles for 

lysosomes in coordinating multiple cellular mechanisms. This has challenged 

the original perception of the lysosome as being simply a waste dump and 

places the lysosome at the centre of a signalling hub for many processes 

(Ballabio, 2016). 

 

Lysosomes typically measure around 500nm in diameter and have a single 

outer limiting membrane that contains numerous Lysosomal Membrane 

Proteins (LMPs). The transmembrane vacuolar-type ATPase (vATPase) 

consists of multiple LMPs, and functions to pump protons into the lumen 

against their concentration gradient in exchange for ATP. The v-ATPase is a 

complex rotary nanomotor consisting of seven different subunits each with 

multiple isoforms that assemble on the limiting membrane. The acidic 

environment produced by the v-ATPase provides the optimal conditions for 

the activity of the hydrolytic enzymes contained within the lysosomal lumen 

(de Duve, 1963; Kühnel and Kühnel, 2003) and determines lysosomal 

trafficking and positioning (Johnson et al., 2016). Lysosome Associated 

Membrane Proteins 1 and 2 (LAMP1 and LAMP2), Lysosome Integral 

Membrane Protein 2 (LIMP2), and CD63 are some of the other most 

abundant LMPs that are frequently used as lysosomal markers (Saftig and 

Klumperman, 2009). 
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Lysosomal hydrolytic enzymes are numerous and diverse. Each hydrolase 

targets a different substrate or set of substrates and the combined activity of 

the hydrolases within a lysosome results in complete degradation of cargo. 

The best characterised of these hydrolases is the cathepsin family, which are 

further grouped according to the functional amino acid found in their active 

site. Cathepsin D, an aspartic cathepsin, is generally considered the primary 

hydrolytic enzyme responsible for degradation of POS and thus has 

significant importance in degradative function of RPE cells (Rakoczy et al., 

1997). However, it has more recently been suggested that cysteine proteases 

and lipases could play equally important roles in POS degradation (Lakkaraju 

et al., 2020). 

 

Lysosomes are one of the principal intracellular stores of calcium, playing an 

important role in intracellular signalling. Calcium efflux from the lysosome is 

regulated via the Transient Receptor Potential Mucolipin (TRPML) and two-

pore channels located on the lysosome’s limiting membrane (Wang et al., 

2012; Miao et al., 2015). Regulation of these channels can liberate calcium 

efflux into the cytoplasm to stimulate a diverse range of calcium-dependent 

signalling mechanisms, including secretion of growth factors. The acidification 

of lysosomes by the vATPase also requires calcium efflux from the lysosome. 

Additionally, lumenal calcium has been shown to have roles in endosome-

lysosome fusion, as well as reformation of lysosomes from endolysosomes 

(Pryor et al., 2000). 

 

Far from the simple degradative organelle it was originally considered at the 

time of its discovery (de Duve et al., 1955), lysosomes are now recognised as 

a major signalling hub of the cell. They are able to communicate with the 

nucleus to coordinate their own biogenesis via a specific subset of 

transcription factors upon detecting cellular stress conditions or starvation 

(Ballabio, 2016), which is discussed in more detail later. Lysosomes have also 

been implicated in the regulation of cellular metabolic activity by contributing 

to the control of the number of functional mitochondria in the cell. 

Mitochondrial fission is controlled by Rab7-dependent GTP hydrolysis, which 



	   68	  

takes place at mitochondria-lysosome membrane contact sites (Wong, 

Ysselstein and Krainc, 2018). This lysosome-mediated control of the number 

of mitochondria within the cell increases energy utilisation when required, in a 

dynamic manner.  

1.6.2: Lysosome related organelles 

	  

A subset of cellular organelles that share features in common with lysosomes 

are known as the Lysosome Related Organelles (LROs). This category 

includes organelles such as melanosomes, Weibel-Palade bodies and 

secretory granules (Marks, Heijnen and Raposo, 2013). Despite carrying out 

different functions, containing different cargo and having different distribution 

between cell types, the LROs share some common machinery in their 

formation. The biogenesis of lysosome related organelles complexes (BLOCs) 

have been identified as major players in the biogenesis of LROs, by regulating 

cargo sorting to the LROs (Setty et al., 2007) and fusion of cargo-bearing 

vesicles with the LRO (Dennis et al., 2016). 

 

In the RPE, the most notable of the LROs is the melanosome. Melanosomes 

are considered LROs as it has been shown that they are formed from multi-

vesicular bodies (MVBs), have an acidic internal environment and often 

contain acid hydrolases, all of which are features shared with lysosomes 

(Orlow, 1995; Raposo et al., 2001). Studies in skin melanocytes have shown 

that PMEL is sorted onto ILVs of a subset of MVBs and undergoes proteolytic 

processing to form fibrils within premelanosomes (Berson et al., 2001).  

Melanin synthesising enzymes like tyrosinase and tyrosinase related protein 

are then delivered to the premelanosomes where they catalyse melanin 

deposition on the fibrils to form mature melanosomes. Studies of mouse retina 

indicate that melanosome biogenesis proceeds similarly in the RPE (Lopes, 

Wasmeier, et al., 2007).  

 

Unlike in skin melanocytes, where melanosome biogenesis occurs 

continuously prior to transfer of mature melanosomes to neighbouring 

keratinocytes, RPE cells retain their melanosomes throughout life. Therefore, 
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that the majority of melanosome biogenesis is the RPE is embryonic (Lopes, 

Wasmeier, et al., 2007). Rab27a localised to the melanosome recruits MyRIP 

(Lopes, Ramalho, et al., 2007), and subsequent recruitment of myosin VIIa is 

responsible for light-dependent motility of melanosomes along the actin 

cytoskeleton into the apical processes (Futter et al., 2004). Although the exact 

reason for this migration of melanosomes in synchrony with the light cycle is 

not entirely understood, it can be speculated that melanosomes may provide 

a more protective role against photo-oxidation to the whole RPE cell when 

localised apically. 

1.6.3: Lysosome biogenesis 
 

The biogenesis of lysosomal constituents can be broadly categorised as 

either basal biogenesis as part of the normal turnover of lysosomal proteins, 

or as induced transcription factor-dependent biogenesis that functions to up-

regulate biogenesis of lysosomal constituents in response to an event such as 

starvation or stress. The biogenesis of lysosomes requires synthesis of 

proteins followed by transport of the constituents to lysosomes. Lumenal 

hydrolases and lysosomal membrane proteins generally take different routes 

to reach the lysosome. The majority of lumenal proteins are delivered via a 

mannose-6-phosphate (M6P) dependent pathway, whereas membrane 

proteins and some hydrolases reach the lysosome through M6P-independent 

pathways.  

 

As mentioned, most proteins destined for the lysosomal lumen are delivered 

to the lysosome via targeted delivery to endosomes. Newly-synthesised 

proteins in the ER are sorted from the secretory pathway by binding CLN8 in 

the ER, and are transported to the Golgi by COPII-coated vesicles, and the 

unloaded CLN8 is recycled back to the ER via COPI-coated vesicles (Luzio, 

2018). In the Golgi apparatus, the proteins acquire the M6P tag required for 

targeting to late endosomes (Sleat et al., 2005). The incorporated tag is 

recognised by the M6P receptor, which shuttles on transport vesicles, along 

with the cargo, between the trans-Golgi network and late endosomes. Upon 
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endosome-lysosome fusion, the lysosomes then acquire the proteins via this 

M6P-dependent pathway.  

 

The most well studied acid hydrolase, Cathepsin D, reaches the lysosome via 

the M6P-dependent route in most cell types. In the lysosome, pro-cathepsin is 

cleaved to form the mature cathepsin that is capable of binding substrates. 

The identity of the molecules responsible for the cleavage and processing of 

cathepsins from the pre to mature forms are unclear and often debated. 

Cleavage by pre-existing cathepsins of the same type are thought to be 

responsible for the initial cleavage step in the formation of mature cathepsin 

enzymes. However, full activation is thought to require additional, unidentified, 

enzymes (Richo and Conner, 1991; Laurent-Matha et al., 2006).  

 

Some lysosomal LMPs and lysosomal enzymes reach the lysosomal 

compartment via M6P-independent pathways. The mechanisms and routes 

governing these transport pathways are less well understood, but are thought 

to include direct and indirect routes. Similarly to the M6P-dependent route, 

some lysosomes can take a direct TGN to lysosome route, but the molecular 

control of this process is poorly understood at present (Saftig and 

Klumperman, 2009). However, LIMP2 has been shown to mediate delivery of 

the lysosomal enzyme β-glucocerebrosidase to lysosomes (Reczek et al., 

2007), highlighting the existence of a M6P-independent direct route to the 

lysosome. 

 

In the indirect route, lysosomal proteins exit the TGN though either clathrin-

dependent or independent mechanisms and vesicles incorporating LMPs 

progress along the secretory pathway. The lysosomal proteins are then 

deposited at the cell surface upon fusion of the secretory vesicle with the 

plasma membrane, and can then reach the lysosome via endocytosis. CD63 

is an example of a protein enriched in lysosomes that shuttles between the 

TGN, plasma membrane, endosomes and lysosomes, and takes this indirect 

M6P-independent route via the plasma membrane (Pols and Klumperman, 

2009). Although this route via the secretory pathway is associated 

predominantly with delivery of LMPs, it has been shown that hydrolases also 
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take this route. For example, work has shown that a significant proportion of 

newly synthesised Cathepsin B is initially secreted by kidney proximal 

convoluted tubule (PCT) cells, but eventually reaches the lysosome via a 

secretion-recapture pathway, that is mediated by the multiligand receptor 

megalin (Nielsen et al., 2007). 

1.6.4: Upregulation of lysosome biogenesis 
 

Induced upregulation of lysosomal protein expression is governed by the MiT-

TFE family of helix-loop-helix transcription factors. This family consists of 

TFEB (currently the most well-described of the family), TFE3, TFEC and 

MITF, which are capable of binding common motifs within promoters of 

lysosomal genes. This regulation of lysosome biogenesis is important to 

respond to cellular energy status and to variations in demand for degradative 

capacity (Puertollano et al., 2018).  

 

When the cell has no need to stimulate biogenesis of new lysosomes or 

lysosomal components beyond the basal rate of lysosome biogenesis, the 

MiT-TFEs are maintained in the cytoplasm. They are retained in the 

cytoplasm and prevented from passing though the nuclear envelope by 

phosphorylation, predominantly by the mammalian target of rapamycin 

(mTOR) complex on the lysosomal limiting membrane (Roczniak-Ferguson et 

al., 2012). The activity of mTOR has been shown to be dependent on multiple 

factors, including lysosome nutrient content (Zoncu et al., 2011) and lysosome 

positioning (Pu et al., 2015). Activated mTOR phosphorylates the MiT-TFEs, 

which retains the transcription factors within the cytoplasm. However, in 

conditions such as amino acid starvation or lysosomal stress, mTOR is 

inactivated, MiTF-TFEs are not phosphorylated and the transcription factors 

are able to translocate to the nucleus (Roczniak-Ferguson et al., 2012; 

Puertollano et al., 2018). This control of MiT-TFE dependent lysosome 

upregulation is involved in the switch between cellular anabolism and 

catabolism.  
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Lysosomal genes possess a common motif within their promoter sequences 

that are targeted by MiT-TFEs. The up-regulation of lysosomal gene 

transcription as a result of MiT-TFE-dependent transcription stimulates the 

activation of the Coordinated Lysosomal Expression And Regulation (CLEAR) 

gene expression network. CLEAR gene networks govern transcription of 

lysosomal genes involved in function and biogenesis of lysosomes (Sardiello 

and Ballabio, 2009). In addition to genes required for the biogenesis of the 

lysosomal compartment, the CLEAR network also controls transcription of 

autophagy genes, linking induction of autophagy with increased capacity to 

degrade autophagosomes.  

1.6.5: Lysosome Exocytosis, Repair and Lysophagy  
 

Lysosome exocytosis, and exocytosis of LROs, is a process whereby the 

organelle fuses with the plasma membrane and lumenal content is ejected 

from the cell. Lytic granules and platelet dense granules are examples of 

LROs that undergo regulated exocytosis to secrete vital factors. In non-

secretory cells, lysosome exocytosis can occur in response to membrane 

damage, with the lysosomal membrane repairing or replenishing the plasma 

membrane (Reddy, Caler and Andrews, 2001). Lysosome exocytosis is 

calcium-dependent, and it has been demonstrated that activation of the 

TRPML3 cation channel can mediate this calcium-dependent exocytosis 

(Miao et al., 2015). Calcium efflux into the cytoplasm can dephosphorylate 

TFEB via calcineurin and induces TFEB-dependent exocytosis in response to 

lysosomal damage or stress (Medina et al., 2011; Zhitomirsky et al., 2018). 

Synaptotagmin VII has been shown to act as a lysosomal Ca2+ sensor 

(Martinez et al., 2000) and recruits SNARE proteins require for fusion with the 

plasma membrane (Rao et al., 2004). Epithelia show tightly controlled 

mechanisms to direct polarised lysosomal exocytosis regulated by the clathrin 

adaptor AP-1 (Xu et al., 2012). 

 

Repair of damaged lysosomes involves the ESCRT machinery, which is 

recruited to ubiquitinated regions of the lysosomal membrane to carry out this 

function (Papadopoulos, Kravic and Meyer, 2020). In this process, galectin 3 
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(Gal3) acts as a sensor of lysosomal membrane permeabilisation and 

coordinates repair by binding β galactosidase that leaks from lysosomes at 

sites of lysosomal membrane damage. Gal3 is then responsible for recruiting 

ESCRT components, and the ESCRT-binding protein ALIX, to the damaged 

membrane to facilitate repair (Jia et al., 2020). It is thought that the ESCRT 

machinery repairs damaged membranes in a “pinching” process at the wound 

site (Jimenez et al., 2014). 

 

If the lysosomal membrane is beyond repair, the ubiquitinated damaged 

membrane triggers a specialised form of autophagy known as lysophagy. 

Components involved in autophagy are recruited to the ubiquitin-tagged 

tagged lysosome, and the autophagosomal membrane is formed to engulf the 

lysosome, before fusion with functional lysosomes and degradation of the 

damaged lysosomal material (Papadopoulos and Meyer, 2017; Koerver et al., 

2019; Kravic, Behrends and Meyer, 2020). Lysophagy induces TFEB nuclear 

translocation to facilitate efficient formation and degradation of the 

phagophore, and presumably also functions to replace the degraded 

lysosomal proteins (Maejima et al., 2013; Kravic, Behrends and Meyer, 2020).  

1.6.6: The lysosome cycle 
 

It has been shown that the existing cellular population of lysosomes is a 

dynamic equilibrium of sub-types with heterogeneous morphology. The 

activity, pH and appearance of lysosomes is suggested to be dependent on 

the stage of the lysosome cycle in which they fall, and their activity can be 

regulated independently of gene transcription and protein synthesis. The 

current models (summarised in Fig. 1.14) suggest that lysosomes exist as pH-

neutral organelles that are only acidified, and their hydrolytic enzymes 

activated, upon fusion with cargo-containing vesicles. The model suggests 

that through a poorly-characterised process of tubulation and recycling of the 

products of cargo degradation, lysosomes progress through the cycle to a 

neutral pH, so called ‘terminal’ form, and can participate in further rounds of 

cargo degradation (Bright et al., 1997; Bright, Davis and Luzio, 2016).  
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Figure 1.14: The lysosome cycle. 
Schematic representation of the cycle of lysosomal acidification upon fusion with cargo-
containing vesicles and re-formation of a pH neutral “terminal lysosome” (from Bright, Davis 
and Luzio, 2016). 
 

Further research has aimed to characterise the molecular control of the cycle 

of lysosome activation and the reformation of terminal lysosomes. PI(3,5)P2 

has been identified as an important PI (PIs introduced in section 1.5.3) 

required for lysosomal membrane re-modelling in the process of tubulation 

and re-formation of the terminal lysosome from the acidic and hydrolase-

active lysosome. PI(3,5)P2 is formed by phosphorylation of PI(3)P by the 

PIKfyve complex, and inhibition of PIKfyve results in the accumulation of 

enlarged, hydrolase-active compartments (de Lartigue et al., 2009; Bissig et 

al., 2017), suggesting a defect in lysosome reformation. Depletion of the 

Lysosomal Trafficking marker (LYST) protein has a similar effect to PIKfyve 

inhibition in that fewer but more enlarged lysosomes are present, indicating 

the involvement of LYST in the fission of enlarged lysosomes and lysosomal 
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re-formation (Holland et al., 2014). Accumulation of multilamellar lysosomes is 

observed after loss of AP5, which could be due to failure of lysosomes to 

progress to the so-called “terminal” stage of the cycle (Hirst et al., 2015).  

 

The re-formation of lysosomes from autolysosomes has been relatively well 

studied and identified as an important process to maintain the lysosomal 

“pool” within cells. Recovery of lysosome number by autophagic lysosome 

reformation is a relatively rapid response after initiation of autophagy, and is 

implicated to involve similar (but again poorly-characterised) tubulation and 

budding processes as proposed in models for lysosome reformation from 

endolysosomes (Chen and Yu, 2013).  

 

Characterisation of pre-existing lysosomes has shown that a sub-population 

of LAMP-positive structures, considered to be lysosomes by the presence of 

LAMP and their morphology, lack hydrolytic enzymes such as cathepsins 

(Cheng et al., 2018). This suggests that terminal lysosomes could be entirely 

devoid of hydrolytic enzymes, rather than containing inactive enzymes. 

Furthermore, lysosome pH appears to differ depending on subcellular 

localisation, with perinuclear lysosomes generally a lower pH than peripheral 

lysosomes, suggesting possible regulation of lysosome activity according to 

their location within the cell (Johnson et al., 2016).   

 

1.7: Lysosome Dysfunction 
	  

1.7.1: Defining lysosome dysfunction 

	  
Lysosome dysfunction is involved or strongly implicated in the pathogenesis 

of a plethora of diseases and can be defined in different ways (Carmona-

Gutierrez et al., 2016). The lysosomal storage diseases, for example, are 

caused by different genetic mutations in lysosomal genes and manifest early 

in life. However, lysosome dysfunction is more difficult to define in the context 

of neurodegenerative diseases that manifest in later life and probably involve 

a complex combination of genetic and environmental causes. The “initiating 
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factor” in the development of these chronic neurodegenerative diseases is 

therefore less well defined than in the monogenic diseases. Gradual waste 

build up inside lysosomes is generally implicated in chronic lysosome 

dysfunction, but whether this is the initiating factor or a result of some other 

initiating factor is poorly understood. The “snowballing” hypothesis is one 

explanation that could explain how chronic lysosome dysfunction may occur 

(Fig. 1.15). 

 

 
Figure 1.15: The ‘snowballing’ hypothesis of lysosome dysfunction.  
Lysosomal acidification can lead to accumulation of waste material within the lysosome, 
which can induce an increase in lysosomal pH and further accumulation of waste. The 
initiating event (indicated by arrows below the slope) could either be increased lysosomal pH 
or accumulation of lysosomal waste (Guha, Coffey, et al., 2014). 
	  
The fate of dysfunctional lysosomes is poorly understood. The previously 

discussed mechanisms of exocytosis, repair and lysophagy could be involved 

in removal of dysfunction lysosomes from the pool of functional lysosomes. 

However, if exocytosis does not occur and the lysosome cannot be repaired 

or degraded by other lysosomes, it is also possible that dysfunctional 

lysosomes, possibly containing toxic non-degradable material could 

accumulate inside cells. 
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1.7.2: Conditions associated with lysosome dysfunction 
 

Lysosomal Storage Diseases (LSDs) are the most well understood examples 

of lysosome dysfunction leading to human disease. Individually rare, LSDs 

consist of around 50 different diseases that collectively account for around 1 

in 5,000-10,000 live births (Meikle et al., 1999). The most common LSD is 

Gaucher’s disease, which manifests as a result of defective sphingolipid 

metabolism and subsequent lipid accumulation in neurons (Dandana et al., 

2016). Niemann-Pick disease type C (NPC) is another LSD that involves 

accumulation of cholesterol inside the lysosomal compartment with 

devastating system-wide effects. The neuronal ceroid lipofuscinoses (NCLs) 

are a subcategory of lysosomal storage diseases characterised by 

accumulation of lipofuscin in neurons. The most common of the NCLs is 

Batten disease, which manifests with visual defects in infancy and is caused 

by defects in the gene encoding the lysosomal enzyme palmitoyl-protein 

thioesterase 1 (PPT1) (Mole and Williams, 2013). Almost all of the LSDs have 

a neurodegenerative phenotype and many include visual defects, highlighting 

the important role of the lysosome in neuronal cell function and vision. 

 

Aside from the LSDs, lysosome dysfunction is implicated as a contributing 

factor in the pathogenesis of several chronic neurodegenerative diseases that 

have less clear genetic defects that take longer to manifest. A hallmark of 

Alzheimer’s disease (AD), for example, is the accumulation of Aβ peptides in 

neurons that may be derived from misprocessing of amyloid precursor protein 

and tau by lysosomes (Maxfield, 2014). The accumulations also often contain 

lysosomal hydrolases, further suggesting that autophagosome clearance may 

be defective in AD (Nixon et al., 2005). Pathogenesis of Parkinson’s and 

Huntington’s diseases are thought to take similar routes, and thus these three 

neurodegenerative diseases are termed neurodegenerative proteinopathies 

(Klein and Mazzulli, 2018). 
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1.7.3: In the retina and AMD 
 

Whilst none of the established genetic or environmental risk factors leading to 

AMD have known direct links to lysosome function or biogenesis, it is possible 

that continued environmental insult, exacerbated by multiple genetic factors, 

can lead to lysosome dysfunction in the RPE during a lifetime. The 

pathogenesis of other chronic retinal diseases such as Stargardt disease and 

choroideremia have all been, at least in part, attributed to impaired cargo 

clearance in the RPE (Keeling et al., 2018). Several lysosomal storage 

diseases, including NPC and Batten disease, present with visual defects and 

link lysosome dysfunction with retinal dysfunction.   

 

Loss of function of the enzyme thought to be predominantly involved in 

degrading POS, Cathepsin D, have roles in generating AMD-like phenotypes 

in models. Transgenic mice expressing a mutated form of Cathepsin D that is 

enzymatically inactive show pigmentation changes and accumulation of 

phagosomes in the RPE, photoreceptor degeneration and basal deposits 

(Rakoczy et al., 2002). Feeding RPE cells with oxidised LDL has been shown 

to perturb processing of immature forms of Cathepsin D to the enzymatically 

active form (Hoppe et al., 2004), which links oxidative damage in the RPE to 

lysosome dysfunction and misprocessing of phagosomes leading to retinal 

degeneration (Hoppe et al., 2001).  

 

Characterisation of the content of hallmarks of AMD could evidence lysosome 

dysfunction in the RPE. Lipofuscin in the RPE contains POS-derived lipids 

and proteins, such as the toxic bis-retinoid A2E (Sparrow et al., 2003), 

suggesting that its accumulation may result from incomplete degradation and 

clearance of phagosomes. It has been suggested, however, that 

melanolipofuscin is void of POS-derived material but rather contains RPE-

specific markers, suggesting that MLF forms as a result of defective 

autophagocytosis of RPE components, (Warburton et al., 2007), although the 

literature supporting this is limited. Incomplete clearance of phagosomes and 

autophagosomes hint at a possible role for lysosome dysfunction in 
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contributing to increased intracellular accumulations in the RPE and potential 

resulting cytotoxic effects (Wassell et al., 1999).  

 

The exact mechanisms by which lipofuscin induces cytotoxic effects is 

unclear. The liberation of reactive oxygen species by A2E within the lipofuscin 

granules upon blue light exposure and resulting oxidative damage is 

implicated as one of these effects (Sparrow et al., 2003). It has also been 

suggested that A2E could accumulate in lysosomes and directly raise their 

pH, disrupting the efficient function of hydrolytic enzymes (Yogalingam et al., 

2017). However, others have concluded that A2E accumulation inhibits lipid 

metabolism and POS degradation independently of any changes in lysosome 

pH (Finnemann, Leung and Rodriguez-Boulan, 2002). 

 

Disrupted calcium efflux from lysosomes through the TRPML1 channel 

(Gomez et al., 2018) and depleted lysosomal stores of calcium are implicated 

in neurodegeneration (Feng and Yang, 2016). The diverse roles of the 

lysosome in calcium-mediated signalling and secretion pathways within the 

cell could therefore be interrupted by accumulation of dysfunctional 

lysosomes, leading to defects in those pathways dependent on lysosomal 

calcium release. An important calcium-dependent role of the RPE is the 

polarised secretion of growth factors, and chronic dysregulation of these 

secretory pathways could be detrimental to retinal health.  

 

It has previously been demonstrated that UVA-irradiation of purified POS 

renders POS more challenging to digest by RPE cells in vitro and induces 

dysfunction, evidenced by an increase in accumulation of autofluorescent 

material within cells reminiscent of lipofuscin (WIHLMARK et al., 1996). These 

accumulations induced by loading cells with UV-irradiated POS also induced 

increased cytokine secretion by the RPE, which could mimic the pro-

inflammatory responses that occur in AMD (Lueck et al., 2012).  Lipofuscin in 

the RPE has also been shown to impair lysosome activity (Shamsi and 

Boulton, 2001), suggesting that the use of UV-irradiated POS in cell models 

could be a good representation of age-related lysosomal inhibition in RPE 

cells. 
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Lysosome exocytosis is as a mechanism for ejecting indigestible material and 

removing old and dysfunctional lysosomes from the cellular pool of functional 

lysosomes. In vivo studies have shown that directly targeting lysosomal pH 

with the acidotropic compound chloroquine induces the formation of 

phagosome-derived deposits basal to the RPE, which shares striking 

similarities with drusen (Mahon et al., 2004; Peters et al., 2006). Interestingly, 

it is observed that a significant proportion of patients treated with chloroquine 

as an anti-malarial therapy develop retinopathies and exhibit sub-RPE drusen 

deposition, indicating a potential role of lysosome dysfunction in retinal 

disease (Finbloom et al., 1985). The effects of chloroquine on the lysosomes 

in RPE cells are investigated in Chapter 5 of this thesis. Studies have also 

shown that pathogen-induced lysosomal neutralisation can induce lysosome 

exocytosis via modulation of the TRPML3 cation channel (Miao et al., 2015). 

 

It has been demonstrated that the limiting membranes of phagosomes 

function as a platform for the assembly and subsequent activation of 

mammalian target of rapamycin complex 1 (mTORC1).  This is hypothesised 

to control the energy status of RPE cells, with mTOR activation stimulating 

glycolysis and glucose utilisation in the RPE, possibly to stimulate rapid 

clearance of phagosomes. Upon degradation of phagosomes, mTORC1 

activity and glycolytic activity in the RPE return to basal levels and glucose 

delivery to photoreceptors from the RPE is resumed (Yu et al., 2018). 

Interestingly, mTORC1 activity is sustained above basal levels in aged RPE, 

where accumulations of undigested POS are also often present (Zhao et al., 

2011). As mTOR-dependent phosphorylation of MiT-TFEs retains them within 

the cytoplasm and inhibits transcription of lysosomal genes (Puertollano et al., 

2018), this could highlight an age-related mechanism relating chronic 

phagosome accumulation with dysfunctional regulation of lysosome 

biogenesis.  
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1.7.4: Strategies for correcting lysosome dysfunction 
 
With the identification of mechanisms underlying lysosome dysfunction in 

pathogenesis, potential therapeutic strategies for treating diseases are being 

explored. Clinically-approved enzyme replacement therapy (ERT) has 

provided a promising route to correct defects linked to lysosomal enzyme 

content, but with mixed success to date due to challenges including delivery 

of enzyme, resistance and severe side effects (Solomon and Muro, 2017). A 

recent study has shown that recombinant human pro-Cathepsin D can 

successfully restore autophagy and proteolysis in a mouse model (Marques et 

al., 2020), which is potentially applicable to the NCLs. 

 
Acidic nanoparticles taken up by the cell through the endocytic pathway have 

emerged as a potential strategy for re-establishing lysosomal acidity to 

improve or restore their function in chronic dysfunction. It has been shown 

that rescue of lysosomal acidification in RPE cells is capable of restoring their 

ability to degrade phagocytosed POS, and reduces the accumulation of 

autofluorescent granules (Baltazar et al., 2012; Guha, Liu, et al., 2014). This 

method has also shown some promise in rescuing lysosome activity in an in 

vivo model of Parkinson’s disease (Bourdenx et al., 2016). 

 

Continuing advancements in our understanding of the exact mechanisms 

underlying the regulation MiT-TFE family of lysosomal transcription factors is 

uncovering potential therapeutic targets to target lysosome dysfunction. This 

strategy could be particularly valuable for correcting lysosome dysfunction 

linked to decreased lysosomal biogenesis. Rather than replacement with 

exogenous enzymes or nanoparticles, manipulation of the lysosomal 

transcription factors could provide a therapy whereby the cell itself can be 

stimulated to induce clearance, repair and replacement of dysfunctional 

lysosomes. Thus, inducing the nuclear translocation of MiT-TFEs and 

subsequent biogenesis of lysosomal constituents could recover cellular 

degradative ability in age-related neurodegenerative disorders (Ballabio, 

2016; Saftig and Haas, 2016).  
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1.8: Summary 
	  
Lysosomes are vital for clearance of material from the cell, and recent 

advances have uncovered the complex and diverse roles of the lysosome in 

overall cell biology. Lysosome dysfunction is directly involved in the 

pathogenesis of LSDs, which have devastating consequences that present 

early in life. The role that lysosome dysfunction plays in the development of 

chronic neurodegenerative disease is less well understood, as their 

pathogenesis occurs due to multiple factors and often over a period of 

decades. In AMD, accumulations inside and outside of RPE cells can include 

material derived from incompletely digested POS, suggesting that chronic 

lysosome dysfunction in the RPE plays a significant role in retinal 

degeneration. Despite this evidence, little is understood regarding how 

lysosome dysfunction occurs in the RPE, and how lysosome dysfunction 

generates cellular hallmarks of AMD. In addition, the cellular response to 

lysosome dysfunction in chronic disease is poorly understood. In part, this 

general poor understanding of AMD pathogenesis can be attributed to a lack 

of experimentally tractable models that recapitulate hallmarks of AMD.  

 

1.9: Hypothesis 
 
This project tests the hypothesis that lysosome dysfunction in the Retinal 

Pigment Epithelium (RPE) is a major contributor in the generation of 

hallmarks of ageing and early Age-related Macular Degeneration (AMD).  

 

1.10: Project Aims 
 

Aim 1: Establish reliable and reproducible in vitro cultures of porcine RPE 

(pRPE) and human embryonic stem cell-derived RPE (hEScRPE), and 

develop standardised protocols to follow phagocytosis and processing of 

porcine POS. 
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Aim 2: Determine what underlies the morphological heterogeneity of 

lysosomes using the RPE as a model system. 

 

Aim 3: Determine whether loading RPE cells with POS-derived cargo that is 

challenging to degrade induces the formation of features that resemble 

hallmarks of AMD 

 

Aim 4: Determine whether induction of mild chronic lysosome dysfunction 

with chloroquine generates a model that replicates accumulation of material in 

RPE cells  
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2: Materials and Methods 
 

2.1: Cell Culture 
 

Primary porcine RPE cells (pRPE) and human embryonic stem cell derived 

RPE cells (hEScRPE) were used as in vitro systems. Representative phase 

contrast images of cells at confluence are shown in Figure 2.1. 

 

 
Figure 2.1: In vitro monolayer cultures of pRPE and hEScRPE. 
Phase contrast images showing typical cobblestone-like morphology and pigmentation state 
of pRPE and hEScRPE. Note the differences in cell size - pRPE cells appear larger than 
hEScRPE cells. 
 

2.1.1: Isolation and culture of porcine RPE  
 

Porcine eyes were transported on ice from a local abattoir and the isolation of 

RPE cells was performed as soon as possible after slaughter, using an 

adapted version of a published protocol (Toops, Tan and Lakkaraju, 2014). 

Briefly, eyes were trimmed of excess tissue and briefly washed in an ice-cold 

Povidone-Iodine 7.5% solution (Vidine) diluted 1:3 in PBS before transferring 

to 10x Penicillin/Streptomycin in PBS for 30 minutes on ice. Under sterile 

conditions, eyes were cut with a scalpel around the ora serrata, and the 

anterior portion of the eye, vitreous fluid and lens were disposed of. Eyecups 
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were filled with sterile PBS, and the neural retinae were removed gently with 

forceps at the optic nerve. 10x trypsin was added to the eyecups and after 30 

minutes at 37°C, the RPE layer was detached from the eyecup by vigorous 

pipetting, and harvested. After centrifugation at 800rpm for 4 minutes, cell 

pellets were re-suspended in Dulbecco Modified Eagle Media with GlutaMax, 

pyruvate and 4.5g/ml D-glucose (hereafter DMEM, Gibco), which was 

supplemented with 10% Fetal Bovine Serum (FBS, ThermoFisher). Cells were 

seeded in plastic-bottomed tissue culture plates (ThermoFisher) at a density 

of approximately one eye per 3cm2.  

 

Cells were cultured at 37°C in a humidified environment with 5% CO2. Once 

cells had formed a confluent monolayer and exhibited cobblestone-like 

morphology, media was changed to DMEM supplemented with 1% FBS to 

promote complete differentiation (Tian et al., 2005) and tight junction 

formation (Chang et al., 1997) and maintained with weekly media 

replenishment for up to 8 weeks. These cells derived immediately from 

isolation were considered Passage 0 (P0).  

 

Cells were always maintained in DMEM containing 1% FBS for a minimum of 

1 week prior to re-seeding. In the case of seeding onto polythene Transwell 

filters (6.5mm diameter, 0.4µm pore, Corning) and 9mm glass coverslips 

(ThermoFisher), surfaces were coated with 10µg/ml human recombinant 

laminin 521 (BioLamina) in PBS at 4°C overnight. To detach for re-seeding, 

cells were incubated in 1x trypsin for 20-30 minutes at 37°C, and cells were 

seeded 1:1 based on surface area. Cells were seeded and maintained in 

media supplemented with 10% FBS until confluent (usually overnight), at 

which point media was changed to DMEM 1% FBS. Cells were maintained in 

media containing 1% FBS for a minimum of 1 week prior to experiments being 

performed. All cells were used at P1 or P2 and were subjectively assessed by 

phase contrast microscopy for confluence, pigmentation and morphology prior 

to use in experiments. 
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2.1.2: Guided differentiation of hES cells and culture of hEScRPE 
cells 

 

Human embryonic stem (hES) cell line H9 purchased from WiCell were 

differentiated into RPE cells through an adapted guided differentiation 

protocol (Buchholz et al., 2013; Leach et al., 2015). The schedule is 

represented scahmatically in Figure 2.2 and the factors used are listed in 

Table 2.1. Prior to differentiation, H9 cells were maintained in mTeSR1 

medium or in Essential 8 Flex medium, on hESC-qualified matrigel-coated 

plates (BD Biosciences). Upon colony maturation, H9 cells were dissociated 

with Versene and passaged directly onto non-growth factor reduced Matrigel, 

in retinal differentiation medium (RDM) - DMEM F12 with 1x B27, 1x N2 and 

1x NEAA. For day 0, the following factors were added to the RDM: 10mM 

Nicotinamide, 50ng/mL noggin, 10ng/mL Dkk-1, 10ng/mL IGF-1. On day 1, 

medium is changed to remove cell debris, but composition is maintained. At 

day 2, media composition is changed, as the following factors are added to 

the RDM, 10mM Nic, 10ng/mL noggin, 10ng/mL Dkk-1, 10ng/mL IGF-1 and 

5ng/mL bFGF. At day 4, media is again changed, by adding to the RDM: 

100ng/mL activin A, 10ng/mL Dkk-1, 10ng/mL IGF-1. At day 6, 100ng/mL 

activin A, 10µM SU5402 are added to the RDM. Finally, at days 8, 10 and 12, 

RDM is supplemented with 100ng/mL activin A, 10µM SU5402, 3µM 

Chir99021. At day 14, immature RPE is obtained, and cells are transferred to 

new wells (previously coated with growth factor reduced Matrigel), at 1x105 

cells/cm2 density – P0. These new and small RPE cells are maintained with 

X-VIVO 10 medium (Lonza), changed twice a week, and left to mature for 30 

days. At day 30 cell pigmentation is evident and cells are passaged again 

(P1) to further expand the culture. From this point on, cells are plated onto 

laminin-coated surfaces (BioLamina rhLaminin-521). Immunofluorescence 

demonstrates that the differentiated hEScRPE have typical RPE-like 

morphology and express RPE-specific markers. 
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Figure 2.2: Schematic representation of the directed differentiation method timeline. 
Cells are given different differentiation factors every other day, in a specific order, to induce 
differentiation to RPE.  

 

 

Table 2.1: List of factors used in differentiation of H9 hESc to hEScRPE. 

Reagent name, supplier and working concentration are outlined. 

2.1.3: Cell viability – lactate dehydrogenase (LDH) assay 
	  
Conditioned media were collected after cells were appropriately treated and 

LDH activity in the media was assessed according to Kit instructions (Thermo 

Scientific Pierce LDH Cytotoxicity Assay Kit #88953). Briefly, conditioned 

media were incubated with reaction mixture, for 30min at room temperature. 

Stop solution was added and absorbance was measured at 490 and 680nm.  

2.1.4: Drug treatments 
	  
Cells were incubated with the compounds, in the concentrations and using the 

vehicles described in Table 2.2. For the control condition in each respective 
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experiment, cells were incubated with an equal volume of the corresponding 

vehicle. 

Compound/ 
supplier 

Effect Working conc. 
(pRPE/hEScRPE) 

Vehicle 

Chloroquine/ 
Sigma 

Acidotropic, autophagy inhibitor 1µg/ml - 5µg/ml PBS 

Cyclohexamide/ 
Sigma 

Inhibitor of protein synthesis 2.5µg/ml DMSO 

Leupeptin/ 
Sigma 

Serene protease inhibitor 1µg/ml PBS 

Pepstatin/ 
Sigma 

Aspartyl protease inhibitor 20µg/ml DMSO 

Table 2.2: Summary of compounds used on cultured cells. 
 Compound target, working concentration and vehicle are outlined. 
	  

2.1.5: Preparation and loading of BSA-gold 

	  
For some experiments, the endolysosomal system was loaded with BSA-gold. 

Bovine Serum Albumin (BSA, First Link) was dissolved in a 2mM borax 

solution and adjusted to pH5.5. A stabilisation test was performed to 

determine the minimum amount of protecting protein required to stabilise a 

volume of gold colloid (BBI solutions) against the addition of a 10% solution of 

NaCl. The minimum amount of stabilising protein was combined with the gold 

colloid solution, mixed by gentle agitation for 5 minutes, and secondarily 

stabilised using a 10% solution of BSA in borax (pH9) to a final concentration 

of 1% BSA. Immediately before use, 5ml of the solution was centrifuged at 

45K rpm for 20 minutes, before removing the supernatant and re-suspending 

the fluid pellet in 250µl media. This solution was again diluted 1:1 in media 

and cells were pulsed apically for 2h at 37°C. 

 

2.2: Isolation of Porcine Photoreceptor Outer Segments 
 

Photoreceptor outer segments (POS) were isolated and purified from porcine 

eyes in a dark room wherever possible to minimise UV-crosslinking by 

ambient light. Neural retinae were removed as described in section 2.1.1 and 

collected in an ice-cold homogenisation buffer containing 20% sucrose, 20mM 

tris acetate (pH7.2), 2mM MgCl2, 10mM glucose and 5mM taurine. POS 
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fragments were detached from the photoreceptor cells by vigorous shaking for 

2 minutes in homogenisation buffer, before passing through several layers of 

gauze to remove large fragments of contaminating tissue. The crude retina 

homogenate was laid over a pre-chilled continuous gradient of 25-60% 

sucrose and centrifuged at 25000rpm for 1 hour at 4°C. A distinctive orange 

band in the upper third of the tube that contained the purified POS was 

extracted and washed three times before suspending in DMEM containing 

20% sucrose, 10% FBS, 0.04% sodium azide, 10x Pen/Strep and 

amphotericin B. The POS preparation was aliquoted and stored at -80°C until 

required.  

 

2.3: POS Phagocytosis Assays 
 

Aliquots of POS were thawed for 1 hour, pelleted by centrifugation at 5000rpm 

for 10 minutes, washed 3x with sterile PBS to remove sodium azide, and re-

suspended in media (DMEM or X-Vivo 10) supplemented with 10% FBS. 

Using a NanoDrop, the total protein concentration was quantitated and the 

POS diluted in media with 10% FBS (a concentration of 200µg/ml was 

typically used). The diluted POS suspension was mildly sonicated for 10 

minutes to fragment larger POS, and cells were incubated with the 

suspension for 4 hours at 37°C to allow optimal internalisation, and to mimic 

the natural diurnal rhythm of ROS shedding. This feeding protocol will 

subsequently be referred to as a “pulse”.  

2.3.1: UV-irradiation of POS 
 

For UV-crosslinking of POS, the washed suspension of POS in PBS was 

spread in a thin layer in a tissue culture plate, and twice irradiated in a CL-

1000 UVC crosslinker (UVP) operating at 999.9mJ/cm2. A cell scraper was 

used to detach POS from the well, the POS harvested, and re-suspended in 

DMEM supplemented with 10% FBS before proceeding with total protein 

quantitation and feeding as described above.  
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2.3.2: Tagging POS with gold 
 

Aliquots of POS were thawed and pelleted, re-suspended in 200µl gold colloid 

solution (BBI Solutions), mildly sonicated for 10 minutes in a sonicator bath, 

and washed 3x in PBS as described above.  

 

2.4: Transmission Electron Microscopy 
	  

2.4.1: Fixation and embedding 
 

For conventional transmission electron microscopy (EM/TEM) of cells cultured 

on Transwell filters and glass coverslips, cells were fixed in a solution of 2% 

EM-grade formaldehyde [PFA (TAAB)] and 2% gluteraldehyde [GA (TAAB)] in 

0.1M sodium cacodylate buffer for 2 hours at room temperature, or overnight 

at 4°C. Post-fixation was performed with a solution of 1.5% osmium tetroxide 

and 1.5% potassium ferricyanite for 1 hour on ice before dehydrating with a 

series of ethanol solutions increasing from 70% through 100% in steps of 

10%. Cells on glass coverslips were further dehydrated with 100% propylene 

oxide. Transwell filters or coverslips were subsequently infiltrated with two 1.5 

hour incubations in 100% Epon resin [40% DDSA, 58% Araldite, 2% DMP (all 

purchased from Agar Scientific)] and embedded in coffin moulds or Epon 

stubs, respectively, and polymerised overnight at 70°C.  

 

For cryo-immuno TEM, cells on Transwell filters were fixed in 4% PFA in 0.1M 

phosphate buffer (PB) overnight at 4°C. 0.1% GA was sometimes added to 

the fixative solution, although use of GA was limited by its masking of some 

epitopes. After removing the fixative, free aldehyde groups were quenched 

with 200mM glycine for 10 minutes before approximately 1mm x 1mm 

squares of filters were cut and infiltrated in 12% gelatine (Rousselot) for 1 

hour at 37°C. The squares of filter were subsequently embedded in a thin 

layer of 12% gelatine between two glass microscope slides, the gelatine 

allowed to solidify on ice for several minutes, and the embedded squares of 

filters were cut from the surrounding excess gelatine forming a 1mm3 block. 
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The blocks were sucrose-infused with a 2.3M sucrose solution overnight at 

4°C under gentle agitation for cryo-protection (as described by Tokuyasu, 

1973). The specimens were mounted on pins and flash frozen and stored in 

liquid nitrogen.  

2.4.2: Ultrathin sectioning & ultrathin cryosectioning 
 

For conventional TEM, resin blocks were trimmed with a razor blade and the 

block face polished with a glass knife. 70-120nm ultrathin sections were cut 

on a Leica UM7 ultramicrotome using a diamond knife (Diatome), and placed 

on copper mesh grids or formvar-coated slot grids (Agar Scientific).  

 

For cryo-immuno TEM, sectioning of gelatine-embedded Transwell filters was 

performed on a Leica UM7 ultramicrotome with a liquid nitrogen-cooled 

chamber (Leica FM2).  Specimens were polished and trimmed to size using a 

cryo diamond trimming tool (Diatome) at -80°C, and ultrathin sectioned with a 

cryo diamond knife (Diatome) at 70-100nm at -120°C. Ribbons of sections 

were retrieved in a drop of a 1:1 mix of 2% methyl cellulose and 2.3M sucrose 

and deposited on formvar-coated copper mesh grids (Agar Scientific).  

2.4.3: Formvar coating of grids 
 

When single-slot grids were used, or for cryo-immuno TEM, grids were coated 

with a thin layer of formvar to support the sections. A solution of 1% formvar 

(Agar Scientific) in chloroform was used to coat a clean glass slide, the 

formvar film floated upon deionised water, grids placed on top of the film and 

the film retrieved from the water using a parafilm-covered glass slide.  

2.4.4: Immunogold labelling of ultrathin cryosections   
 

Cryosections on copper grids were immunogold labelled as described by Slot 

et al (Slot et al., 1991). Briefly, grids with thawed sections were firstly placed 

in PBS at 37°C for 30 minutes to remove excess gelatine surrounding the 

cells. All subsequent incubations were performed at room temperature. To 

reduce non-specific binding of antibodies, free aldehyde groups were 
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quenched and proteins blocked using 200mM glycine and 1% BSA, 

respectively. Grids were incubated on a drop of diluted primary antibody (see 

table 1) in 1% BSA in PBS for 1 hour and washed several times with 0.1% 

BSA in PBS to remove unbound antibodies. In the case of the primary 

antibodies being any species other than rabbit, the grids were incubated for 

20 minutes with a rabbit bridging antibody (Dako). Primary and bridging 

antibodies were labelled with Protein A-Gold (PAG, UMC Utrecht) diluted 1:50 

in 1% BSA for 30 minutes, before washing several times in PBS and post-

fixing with 1% GA. After washing grids thoroughly with distilled water, contrast 

was enhanced by a 5-minute incubation in a 1:4 mixture of 4% uranyl acetate 

(UA) and methyl cellulose (MC), before using the ‘looping out’ method to 

remove excess UA/MC. 

2.4.5: Transmission electron microscopy imaging 
 

Specimens were observed with a JEOL 1010 or a JEOL 1400 Plus 

transmission electron microscope and imaged with an Orius SC1000B 

charge-coupled device camera with Digital Microgaph software (both Gatan). 

2.4.6: Electron tomography 
 

For automated collection of tilt series images for electron tomography, 3DEM 

software was used. Back-projection of tilt series and generation of tomograms 

used IMOD software. 

 

2.5: Fluorescence Microscopy 
	  

2.5.1: Loading cells with fluorescent dextrans  
 

To label pre-existing lysosomes through the endocytic pathway, fixable 

fluorescent dextrans (10000 MW, ThermoFisher) were used were diluted in 

normal growth medium at 0.5mg/ml. Cells were incubated with the dextran for 

2 hours in normal culture conditions. After the incubation, media was removed 

and cells were washed once with fresh medium.  
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2.5.2: Magic Red® Cathepsin B substrate 
 

For identifying hydrolase-active lysosomes, the Magic Red® Cathepsin B 

probe (ImmunoChemistry Technologies) was used. This is a membrane-

permeable synthetic substrate for cathepsin B, which liberates cresyl violet 

fluorescence upon cleavage by cathepsin B. The fluorescent cleaved product 

is non-fixable, thus live cell imaging was utilised when using this reagent. Live 

cells were incubated with Magic Red® Cathepsin B substrate diluted in normal 

growth media for 30 minutes, before removing the media and washing twice in 

PBS. Coverslips were mounted on microscope slides in a drop of PBS using 

an imaging spacer (Sigma), and imaged immediately and within a time frame 

of 10 minutes. The focal plane was selected manually by identifying the plane 

of greatest Magic Red® or dextran intensity. 

2.5.3: Fluorescence immunostaining 
 

Cells were fixed with 4% PFA in PBS for 20-30 minutes at room temperature. 

After removing fixative, permeabilisation and blocking was performed with a 

solution of 1% BSA/0.2% saponin in PBS for 1 hour at room temperature. All 

subsequent incubations and washes used this buffer. For staining targets in 

the nucleus, cells were fixed with ice-cold absolute methanol for 20 minutes 

before blocking with 1% BSA in PBS. Cells were incubated with diluted 

primary antibody (see table 1) overnight at 4°C, washed 3x in buffer, and 

subsequently incubated with fluorophore-linked secondary antibody diluted 

1:500 in buffer for 1 hour at room temperature in the humidified chamber. 

Unbound antibodies were removed with 5 washes in buffer, and nuclei stained 

using DAPI either by incubating for 5 minutes with DAPI (Sigma) diluted 

1:1000 in buffer, or by mounting coverslips on glass slides with gold antifade 

mounting media containing DAPI (Life Technologies).  

2.5.4: Fluorescence imaging 
 

Widefield imaging was performed using a Nikon Eclipse Ti-E, and confocal 

imaging using a Leica SP8.  
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For high-content confocal imaging, cells were cultured on 96-well skirtless 

CellCarrier plates (PerkinElmer), and fixed/immunostained as detailed above. 

Each experimental condition and type of staining was repeated in 4 wells.  

Using an Opera Phenix high-content screening system (PerkinElmer), 3 

randomly selected regions were imaged in each well, and 8 confocal slices 

separated by 1µm were acquired. 

 

2.6: Flow Cytometry 
	  

Cells were washed with PBS, detached using trypsin and resuspended in 

FACS buffer (1% FBS and 2mM EDTA in PBS). Acquisition was performed in 

a FACS CANTO II (BD Biosciences) flow cytometer, and at least 20000 cells 

were analyzed using FlowJo version 10.1r7 software.  

 

2.7: Biochemical and Molecular Assays 
	  

2.7.1: Western blot 
 

Cells were lysed on ice in pre-chilled NP-40 lysis buffer [150mM NaCl, 1% 

NP-40 (Sigma), 50mM Tris buffer pH8 (Sigma)] containing protease and 

phosphatase inhibitor cocktails (Dako). Lysate protein concentrations were 

determined using a Pierce BCA protein assay kit (ThermoFisher) as per the 

manufacturer’s instructions, before adding sample buffer containing 50µM 

dithiothreitol (DTT) and boiling lysates for 10 minutes to reduce and denature 

proteins. The volume of lysate corresponding to 10, 12 or 15µg of protein was 

loaded into each lane of either a self-made 12% acrylamide gel or a 4-20% 

gradient acrylamide pre-cast gel (Invitrogen). Using a pre-stained molecular 

weight ladder as a guide (Chameleon Duo, Li-Cor), gels were run at 120V in 

Tris/Glycine SDS buffer at room temperature until sufficiently resolved. 

Proteins were transferred to a polyvinylidene difluoride (PVDF) or 
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nitrocellulose membrane (both GE Healthcare) overnight at 4°C and 11V in 

Tris/Glycine buffer containing 10% methanol. 

 

Membranes were blocked under gentle agitation for 1 hour at room 

temperature in a solution of 7% milk in Tris-buffered saline containing 0.1% 

Tween 20 (TBST). Primary antibodies were diluted in blocking solution (see 

table 1 for working dilutions used) and membranes incubated with the primary 

antibody overnight at 4°C under gentle agitation. After washing 3x in TBST, 

membranes were incubated with species-specific horseradish peroxidase 

(HRP)-conjugated secondary antibodies (Dako) diluted in blocking solution for 

1 hour at room temperature under gentle agitation. After a further 3 washes 

with TBST, membranes were incubated with ECL reaction mixture (Pierce, 

ThermoFisher) and protein bands visualised by exposing ECL detecting x-ray 

films (GE Healthcare) to the membranes and developing the films with an x-

ray developer (AFP Imaging). Densitometric quantification of bands was 

performed in ImageJ.  

2.7.2: Quantitative real-time PCR (qRT-PCR) 

	  
Total RNA was purified from cell monolayers using an RNeasy Mini Kit 

(Qiagen), as per the manufacturer’s instruction. 1µg of total RNA was reverse 

transcribed to synthesise complimentary cDNA template using the 

SuperscriptTM VILOTM cDNA synthesis kit (Invitrogen). Pre-designed 

TaqMan® (TermoFisher) probes were acquired and qRT-PCR was performed 

as per manufacturer instruction using TaqMan® Fast Advanced Master Mix 

on a QuantStudio 6 Flex system (both ThermoFisher). Relative mRNA 

expression was calculated as ΔΔCt, (using GAPDH as the housekeeping 

gene), and the ΔΔCt values represented as fold change from experimental 

control (NT).	  

 

2.8: Antibodies 
 

The antibodies used for the assays are detailed in Table 2.3.  
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Antibody 

(anti-) 

 
Raised 

in 

 
Supplier/Ref 

Code 

 
Working Dilution 

 
Species 

Reactivity 
IF I-EM WB Porcine Human 

Actin Goat Sicgen/ 
AB0145-200 

- - 1:1000 N Y 

Calnexin 
(CANX) 

Goat Sicgen/ AB41-
200 

- - 1:1000 N Y 

Cathepsin D Goat R&D Systems/ 
AF1014  

1:100 1:100 1:100 Y 
 

Y 

Cathepsin D Rabbit GeneTex/ 
GTX62063 

- - 1:1000 N Y 

DNP Rabbit  - 1:250 - N/A N/A 

HSC70 Mouse Santa Cruz/ 
Sc-7298 

- - 1:10000 Y Y 

LAMP1 
(CD107a) 

Mouse Developmental 
Studies 
Hybridoma 
Bank/ H4A3  

1:100 - - N Y 

LAMP1 
(CD107a) 

Rabbit Abcam/ 
Ab24170  

1:100 - 1:250 Y Predicted 

LAMP2 
(CD107b) 

Mouse Bio-Rad/ 
MCA2558  

1:250 1:250 - Y Predicted 

LC3 Rabbit Sigma/ L8918 - - 1:1000 N Y 

P62 Mouse Santa Cruz/ 
sc-28359 

- - 1:1000 N Y 

PMEL Mouse Dako/ M0634 - 1:100 - Y Y 

Rhodopsin 
(1D4) 

Mouse Abcam/ 
Ab5417 

1:500 1:2000 1:500 Y Predicted 

Rhodopsin 
(RetP1) 

Mouse Abcam/ 
Ab3267 

1:250 1:200 N/A Y Predicted 

TFEB Rabbit Werfen/ 
1674240S 

1:500 - - N Y 

TGN46 Sheep BioRad/ 
AHP500 

1:500 - - - Y 

ZO-1 Mouse Life 
Technologies/ 
339100 

1:400 N/A N/A Y Y 

Table 2.3: List of antibodies used. 
Summary of antibodies used, including the optimised working dilutions for different 
applications and species reactivity (IF: Immunofluorescence; I-EM: Immuno-Electron 
Microscopy; WB: Western Blot). 
	  

2.9: Image and Data Analysis 
 

Images were analysed in ImageJ. Statistical analysis was performed using the 

Student’s T-Test or the Mann-Whitney test (dependent on Gaussian or non-



	   98	  

Gaussian distribution of data, respectively) in GraphPad Prism software. 

Graphic representation of data used GraphPad Prism software.  

 

For semi-automated analysis of the high volume of images acquired by high-

content imaging, macros were designed in ImageJ to batch process all 

images identically. For quantitating the number of DAPI-stained or 

autofluorescent punctae, z-stacks were combined into a maximum intensity 

projection, before identifying the individual objects using the ‘Find Maxima’ 

tool. For quantitating LAMP-stained punctae, a smoothening filter was applied 

and individual punctae were identified using the ‘Find Maxima’ tool, which was 

repeated for every individual slice of the z-stacks. The appropriate tolerance 

value for the ‘Find Maxima’ tool was applied to all images for a single staining, 

and was manually pre-determined using a sample of randomly selected 

images. 
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3: Characterisation of Lysosomes in the RPE 
 

The lysosome is the primary degradative compartment of the cell. 

The RPE is subjected to a remarkable and unparalleled 

degradative burden of shed photoreceptor outer segments on a 

daily basis, which are degraded by the lysosomes in the RPE cells. 

The endocytic and autophagic pathways are also important in the 

RPE, and converge upon the lysosome. In this chapter, two in vitro 

cell systems are characterised and validated for use in the models 

in subsequent chapters and lysosome heterogeneity in the RPE is 

characterised.  

 

3.1: Introduction 

3.1.1: The lysosome – more than just a waste dump 
 

Lysosomes are the primary degradative compartment of the cell, involved in 

turnover of intracellular components and clearance of internalised cargo from 

the endocytic and phagocytic pathways. Whilst lysosomes are the degradative 

endpoint and were originally considered as simply a waste disposal unit at the 

time of its serendipitous discovery by Christian de Duve, the lysosome is now 

recognised as a highly dynamic organelle (Ballabio, 2016). After fusion events 

and degradation of cargo, the lysosome can reform to participate in further 

fusion events. The lysosome is also able to communicate with the nucleus to 

regulate its own biogenesis and is recognised as a major and vital signalling 

hub of the cell. 

 

Lysosomes are conventionally identified by their content of membrane 

proteins such as LAMPs or association with Rab7, in addition to their acid 

hydrolase content, acid hydrolase activity and acidic pH. The lack of 

mannose-6-phosphate receptor distinguishes lysosomes from late 

endosomes that also associate with Rab7 and can contain hydrolases, 
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LAMPs and endolysosomal cargo. A number of recent studies have, however, 

indicated that lysosomes exist as a heterogenous population that differ in their 

content of classical lysosomal markers and morphology when observed by 

EM. In one such study, it was shown that only a subset of lysosomes that 

acquired endocytosed cargo have hydrolase activity and acidic pH (Bright, 

Davis and Luzio, 2016), and these hydrolase active compartments appear to 

represent the active endolysosmal compartment formed by vesicular fusion. It 

is suggested that the lysosomes that differ in pH and hydrolase activity 

represent stages of the lysosome cycle. More work has shown that a subset 

of LAMP1-positive lysosomes lack hydrolytic enzymes and likely represent a 

non-degradative lysosomal compartment (Cheng et al., 2018).  

 

As previously discussed, RPE cells have an unparalleled degradative burden 

and require a robust lysosomal system to clear photoreceptor outer segments 

that are internalised by phagocytosis. RPE cells also internalise a significant 

amount of material via the endocytic pathway, from both the apical and basal 

membranes. Although a proportion of this internalised cargo is recycled back 

to the plasma membrane or passes through the cell without degradation 

(transcytosis), the cargo targeted along the degradative pathway requires 

delivery to lysosomes for its clearance.  In addition, the RPE is particularly 

reliant on efficient autophagy to maintain cellular homeostasis, as RPE cells 

are in the most part post-mitotic so are not replaced in a lifetime (Strauss, 

2005; Lakkaraju et al., 2020). As RPE cells have such a significant lysosomal 

burden compared to other cells, they are a good model system to study 

lysosome biology.  

3.1.2: Cell systems 
 

The work in this project predominantly utilised primary porcine RPE cells 

(pRPE). Preceding this project, our lab had introduced and optimised 

protocols for isolating and culturing the cells and performed some 

characterisation. They were favoured for their ability to rapidly form polarised 

monolayers, to phagocytose purified POS and because they do not undergo 

melanogenesis (limiting the effect of fluorescence quenching by excess 
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melanin production). It was also shown by our lab that phagosomes in pRPE 

go through the same stages of maturation as they do in mouse retina in vivo 

(Wavre-Shapton et al., 2014). Whilst the phagocytic ability and phagosome 

processing of the cells was well characterised, the lysosomal compartment 

was less well characterised, which was a starting point for this project.  

 

More recently, protocols for rapid and efficient guided differentiation of 

pluripotent human embryonic stem cells (hESc) into RPE cells have been 

developed for use in modelling disease and possibly for transplantation into 

patients (Vitillo, Tovell and Coffey, 2020). Our collaborators, Helena Cardoso 

and Miguel Seabra (CEDOC, Lisbon), adapted one such protocol (Buchholz 

et al., 2013; Leach et al., 2015) to rapidly and reliably differentiate 

commercially available H9 pluripotent stem cells into human Embryonic Stem 

cell-derived RPE. We colloquially refer to the differentiated cells as hEScRPE, 

and they have some benefits over pRPE for use for in vitro studies. Unlike 

pRPE, the hEScRPE do not require the continual time-consuming isolation 

that is prone to failure due to poor cell viability or contamination. Importantly, 

all of the hEScRPE are genetically identical as they are derived from the 

same progenitor stem cell, reducing variability between and within biological 

replicates. The use of human cells also meant that issues associated with the 

limited availability of suitable antibodies against porcine epitopes of some 

proteins were circumvented.  

 

Our collaborators in Lisbon previously characterised the hEScRPE cells, 

demonstrating expression of RPE-specific genes and proteins, ability to 

pigment, and acquire a cobblestone-like morphology, which are shown in 

Figure 3.1. However, the ability of the hEScRPE to form true polarised 

monolayers with morphological features comparable to RPE in vivo was 

uncharacterised, and the lysosomal compartment of the hEScRPE cells was 

uncharacterised. 
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Figure 3.1: hEScRPE cells express RPE-specific markers with the expected localisation 
and exhibit typical RPE morphology. 

Differentiated hEScRPE were analysed for their expression of classical RPE markers 
compared to primary porcine RPE, human fetal RPE (hRPE-Lonza) and ARPE-19 by 
Western blot (A.), and the distribution of some markers was confirmed by 
immunofluorescence staining (B.). Best1: Bestrophin1; CRALBP: Cellular Retinaldehyde 
Binding Protein; ZO-1: Zona Occludens 1; RPE65: retinoid isomerohydrolase. Figure 
produced by HC. 

 

Previous Western blot analysis (Fig. 3.1 A.) showed that the expression 

profile of RPE-specific proteins in hEScRPE is comparable to porcine RPE, as 
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well as human fetal RPE cells and ARPE-19 cells that are other commonly 

used RPE cell systems. It was clear from the blot that the hEScRPE differ 

from the other cell types in their significant expression of PMEL17, indicating 

that they continue to undergo significant melanogenesis. The hEScRPE also 

expressed more Rab27a, which associates with melanosomes, suggesting 

that the cells likely contained more melanosomes than the other cell types. 

These characterisations were encouraging, and the next step was to 

characterise the polarisation and lysosomal compartment of the cells by TEM.  

 

3.2: Results 

3.2.1: Identification of lysosomes in pRPE and hEScRPE  
 

Firstly, validation of the different cell types was performed, to ensure that both 

were suitable for studies of lysosomes. RPE cells in vivo are cuboidal, form 

complete monolayers and are highly polarised. A suitable in vitro system 

would exhibit all of these characteristics and can be assessed subjectively by 

electron microscopy. Firstly, the pRPE were assessed by growing the cultured 

monolayers on Transwell filters and observing the RPE morphology by TEM 

in a cross section through the filter.  
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Figure 3.2: pRPE form confluent monolayer cultures, and lysosomes are easily 

identified by TEM. 
Unchallenged pRPE were visualised by TEM. A single cell is boxed, and the nucleus (N), 
apical processes (AP) and basal infoldings (BI) annotated. Arrows indicate lysosomes. 
 

As shown in Figure 3.2, pRPE in culture form complete monolayers on 

Transwell filters, with no spaces between the cells. The cells also appeared 

well polarised, with the apical membrane possessing apical processes typical 

of RPE cells in vivo, in addition to basal infoldings on the basal pole. The cells 

typically measured around 10um in height (measuring from the basal limiting 

membrane to the bottom of the apical processes), but this did vary slightly 

based on the original seeding density and viability of cells after re-plating.  

 

Within these monolayers, lysosomal structures are clearly observed, as 

indicated by the arrows. Lysosomes are typically described as electron dense 

and may or may not contain internal membranes that we refer to as lamellae. 

Endosomes are more electron-lucent than lysosomes and, although they may 

contain internal membranes in the form of discrete intraluminal vesicles, they 

do not generally contain the membrane whorls formed by the lamellae that 

can be found in lysosomes. Primary porcine RPE cells in culture contain 

additional electron dense inclusions, the number of which may depend on the 

age/history of the animal from which they were obtained as they can include 

lipofuscin-like granules, which may not be active lysosomes. For a lysosome 

to be functionally active it must be able to receive endocytosed probes and 
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degrade them. I therefore pulsed cells with BSA-gold and chased for varying 

periods of time (Fig. 3.3). If the BSA that stabilises the colloidal gold particles 

is degraded by lysosomal enzymes, the non-stabilised gold irreversibly 

aggregates in the acidic environment of the lysosomal lumen. Therefore gold 

aggregation within an organelle, whilst not necessarily indicating that the 

organelle was acidic at the time of fixation, does indicate that the organelle 

was proteolytically active and acidic at some point, or that the gold had 

passed through a proteolytic acidic organelle.  
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Figure 3.3: A 24-hour chase is sufficient for endocytosed BSA-gold to reach the 
lysosomal compartment. 
pRPE were pulsed with BSA-gold (5nm Au) and chased for 0 hours (fixed immediately after 
the pulse), 2 hours or 24 hours before processing for TEM. Non-aggregated gold is observed 
in endosomes and aggregated gold is observed in lysosomes.  
 

At 0 hours and 2 hours post-pulse (Fig. 3.3, upper and middle panels), the 

gold was mostly not aggregated, and appeared in relatively electron lucent 

organelles, some of which contained intralumenal vesicles and had the typical 

morphology of endosomes. However, after 24 hours chase (Fig. 3.3, lower 

panel), the gold was most often aggregated and appeared in more electron 
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dense structures, with many containing lamellae. Based on these 

observations, it was concluded that 24 hours is a sufficient chase period to 

load the lysosomal compartment through the endocytic pathway in the pRPE 

cells. Whilst cellular uptake of BSA-gold is predominantly through fluid-phase 

endocytosis, some receptor-mediated internalisation can be expected. 

Albumin does, for example, bind the endocytic receptor cubilin (Birn et al., 

2000) that is predominantly expressed in kidneys, but is also expressed by 

RPE cells to some extent (Alsalem et al., 2014) and could mediate BSA-gold 

uptake in the RPE cells. However, both receptor-mediated and fluid phase 

endocytosis converge upon the lysosome, so gold internalised by either 

mechanism will reach the lysosome regardless of the route it took.  

 

The lumen of an active lysosome has a low pH, and therefore can accumulate 

acidotropic probes such as fluorescent LysoTracker™. As this project involves 

the extensive use of electron microscopy based assays, an acidotropic probe 

was sought that could be used to characterise the lysosomal compartment by 

TEM. A molecule 3-[2,4-dinitroanilino]-3′-amino-N-methyldipropylamine 

(DAMP) was identified from the literature (Anderson et al., 1984; Bright, Davis 

and Luzio, 2016), which is a membrane permeable and fixable acidotropic 

compound that can be detected by cryo-immuno TEM with anti-DNP antibody. 

To confirm whether structures with lysosomal morphology observed by 

conventional TEM are the acidic compartments, pRPE cells were incubated 

with DAMP for 30 minutes prior to fixation and the sites of DAMP 

accumulation were identified in ultrathin cryosections with anti-DNP 

immunogold.  
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Figure 3.4: DAMP accumulates inside lysosomes and melanosomes. 
pRPE were incubated with 30µM DAMP for 30 minutes in culture media, before processing 
for cryo-immuno TEM. Ultrathin cryosections were immunogold labelled with anti-DNP 
antibody (10nm Au) to detect sites of DAMP accumulation. Representative images of 
lysosomes (A.) and melanosomes (B.) staining positive for DAMP are shown. A region 
containing an MVB, a lamellar lysosome (lamLy), a possible amorphous lysosome (aLy), and 
a melanosome (MeS) is shown in C. The number of immunogold particles per µm2 in 
lysosomes and melanosomes was calculated, as well as in nuclei representing background 
staining (D.). 21 nuclear regions, 39 lysosomes and 19 melanosomes were analysed from 
two stained grids (****p<0.0001).  
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Significant anti-DNP immunogold was observed in structures with an 

amorphous or lamellar appearance typical of lysosomes (Fig. 3.4 A., C.).  

Although no vesicles with lysosomal morphology were completely devoid of 

DAMP, the variability in the number of immunogold colloid particles per µm2 in 

the lysosomes was striking, as can be observed from the distribution of the 

data points representing each lysosomal structure in Figure 3.4 D. 

Subjectively, it appeared that most of the DAMP accumulated in lamellar 

regions and less DAMP accumulation was detected in amorphous regions, 

suggesting that the lamellar regions could be more acidic. This would be 

somewhat surprising, as presumably all regions of the membrane-bound 

lysosome are accessible to protons, but possibly not accessible to DAMP. 

However, it was not possible to quantitatively assess the morphology of the 

lysosomes or lysosomal regions with less DAMP accumulation as the 

preservation of the specimen was compromised. Fixing specimens with a 

small amount of gluteraldehyde may overcome this issue and allow 

quantitative assessment of the morphology of the lysosomal regions 

containing DAMP, although this is yet to be performed due to time constraints.   

 

Significant DAMP accumulation was also detected in melanosomes (Fig. 3.4 

B., C.). This is perhaps unsurprising as melanosomes are a lysosome-related 

organelle. There was a significant difference between the amount of anti-DNP 

staining observed in lysosomes and melanosomes (Fig. 3.4 D.), although this 

may not necessarily represent differences in pH between lysosomes and 

melanosomes. The staining in melanosomes was predominantly localised to 

the outer regions of the organelles, which could be attributed to limited 

accessibility of DAMP to the inner regions of the melanosomes due to dense 

packing of insoluble polymerised melanin. This could be a possible 

explanation for the difference in DAMP accumulation between lysosomes and 

melanosomes. Interestingly, some melanosomes appeared to associate with 

membranes that resembled the lamellae inside lysosomes or ILVs. To 

determine whether these associated membranes are part of the 

endolysosomal system, I loaded cells with BSA-gold and chased for 24 hours 
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to load the lysosomal compartment, before labelling ultrathin cryosections with 

anti-Cathepsin D immunogold. 

 

 
Figure 3.5: Mature melanosomes can interact with the endolysosomal pathway and 
some contain Cathepsin D. 
pRPE were pulsed with BSA-gold (5nm, white arrows) and  chased for 24 hours, before 
labelling ultrathin cryosections with anti-Cathepsin D immunogold (10nm Au, black arrows). 
Membranes associated with melanosomes (MeS) were identified that contained both the 
endocytosed gold and stained with Cathepsin D immunogold. 
 

Some melanosomes associated with a mass of membranes that appeared 

similar to the lysosomal lamellae observed previously. It is possible that it is 

the association with these membranes that result in the outer regions of 

melanosomes accumulating DAMP. The fact that the membranes appear to 

associate with the melanosomes, rather than being contained inside the 
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melanosomes, could explain why most of the DAMP staining was observed 

on the perimeter of melanosomes. In some cases, endocytosed gold was 

visible among the lamellar region, demonstrating that the mature 

melanosomes interact with the endolysosomal system in pRPE cells. In 

addition, the melanosomes and associated membranes often stained 

positively with Cathepsin D immunogold. These observations of significant 

Cathepsin D content in lamellar structures, combined with the observation that 

melanosomes acquired acidotropic DAMP, suggest that it is specifically 

lysosomes that interact with melanosomes. The reason for this interaction is 

unclear.  
 

The pRPE were the predominant cell type used in the models developed in 

subsequent studies but, as discussed previously, a major drawback of using 

primary cells is the genetic variability between cells, and between batches of 

cells from different isolations. In addition, because porcine models are not as 

widely utilised in research relative to human models, identification of suitable 

antibodies that react with the porcine epitopes of some of the proteins of 

interest in this project was a persistent challenge. Therefore, an additional 

model system was characterised to be used for validation of the assays 

performed in pRPE, and to provide a model system using human-derived 

cells, for which antibody labelling would be more straightforward. These 

hEScRPE were firstly assessed for their ability to form polarised monolayers 

by measuring Trans-Epithelial Electrical Resistance (TEER), and compared to 

pRPE. 
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Figure 3.6: TEER values for pRPE and hEScRPE in the days immediately following 
seeding onto Transwell filters. 
pRPE or hEScRPE were seeded on Transwell filters (approximately 70,000 cells per well) 
and Trans-Epithelial Electrical Resistance (TEER) for each Transwell was measured 
periodically in the days after seeding. An arrow below the x-axis indicates the point at which 
the pRPE media was changed to low serum and TEER was no longer measured. Values 
represent the mean TEER value for each Transwell ±SD, n=5 (pRPE) or n=11 (hEScRPE) 
Transwell filters measured per time point.  
 

Generally, monolayers are considered efficiently polarised when TEER values 

exceed 150Ωcm2 (Srinivasan et al., 2015). Following the increase in TEER for 

a period after seeding the cells on Transwell filters, the hEScRPE reached a 

mean TEER value of 240Ωcm2 13 days after seeding (Fig. 3.6, black data 

points). Therefore, we generally considered a period of around 14 days post-

seeding as a sufficient period to allow efficient hEScRPE polarisation for use 

in assays. Comparing the TEER values of hEScRPE to those of pRPE (Fig, 

3.6, red data points), it is clear that pRPE reach much higher TEER values 

and do so more rapidly than hEScRPE. After only 4 days post-seeding, pRPE 

had reached a mean TEER of 583Ωcm2, whereas after the same period the 

hEScRPE had only reached 63Ωcm2. In the case of pRPE, the cells were 

firstly cultured in the presence of 10% FBS until they had reached sufficient 

polarisation, at which point media was changed to 1% FBS to limit 
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proliferation and maintain their differentiation state (Chang et al., 1997; Tian et 

al., 2005). After 6 days, pRPE had reached a mean TEER of 787Ωcm2 and 

the media was changed to 1% FBS, indicated by the arrow below the x-axis. 

Having shown that hEScRPE form polarised monolayers with acceptable 

barrier properties, the monolayers were assessed by electron microscopy to 

assess morphological features. 
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Figure 3.7: hEScRPE form polarised monolayers, and exhibit typical RPE morphology. 
Unchallenged hEScRPE on a Transwell filter were visualised by EM. A single cell is boxed 
(upper), and the nucleus (N), apical processes (AP) and basal infoldings (BI) annotated. A 
higher magnification is shown below, and arrows indicate examples of melanosomes with 
varying levels of pigmentation. 
 

The hEScRPE exhibited a typical RPE-like morphology that was comparable 

to the pRPE cells, as seen in the electron micrograph in Figure 3.7 (upper 

panel). The cells formed confluent monolayers with well-developed cell-cell 

junctions, with no gaps between cells observed. The apical pole possessed 
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apical processes that would associate with POS in vivo, and the basal pole 

contained basal infoldings, also typical of RPE in vivo. The cells also 

contained many melanosomes with varying levels of pigmentation (highlighted 

by arrows in Fig. 3.7, lower panel), indicating that the melanosomes exist at 

different stages of maturation.  This is unsurprising, as hEScRPE cells are 

derived from embryonic stem cells (H9 hESc) and so will continue to undergo 

melanogenesis in culture, as embryonic RPE do. Inconveniently, the 

morphology of the immature melanosomes made them difficult to distinguish 

from lysosomes. In order to identify the morphology of lysosomes in 

hEScRPE and distinguish them from the immature melanosomes, BSA-gold 

was fed to the cells and the compartment in which the gold accumulated after 

an overnight chase was observed.  
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Figure 3.8: BSA-gold accumulates in a subset of organelles in hEScRPE.  
hEScRPE were pulsed with BSA-gold (5nm Au) and chased overnight to label the 
degradative compartment. Aggregated gold was observed in some of the vesicular structures 
in the cytoplasm. 
 

After pulsing hEScRPE with BSA-gold and chasing overnight, aggregated 

gold could be observed in a subset of the compartments inside the cells (Fig. 

3.8). The presence of gold indicated that these compartments are part of the 

endolysosmal pathway, and the aggregation of gold indicated that the 

compartments are capable of degrading BSA. These were less electron-
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dense than the immature/mature melanosomes and did not contain the 

striations that are visible inside some immature melanosomes. Therefore, it 

was concluded that the hEScRPE do contain dedicated degradative 

compartments that are distinct from the population of immature melanosomes 

in their morphology, accessibility to endocytosed cargo and ability to degrade 

endocytosed cargo. However, the morphology of this compartment was 

different to the clearly identifiable lysosomes in pRPE as they lacked the 

lamellae or electron density typically associated with lysosomes. For this 

reason, pRPE were used for the EM-based analyses of the lysosomal 

compartment in this chapter, rather than hEScRPE.   

3.2.2: Lysosomal morphology in pRPE 
 

The studies in this thesis used a predominantly electron microscopy-based 

approach, utilising the expertise in our lab and the facilities available. During 

initial observations of control pRPE cells by electron microscopy, it was 

striking how many lysosomes were visible in a single ultrathin section, and 

clear morphological differences were observed between the lysosomes. 

Lysosomes were identified in pRPE cells and were categorised based on their 

morphology (Fig. 3.9). 
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Figure 3.9: Heterogeneous lysosome morphology in cultured porcine RPE and porcine 
retinal tissue.  
Lysosomes were identified by TEM in cultured porcine RPE (A.) or in a specimen of whole 
porcine retina (B.). Lysosomes can be identified that appear amorphous, lamellar, or as 
“hybrid” organelles that have features of both amorphous and lamellar lysosomes. Scale bars 
represent 250nm.  
 

The different morphologies as observed by conventional electron microscopy 

are compared in unchallenged pRPE cells in Figure 3.9 A. Amorphous 

lysosomes with a single limiting membrane are visible, as well as lysosomes 

containing lamellae, and hybrid organelles that possess both amorphous and 

lamellar regions. In order to confirm that neither of these lysosomal 

morphologies observed in cultured pRPE were merely an artefact of the 

artificial cell culture conditions, a specimen of whole porcine retina was also 

analysed (Fig. 3.9 B.). The structural preservation of the tissue was not 

optimal due to poor perfusion of fixative solution through the retinal layers, but 

the different morphologies could also be observed in the RPE in situ. To 

confirm that the lamellar structures were in fact lysosomes, cells were pulsed 

with BSA-gold to load the lysosomal compartment and ultrathin cryosections 

were labelled with anti-LAMP2 immunogold. 
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Figure 3.10: LAMP2 is predominantly localised to the outer limiting membrane of 
lysosomes.  
pRPE were pulsed with BSA-gold (5nm Au, white arrows) and chased for 24 hours, before 
fixing and labelling ultrathin cryosections with anti-LAMP2 immunogold (10nm Au, black 
arrows). LAMP2 immunogold could be observed predominantly at the outer limiting 
membrane of the lysosomes. 
 

Lysosomes were identified by their content of aggregated 5nm gold that was 

loaded through the endocytic pathway 24 hours prior to fixation. The BSA-

gold positive lysosomes stained positively with anti-LAMP2 immunogold (Fig. 

3.10). The immunogold was predominantly localised to the outer limiting 

membranes of the lysosomes, although some immunogold could be observed 

in less peripheral regions of the lysosomes. This suggests that the outer 

limiting membrane is LAMP2-positive, but lamellar regions contain less 

LAMP2. With some LAMP2 immunogold present in more lumenal lamellar 

regions, it was not possible to rule out the possibility that at least some of the 

intralysosomal lamellae are LAMP2-positive. It should be noted that in cryo-

immuno TEM, the gold particle can appear up to 30nm from the labelled 

epitope due to the combined lengths of the primary, bridging and secondary 

antibodies. Therefore, the anti-LAMP2 immunogold that appears to be 
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localised to the lumenal region is likely labelling LAMP2 on the limiting 

membrane, rather than LAMP2 in the lumen. We next questioned whether the 

lysosomes with apparent different morphology could be different regions of 

the same lysosome, or whether they represent discrete structures that are not 

connected. 

 

A limitation of observing structures by conventional TEM is the lack of depth 

information, as images are a projection of an ultrathin section. Sections must 

be thin enough to allow the transmission of electrons through the specimen to 

form the projected image. Thus, using conventional TEM, it is not possible to 

conclusively determine that the lysosomes with different morphology are in 

fact discrete and separate structures, or whether these observed structures 

would be connected in a different plane of section. I therefore performed 3D 

electron microscopy to observe the full structure of lysosomes, benefitting 

from our lab’s expertise in transmission electron tomography. Tomography is 

a technique that uses 2-dimensional TEM data to build a representation of the 

3D structure of a section at a resolution suitable for observing lysosomes. The 

basic principle of tomogram generation is summarised in Figure 3.11.  
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Figure 3.11: The principle of generating transmission electron tomograms. 
The sectioned specimen is observed by TEM at incremental angles of tilt to acquire tilt series 
data. A tomogram can be generated by pack-projection of the data using IMOD software, and 
structures within the tomogram can be modelled to create a 3D representation. Figure by TB. 
 

Tomography is generally performed on semi thin sections, which are cut and 

placed on formvar-coated slot grids before imaging by TEM. Using a tilting 

stage, each section is sequentially imaged at incremental degrees of tilt from 

+60 through -60 degrees in two different planes, using the automated tilt 

series data collection software. Using the IMOD software package, 3D 

tomograms of each section are generated by back-projection of the 2D tilt 

series images, and the tomograms for each section can be joined together to 

reconstruct a larger 3D volume. The tomogram creates depth information that 

is not visible in the conventional projections of ultrathin sections. Drawing 

contours around the limiting membranes of the lysosomes in a tomogram 
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builds up a map of their 3D structures through the depth of the data, and 

surface reconstruction can be performed to model the full 3D structure. In a 

ribbon of serial sections of pRPE cells, I identified a region that contained a 

cluster of both lamellar and amorphous lysosomes in order to model the 

structures of both types in the same tomogram. 

 



	   124	  

 
Figure 3.12: Differences in lysosomal 3D structure revealed by electron tomography. 
pRPE cells were pulsed with BSA-gold (5nm Au) and chased overnight before fixing and 
processing for conventional TEM. A tomogram was generated from 6 semithin serial sections. 
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A slice of the tomogram representing each section is shown in A., with contours drawn 
around the same lamellar lysosome (yellow) and an amorphous lysosome (green) in each 
slice. In A., the number in each panel refers to the section that the image represents. 
Modelling and surface reconstruction was performed on each of the selected organelles as 
shown in B., and is represented visualised from different angles of rotation in the x and y-
axes.  
 

The complete tomogram in Figure 3.12 was generated from six serial sections 

measuring around 200nm in thickness, creating a final tomogram representing 

approximately 1.2µm in depth. As can be observed in Fig. 3.12 A., all of the 

lamellar lysosomes contained the endocytosed gold when observed in 

different slices of the tomogram. This conclusion could not be drawn from 

observing a single section, as gold was often aggregated in one region of the 

structures, rather than dispersed throughout the lysosomal lumen. This 

confirms that the lamellar lysosomes are in fact endolysosomes that had 

recently fused with endosomes containing BSA-gold that was internalised the 

previous day, and were likely the site of hydrolase activity at the time of 

fixation.  

 

It was also clear from the tomogram that many of the endolysosomes that 

possessed lamellae are interconnected, although they appeared to be distinct 

structures in a single section. To illustrate this, one endolysosome was 

modelled (Fig. 3.12 B., yellow). In the 6th section in the series (Fig. 3.12 A., 

panel 6), this structure appears to be a spherical, discrete structure that is not 

associated with any of the other lysosomes. However, tracking the limiting 

membranes of the lysosomes through the 3D volume it is clear that the 

lysosome in the 6th section is actually interconnected with several additional 

structures that would appear to be separate lysosomes in the other sections 

(Fig. 3.12 A.). These interconnected networks are probably formed as multiple 

lysosomes fuse with a single endosome, creating a continuous link between 

previously discrete lysosomes. It is also possible that homotypic fusion of 

lysosomes occurs to create this interconnected network. 

 

In the cluster of lysosomes represented in the tomogram, a single amorphous 

lysosome was present (Fig. 3.12 A., B., green). Contrastingly from the 

lamellar endolysosomes, this amorphous lysosome was entirely spherical and 
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smaller in volume than the endolysosomes in the model. This amorphous 

lysosome did not contain gold, which suggests that it represents the “terminal” 

lysosome, which was either not accessible to the endocytic pathway during 

the chase (possibly because it was in the process of reformation), had 

dropped out of the lysosome cycle entirely, or was newly formed at the time of 

fixation.  

 

After generating the tomogram in Figure 3.12, a striking association between 

mitochondria and lysosomes was noticed, and the mitochondria appeared to 

form contacts with multiple lysosomes at multiple sites. To visualise the close 

association between the lysosomes and mitochondria, all of the lysosomes 

and mitochondria in this region were modelled (Fig. 3.13). Lamellar 

lysosomes were represented in yellow/orange/red, the amorphous lysosome 

is represented in green, and the mitochondria are represented in blue/purple.  
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Figure 3.13: Mitochondria associate closely alongside clustered endolysosomes. 
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The tomogram in Figure 3.12 was further modelled, to include all of the lysosomes and 
mitochondria within the clustered region. In A., the number in each panel refers to the section 
that the image represents. Endolysosomes are depicted in shades of red/yellow/orange, a 
lysosome and an MVB are depicted in green and turquoise  (respectively), and mitochondria 
are depicted in shades of blue/purple. Panels B., C. and D. represent different angles of view 
of the 3D model. 
 
 

The close association between mitochondria and lysosomes can clearly be 

observed in the model in Figure 3.13. The mitochondria appear to occupy a 

significant proportion of the limited space between the cluster of lysosomes, 

making this region extremely densely packed with lysosomes and 

mitochondria. From single sections, this would be more challenging to 

observe, as the mitochondria weave between the lysosomes and appear in 

multiple planes. This close association is perhaps unsurprising, given that the 

importance of mitochondria-lysosome membrane contacts in regulating 

cellular homeostasis is more recently gaining attention and could be 

implicated in disease (Wong et al., 2019). Membrane contact sites are 

associations between different organelles, where tethers between their 

limiting membranes transiently maintain close proximity to facilitate inter-

organelle communication without membrane fusion (Gatta and Levine, 2017). 

Tomograms are ideal for observing membrane contacts, as each slice of the 

tomogram represents a slice of the specimen that is much thinner than a full 

section, reducing the effects of membrane blurring observed by oblique 

orientation of membranes in a section. Using the tomogram, I identified areas 

in a single slice where several mitochondria appeared in close proximity to 

lysosomes, to visualise areas where the membranes may be in contact with 

each other.  
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Figure 3.14: The close association between mitochondria and lysosomes could be 
mediated by tethered mitochondria-lysosome membrane contacts. 
A single slice of the tomogram is represented, showing a region where mitochondria are 
closely associated with lysosomes. Areas where the mitochondrial and lysosomal limiting 
membranes appear to be in contact are highlighted in the right panel. Scale bar represents 
250nm. 
 

Apparent mitochondria-lysosome contact sites can be observed in slices of 

the tomogram (Fig. 3.14). This suggests that the mitochondria are associating 

with the lysosomes in the cluster through tethered membrane contacts. It was 

not possible to observe any clear tethers however, which may be visible at 

higher magnification. Although the identification of extensive mitochondria-

lysosome contacts could provide an avenue for future work, this was not 

pursued further in the context of this project. 

 

It was hoped that the internal ultrastructure of the lysosomal intralumenal 

lamellae could be modelled from the tomogram, which would provide insights 

into whether the lamellae are concentric membranes or packed and folded 

“sheets” of membrane, for example. Unfortunately, the structure of the 

lamellae within the lysosomes was difficult to model and elucidate from the 3D 

data in Figures 3.12 and 3.13, as the magnification is too low and the fixation 

is not optimal. The conventional chemical fixation methods that were used to 

generate the specimen for the tomogram often produce fixation artifacts, 

confounding detailed ultrastructural analyses of the lysosomal internal 

structure at high magnification. To visualise the lysosomal ultrastructure with 
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fewer fixation artifacts I attempted to perform a fixation method known as 

high-pressure freezing. This method initially preserves the specimen through 

plunge freezing under high pressure in order to fix specimens whilst avoiding 

the formation of ice crystals. This is followed by freeze substitution, during 

which the specimen is gradually infused with chemical fixatives whilst 

incrementally increasing the temperature to eventually reach ambient 

temperature, before continuing with conventional resin embedding. The 

gradual rising of temperature whilst introducing fixatives produces a specimen 

with significantly fewer of the artifacts that are often associated with 

conventional chemical fixation. Unfortunately, despite multiple attempts to 

perform high pressure freezing and freeze substitution, the specimens were 

not optimal and further work to optimise the specimen processing is ongoing. 

3.2.3: Lysosomal content 
 

To assess whether the lysosomes with different morphology represent stages 

of the lysosome cycle, lysosomes were loaded with BSA-gold and chased for 

varying amounts of time. As shown earlier in this chapter, it was determined 

that the majority of BSA-gold reached the lysosome after a 24 hour chase, so 

this time point was selected as the minimal chase period. After the chase 

period, the cells were analysed by EM and gold-positive lysosomes were 

scored on whether or not they contained lamellae. It was expected that this 

would allow tracking of the lysosome cycle, to relate the differences in 

lysosomal morphology to the different stages of the lysosome cycle. 
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Figure 3.15: Tracking lysosome reformation using endocytosed BSA-gold.  
pRPE were pulsed with BSA-Au (5nm) to load the lysosomal compartment and chased for 1 
day, 3 days or 7 days and observed by electron microscopy. The gold-containing structures 
were graded on whether they contained lamellae (example shown in A., diagonal lines in C.), 
were amorphous (example shown in B., solid back in C.), or contained non-aggregated gold 
or morphology could not be accurately determined (horizontal lines in C.). 20 gold-containing 
organelles were graded per time point, representing a minimum of 5 cells per time point.  
 

The cells were pulsed with BSA-gold and observed by EM at 1 day, 3 days 

and 7 days post-pulse. The structures containing the endocytosed gold were 

identified, and graded on whether or not lamellae were present. A first 

observation was that in the peripheral lamellar regions gold appeared 

monodisperse, but gold was aggregated whenever it was contained in the 

electron dense amorphous “core” regions. Secondly, after grading the gold-

containing lysosomes on the presence or absence of lamellae, the proportion 

of lysosomes that were the amorphous type increased over time. This 

suggests that as lysosomes containing lamellae degrade their content, they 

progress to the amorphous type. In this process, the lamellae are lost, likely 



	   132	  

because the lamellae are degraded along with the cargo by the hydrolytic 

enzymes in the volatile lysosomal lumen. Although further time points and 

biological replicates are required, it appears from these data that some 

lysosomes may require as long as 7 days to degrade their cargo and lamellae 

to form the amorphous lysosome. 

 

After degradation of cargo, lysosomes that remain in the lysosome cycle 

undergo a process of reformation to be able to degrade further cargo (Bright, 

Davis and Luzio, 2016). It was not possible to determine from the previous 

experiment whether or not the amorphous lysosomes that contained gold had 

reformed and could participate in further degradative events. I hypothesised 

that an amorphous lysosome containing gold 7 days after the pulse of BSA-

gold may have three main possible fates: 

 

1. The lysosome remains in the lysosome cycle, has fully reformed, and is 

accessible to newly internalised cargo 

2. The lysosome remains in the lysosome cycle, is in the process of 

reforming, and may or may not be accessible to newly internalised 

cargo during the process of reformation 

3. The lysosome has dropped out of the lysosome cycle entirely, and will 

never be accessible to newly internalised cargo 

 

An experiment was designed to assess whether any of the lysosomes 

remained in the lysosome cycle 7 days after degrading cargo, and to attempt 

to quantify the proportion of lysosomes that this represented. In this 

experiment, cells were pulsed with BSA-gold of one size (5nm), followed by 

different periods of chase, before pulsing cells for a second time with BSA-

gold of a different size to the first (15nm). Colocalisation of the two different 

sizes of gold would confirm that lysosomes that acquired the first pulse of gold 

were accessible to new cargo when the second pulse was performed, 

indicating that they had either continued to be accessible to cargo, or had re-

formed. It was hoped that differences in the proportion of lysosomes 

containing both sizes of gold particles at the different time points could 



	   133	  

provide insight into the length of time required for lysosomes to reform before 

becoming accessible to cargo once more. 

 

 
Figure 3.16: Accessibility of labelled lysosomes to newly internalised cargo. 
pRPE were pulsed with BSA-Au (5nm, black arrows) and chased for 2h, 1 day or 7 days. 
After the first chase period, cells were pulsed for a second time with BSA-Au (15nm, white 
arrows) and chased overnight to allow the second pulse to reach lysosomes. Cells were fixed 
for EM, and the lysosomes containing 5nm Au were identified and scored on whether they did 
or did not contain 15nm Au also (A. and B., respectively). The percentage of 5nm Au-positive 
lysosomes that were also 15nm Au-positive, referred to as “double-positive”, was quantified 
and represented in the graph in C. A total of 20 lysosomes containing 5nm Au were analysed 
per time point, representing a minimum of 5 different cells per condition from a single 
biological replicate.  
 

In several aspects this experiment proved more challenging to quantify and 

interpret than originally anticipated. In the first set of experiments using 5 and 

10nm gold for the pulse it proved very difficult to distinguish between the two 

sizes of gold, especially where the gold was aggregated and possibly 

overlapping. This problem was reduced, although still a factor, when 5 and 
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15nm gold were used. Also, it appeared that uptake of the second pulse of 

gold was poor relative to the first pulse, as very few vesicles containing 15nm 

Au could be observed. This could explain why, after a short 2 hour separation 

between the two pulses, only 27% of the lysosomes containing 5nm Au also 

contained 15nm Au. The poor uptake of 15nm BSA-Au is perhaps 

unsurprising, given that the 15nm BSA-Au solution contains a smaller number 

of gold particles than the 5nm BSA-Au solution. Additionally, endocytosis is 

responsible for uptake of small cargo, and so there may be physical restraints 

on the number of 15nm gold particles that can be incorporated into 

internalising vesicles. In addition, aggregated gold is often segregated to one 

region of lysosomes, rather than being homogenously dispersed throughout 

the compartment. This means that it is not possible to conclusively determine 

whether a lysosome is devoid of gold from an ultrathin section, as the section 

may not contain the part of the lysosome where the aggregated gold is 

segregated. To further compound the analysis, manual quantitation of images 

acquired by TEM was time-consuming and laborious, and sectioning artefacts 

such as tears and folds were often present along the ribbon of sections, 

limiting the number of cells and therefore organelles that could be analysed 

per time point. It is possible that the accumulation of significant amounts of 

indigestible gold inside lysosomes could itself prevent or interfere with the 

process of lysosome reformation. 

 

Some tentative interpretations could be made from the data. At least a 

proportion of lysosomes that had acquired the 5nm BSA-gold were still 

accessible to 15nm BSA-gold 7 days after the first pulse. 25% of the 

lysosomes that contained aggregated 5nm gold were double positive, 

confirming that at least some of the lysosomes had not dropped out of the 

cycle 7 days after degrading cargo (the first pulse of BSA-gold). At the 1-day 

time point, only 14% of the lysosomes were double-positive, which could 

suggest that the lysosomes require a period of time to reform before 

becoming accessible to cargo. As discussed previously, I suspect that the 

actual number of colocalised lysosomes is greater than the analysis would 

suggest, as the gold may be aggregated in a portion of the lysosome not 

included in the section. These interpretations are tentative, due to the 
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challenges discussed and the small sample size. Use of fluorescent dextran 

may provide a more rapid method of quantitating colocalisation in a larger 

number of lysosomes, but unfortunately time did not permit for this revised 

experiment to be performed.  

 

We concluded that the lysosomes with different morphology likely represent 

lysosomes at different stages of the lysosome cycle. The amorphous 

lysosome is possibly formed as the internal lamellae of the lysosomes are 

degraded along with the cargo. I hypothesised that, along with the cargo and 

lamellae, the hydrolytic enzymes are also degraded in the volatile lumen of 

the active endolysosome. To test this hypothesis, cells were pre-loaded with 

BSA-gold, chased overnight, and fixed before labelling ultrathin cryosections 

with anti-Cathepsin D immunogold.  
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Figure 3.17: Cathepsin D is predominantly localised to lamellar regions of lysosomes.  
pRPE were pulsed with BSA-gold (5nm Au, white arrows) and chased for 24 hours, before 
fixing and labelling ultrathin cryosections with anti-Cathepsin D immunogold (10nm Au, black 
arrows). The aggregated endocytosed gold was predominantly confined to amorphous 
regions, and the Cathepsin D immunogold was predominantly localised to the lamellar 
regions. 
 

As observed previously, aggregated 5nm gold (derived from the endocytosed 

BSA-gold) accumulated in the more amorphous regions of the lysosomes 

(Fig. 3.15). Interestingly, the amorphous regions that often contained 

aggregated gold appeared to contain less anti-Cathepsin D immunogold than 

the lamellar regions (Fig. 3.17). The lamellar regions that stained strongly with 

anti-Cathepsin D immunogold were devoid of the endocytosed 5nm gold, 
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suggesting that these regions could represent either newly formed or newly 

reformed part of the lysosome network. I therefore hypothesise that 

degradation of cargo inside the lysosome is accompanied by degradation of 

lamellae, and possibly degradation of Cathepsin D. It is also possible, 

however, that Cathepsin D is not degraded along with the cargo and lamellae 

and is instead somehow sequestered from the amorphous regions and 

recycled. 

 

It should be noted that although some regions containing aggregated 5nm 

gold appeared to be devoid of the 10nm anti-Cathepsin D immunogold, the 

presence of aggregated 5nm gold made it difficult to identify 10nm gold 

particles in that region. Therefore we cannot exclude the possibility that some 

regions containing endocytosed gold contain small amounts of Cathepsin D 

immunogold. To circumvent the challenge of overlapping gold and evaluate 

whether some lysosomes may be devoid of Cathepsin D or poor in Cathepsin 

D, ICC was performed. Using this method, colocalisation between LAMP and 

Cathepsin D could be observed by immunofluorescence.  

 



	   138	  

 
Figure 3.18: Only a subset of LAMP2-positive structures contain detectable Cathepsin 
D.  
Control pRPE were fixed and double stained for LAMP2 (A., green) and Cathepsin D (B., red) 
and imaged by confocal microscopy. The confocal plane was selected based on the strongest 
DAPI signal, and images represent the selected confocal slice. The merged image of the 
stained channels with DAPI is shown in C. In Fiji, colocalisation between LAMP2 and 
Cathepsin D was analysed with Coloc2 and a mask of the colocalised areas detected by the 
program was generated (D.), where green and red represent non-colocalised LAMP2 positive 
and Cathepsin D positive regions, respectively, and purple represents the regions where 
LAMP2 and Cathepsin D colocalise. Scale bar 10µm. 
 

Colocalisation was difficult to observe from the merged image in Figure 3.18 

C., as membrane-localised LAMP fluorescence surrounds the Cathepsin D 

fluorescence in the lumen, so the fluorescence signal does not overlay 

exactly. Despite the lack of direct overlay between the two channels, the 

Coloc2 plugin for Fiji was able to distinguish the LAMP2-surrounded 

Cathepsin D fluorescence as colocalised regions. A mask of the areas that 

the plugin considered colocalised is shown Figure 3.18 D. From the 

colocalised mask, it is clear that only a subset of the LAMP2 positive punctae 
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are also positive for Cathepsin D.  This does not prove that some of the 

lysosomes are totally devoid of Cathepsin D, however, as some of the 

lysosomes may contain less Cathepsin D that emitted fluorescence below the 

detection range. Also, it is possible that some lysosomes could be more 

accessible to the antibody due to differences in permeability. With the cryo-

immuno TEM suggesting that Cathepsin D may be degraded along with the 

endocytic cargo and lamellae, I compared the turnover rate of Cathepsin D 

with the membrane protein LAMP1 by Western blot.  

 

 
Figure 3.19: Evaluating the turnover rates of lysosomal proteins by inhibiting protein 
synthesis. 
pRPE were incubated with 2.5µg/ml cyclohexamide (CHX) for 24 hours before analysing the 
levels of lysosomal proteins by Western blot (representative blot shown in A.). The levels of 
LAMP1 (B.), Pro-Cathepsin D (C.), Cathepsin D heavy chain (D.) and total Cathepsin D (E.) 
were analysed in the CHX treated cells compared to NT cells. Values are represented as the 
mean ±SEM, n=4 (**p<0.01).  
 

From the Western blot data, LAMP1 turnover appeared to be slower than the 

turnover of total Cathepsin D (Fig. 3.19 B.). LAMP1 may be more resistant to 

degradation by lumenal hydrolases as the lumenal domain of LAMPs are 

heavily glycosylated, whereas Cathepsin D is unprotected in such a way and 
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is exposed to the volatile lumen of the lysosome. The lysosomal glycocaylix 

formed by glycosylated domains of membrane proteins acts as a protective 

buffer around the lysosomal limiting membrane and likely accounts for the 

slower turnover of LAMP1.  

 

In my Western blots for Cathepsin D, two bands are present that represent 

different forms of Cathepsin D (Fig. 3.19 A.). The upper band representing 

greater molecular weight represents pro-Cathepsin D, whereas the lower 

band represents the ‘heavy chain’, which is the mature form of Cathepsin D. 

The mature form has a lower molecular weight due to cleavage of the pro-

form. According to the combined data from the four biological replicates, 

Cathepsin D heavy chain was turned over at a similar rate to LAMP1 (Fig. 

3.19 D.). However, the turnover of Cathepsin D heavy chain varied 

significantly between the biological replicates. In two of the replicates, the 

level of Cathepsin D heavy chain appeared to be significantly depleted, 

whereas in another replicate the Cathepsin D heavy chain confusingly 

appeared to increase after CHX. The observed variations suggest that the 

quantitation of Cathepsin D heavy chain from these four biological replicates 

may not be truly representative, and further biological replicates are required.  

 

The turnover of pro-Cathepsin D was consistently very rapid, with on average 

only around 15% remaining after a 24-hour chase (Fig. 3.19 C.). As the 

turnover of pro-Cathepsin D was so rapid, it was not possible to estimate its 

half-life with any accuracy with only a single time point, so the CHX treatment 

was repeated and cells were lysed after shorter incubation periods with CHX. 
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Figure 3.20: Pro-Cathepsin D is rapidly cleaved to form mature Cathepsin D. 
pRPE were incubated with 2.5 µg/ml cyclohexamide (CHX) for 1h, 2h 4h or 24h with, before 
analysing the levels of Pro-Cathepsin D by Western blot (representative blot shown in A.). 
The level of Pro-Cathepsin D (B.) was analysed in the CHX treated cells at the different time 
points. Values are represented as the mean ±SEM, n=3 (*p<0.05).  
 

After only 1 hour of incubating the cells in the presence of cyclohexamide, 

less than 50% of the pro-Cathepsin D remained. Based on this data, the half-

life of pro-Cathepsin D can be estimated at only 1 hour. The cleavage of pro-

Cathepsin D to the mature Cathepsin D form occurs in the lysosome, and so 

this data suggests that the process of trafficking to the lysosome occurs within 

as little as 1 hour after the protein has been synthesised. This, combined with 

the fact that unchallenged control cells always had a band representing the 

pro-Cathepsin D, suggests that RPE cells constantly synthesise a significant 

amount of Cathepsin D at a basal level. 
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3.3: Chapter Discussion 

3.3.1: pRPE and hEScRPE form polarised monolayers in vitro and 
lysosomes can be identified 

 

Visualising cells grown on Transwell filters, both pRPE and hEScRPE formed 

polarised and complete monolayers, representative of RPE in vivo. Whilst 

pPRE polarised rapidly (within 1 week), hEScRPE took longer to polarise, and 

were usually fully polarised around 2 weeks after seeding. Both cell types 

exhibited well-developed junctions between cells, apical processes and basal 

infoldings, and were pigmented. The lysosomes of pRPE were easily 

identified, with many structures with typical lysosomal morphology visible 

within sections. 

 

The lysosomes of hEScRPE cells were not as straightforward to identify 

based on morphology. A significant proportion of the cytoplasm of the 

hEScRPE was populated by melanosomes that were often at an 

immature/premelanosome stage, demonstrating that the cells continue to 

undergo significant melanogenesis unlike adult RPE cells. Many of the 

immature melanosomes contained striations, which could be confused for 

lamellae inside lysosomes. Pulsing the cells with BSA-gold and chasing the 

pulse to load the lysosome revealed that gold aggregated inside a population 

of vesicles without striations or lamellae, and appeared less electron-dense 

than lysosomes do typically. Although the compartment containing the gold 

did not exhibit typical lysosomal morphology, the aggregation of gold 

confirmed that the hEScRPE do contain the hydrolytic enzymes required to 

degrade the stabilising BSA. Whilst it was concluded that these structures 

represented the lysosomal compartment in the hEScRPE, they were difficult 

to distinguish from other vesicles within the cytoplasm, and so pRPE were 

predominantly used for investigating lysosome morphology by TEM. 

3.3.2: Lysosomes in pRPE differ in morphology and structure  
 

Conventionally, lysosomes are identified in EM as either lamellar structures or 

as amorphous electron dense vesicles lacking lamellae. Both of these types 
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of lysosome could be identified by conventional EM in pRPE and RPE in situ, 

as well as hybrid organelles that contained both amorphous and lamellar 

regions. Both types of lysosome acquired endocytosed BSA-gold, and cryo-

immuno TEM demonstrated that both types are LAMP2-positive. Electron 

tomography revealed that some amorphous lysosomes are completely 

separate and discrete from the lamellar structures and appeared spherical 

when their 3D structure was modelled.  

 

The tomogram also revealed that many of the lysosomes containing lamellae 

formed a complex interconnected network. The presence of endocytosed gold 

in the interconnected lamellar lysosomes indicated that these structures 

represented endolysosomes that are likely the principle site of acid hydrolase 

activity. Many of the regions where the lamellar lysosomes connected 

appeared amorphous and electron lucent, and contained gold that was 

endocytosed 24 hours previously. This suggests that the interconnected 

network of lysosomes is formed, at least in part, as multiple lysosomes fuse 

with a single endosome. Not all of the connections between lysosomes 

appeared to be formed by fusion with an endosome, so it is possible that the 

network is also formed by homotypic fusion of lysosomes to some extent. This 

homotypic fusion is likely to occur, as both lysosomes and endosomes 

associate with Rab7 that recruits the same HOPS tethering complex and the 

SNAREs required for organelle fusion. Fusogenic lysosomes may therefore 

be unable to discriminate between endosomes and other lysosomes, 

contributing to formation of the interconnected network.  

3.3.3: Lamellar lysosomes become amorphous lysosomes as they 
degrade cargo 

 

We hypothesised that the lysosomes with different morphology represent 

lysosomes at different stages of the lysosome cycle. The pulse-chase 

experiment showed that gold is increasingly frequently observed in 

amorphous lysosomes as time progresses. This demonstrated that both the 

different lysosomal morphologies represented organelles involved in the 

degradation of endocytic cargo, and suggested that lamellar lysosomes 
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progress to become the amorphous lysosomes as cargo is degraded. It was 

therefore concluded that the different lysosomal morphologies did indeed 

represent different stages of the lysosome cycle. The analysis also suggested 

that the majority of lysosomes take around 3 days to become the amorphous 

kind, although the presence of a mass of non-degradable gold in the 

lysosomes could interrupt the normal degradative process. At least a 

proportion of lysosomes that acquire endocytic cargo (and are presumably the 

amorphous kind) are accessible to newly internalised material after a 1-week 

separation. This suggests that at least some of the amorphous lysosomes 

remain in the lysosome cycle and do not necessarily represent a post-

lysosomal compartment.  

 

As the lysosomes become amorphous, the lamellae are lost. The most likely 

explanation for the loss of the intralysosomal lamellae is that they are 

degraded along with the cargo by the hydrolytic enzymes within the lumen. It 

therefore appears that generation of amorphous lysosomes is dependent on 

hydrolase activity to degrade the lamellae. Cryo-immuno EM using anti-

Cathepsin D immunogold demonstrated that lamellar regions of lysosomes 

were more rich in Cathepsin D than amorphous regions of lysosomes. The 

amorphous regions contained aggregated endocytosed gold, suggesting that 

these regions contain the products derived from the breakdown of cargo. 

 

 
Figure 3.21: Degradation of lysosomal cargo is likely accompanied by degradation of 
lamellae and Cathepsin D. 
Working model based on the observations in this chapter. After pulsing with BSA-gold, 
aggregated gold appears in the amorphous regions of lysosomes, which also contain less 
Cathepsin D than lamellar regions. This suggests that as the lamellar, Cathepsin D-rich, 
lysosomes degrade cargo, the lamellae and Cathepsin D accumulate in the amorphous 
regions of the lysosome, forming an entirely amorphous lysosome that is poor in Cathepsin D. 
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Quantitating the levels of lysosomal proteins after inhibiting new protein 

synthesis indicated the basal turnover rates of LAMP1 and Cathepsin D. After 

24 hours without new protein synthesis, LAMP1 levels did not appear to 

decrease to the same extent as total Cathepsin D. The data suggested that 

the half-life of LAMP1 is greater than 24 hours, whereas the half-life of total 

Cathepsin D is around 24 hours. Analysis of pro-Cathepsin D levels showed 

that this immature form of Cathepsin D is rapidly turned over and has an 

estimated half-life of around 1 hour. However, the turnover rates of Cathepsin 

D heavy chain (the active enzyme) varied significantly between biological 

replicates, so the turnover rate of the mature form of the enzyme was difficult 

to assess with any accuracy.  

 

Western blot analysis of Cathepsin D in non-treated cells often showed that 

some lysates had a more intense band representing the higher molecular 

weight pro-Cathepsin D than the Cathepsin D heavy chain (the mature and 

catalytically active form of the enzyme). The size of this band relative to the 

heavy chain band did, however, vary between lysates from different batches 

of cells. This could suggest that some batches of pRPE cells synthesise a 

large amount of pro-Cathepsin D, but a large amount of the pro-form is not 

cleaved to the active form, possibly because a large amount is secreted from 

the cell or degraded entirely in the lysosome. Also, it could be possible that 

pro-Cathepsin D is delivered to lysosomes and stored in the lumen until the 

lysosome is active, and only then does the pro-form become cleaved. If 

indeed some batches of cells contain more stored pro-Cathepsin D, this could 

provide an explanation as to why some biological replicates did not show any 

depletion in mature Cathepsin D after CHX challenge. It is however also 

possible that the polyclonal anti-Cathepsin D antibody has more affinity for 

pro-Cathepsin D, as more epitopes are accessible on the non-cleaved protein. 

 

I expected LAMP1 turnover to be slower than the turnover of Cathepsin D. 

The lumenal domain of LAMPs are generally highly glycosylated and form a 

glycocaylix that functions to protect the phospholipid bilayer of the lysosome 

and the associated membrane proteins from the volatile environment of the 

lysosomal lumen (Schulze, Kolter and Sandhoff, 2009). Cathepsin D, 
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however, does not have this protection, and is exposed to the enzymes in the 

low pH environment of the lumen, so is potentially more susceptible to 

degradation. Consistently, the basal rate of synthesis of Cathepsin D is 

greater than that of LAMP1. In other words, the rate of Cathepsin D turnover 

is greater than the rate of LAMP1 turnover. Further biological replicates will be 

required to more accurately determine the rate of turnover of mature 

Cathepsin D.  

3.3.4: Lysosome reformation requires replenishment with 
lysosomal enzymes 

 

Amorphous lysosomes appeared to contain little Cathepsin D, and ICC 

showed that not all LAMP2-positve lysosomes contain detectable levels of 

Cathepsin D, consistent with the findings of Cheng et al (2018). We cannot, 

however, exclude the possibility that some lysosomes that do not stain for 

Cathepsin D actually contain some form of Cathepsin D. Also, whilst both the 

pro-Cathepsin D and Cathepsin D heavy chain are detected by Western blot 

and can be distinguished by molecular weight, it is not possible to distinguish 

between the forms of Cathepsin D by cryo-immuno TEM or ICC. It should also 

be noted that the Western blots were performed on reduced denatured 

lysates, whereas the microscopy is performed on non-reduced fixed samples. 

It is possible therefore that the pro-form of Cathepsin D is only detected by 

Western blot, but not in the microscopy analysis. This could be addressed by 

identifying antibodies that exclusively recognise either the pro-form or mature 

form of Cathepsin D. 

 

Assuming that the antibody does recognise both forms of Cathepsin D in the 

microscopy techniques, my observations suggest that Cathepsin D itself is 

degraded as lysosomes degrade cargo and lamellae to become amorphous 

lysosomes. If these amorphous lysosomes remain in the lysosome cycle, 

which I demonstrated some indeed do, then they presumably must be 

replenished with newly synthesised enzymes. Bright et al (2016) propose that 

the amorphous pH neutral lysosomal compartment in NRK cells represents 

the reformed terminal lysosome that contains a pool of enzymes and is able to 
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participate in further fusion events and degrade cargo (Bright, Davis and 

Luzio, 2016). I propose that in the pRPE cells, the amorphous lysosome does 

not necessarily represent the reformed terminal lysosome, as my data 

suggests that the amorphous lysosomes generally contain less Cathepsin D 

than lamellar lysosomes. These amorphous lysosomes presumably require 

replenishment of newly synthesised enzymes before they can be considered 

“reformed”. It is unclear whether newly synthesised enzyme would be 

delivered to the amorphous lysosomes where it would gradually build up a 

pool of enzymes, or whether the enzymes are delivered to the lamellar 

lysosomes.  

3.3.5: Roles for mitochondria-lysosome contacts 
 

In addition to differences in lysosomal morphology, tomography revealed 

extensive association between mitochondria and lysosomes that are likely 

formed by membrane contacts between the organelles. It has been shown 

that GTP-bound Rab7 on the lysosomal limiting membrane promotes the 

formation of mitochondria-lysosome tethers, and regulates lysosomal 

dynamics through recruitment of Rab7 effector proteins to modulate 

lysosomal motility (Wong et al., 2019). Conversely, the membrane contact 

sites also regulate mitochondrial dynamics, often marking the site of 

mitochondrial fission to increase the number of mitochondria in the cell 

(Wong, Ysselstein and Krainc, 2018). STARD3 has been identified as an 

important mitochondria-lysosome tether that is required for cholesterol 

transport from lysosomes to the mitochondria (Höglinger et al., 2019; Wong et 

al., 2019).  

 

As mitochondria appeared to associate more extensively with lamellar 

lysosomes rather than the amorphous lysosome, I speculate that extensive 

mitochondria-lysosome contact sites mark the more motile hydrolase active 

endolysosomal compartment. In combination with ER-lysosome contacts, 

these associations may play a vital role in egress of lipids derived from the 

degradation of cargo by active lysosomes to form the amorphous lysosome. 
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These observations were not investigated further in the scope of this project, 

but could provide an avenue for future work.  

3.3.6: Melanosome-lysosome interactions 
 

It was demonstrated that an acidotropic probe appears to accumulate at 

peripheral regions of melanosomes. Membranes that were morphologically 

comparable to lysosomal lamellae, which also contained aggregated 

endocytosed gold and Cathepsin D, could also be observed associating with 

melanosomes. RPE cells do not undergo significant melanogenesis in 

adulthood (although this is debated), and so melanosomes are presumably 

retained for the entire lifetime of the cell. Melanosome-lysosome interaction in 

the RPE has been frequently described (Ulrich Schraermeyer, 1993). I 

therefore concluded that the melanosome-lysosome interactions are unlikely 

to represent a degradative process, but rather could play a functional role.  

 

Interestingly, neutral pH has been shown to be optimal for melanogenesis in 

skin melanocytes, and physiological modulation of melanosome pH in 

melanocytes modulates melanogenesis (Puri, Gardner and Brilliant, 2000; 

Ancans et al., 2001). Therefore, I speculate that melanosome-lysosome 

interactions in the RPE could function to maintain the low pH of melanosomes 

and suppress melanogenesis in adult RPE cells. However, it remains elusive 

how melanosomes appear to be resistant to lysosomal degradation, despite 

interacting with lysosomes. It has been suggested that none of the lysosomal 

hydrolases are capable of degrading melanin, which is highly concentrated 

inside mature melanosomes, and this could explain their resistance to 

degradation. Melanosome-lysosome interaction could also be a trafficking 

route for newly synthesised proteins to reach the melanosome, suggesting 

that some lysosomes could be involved in sorting cargo for melanosome 

maintenance. 
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4: POS-induced Model of Early AMD 
 
A typical hallmark of ageing and AMD is an accumulation of 

material both inside and below RPE cells, termed lipofuscin and 

drusen, respectively. The accumulations have been shown to 

include incompletely digested POS-derived material, implicating a 

role for lysosome dysfunction in their generation. Discussed in this 

chapter is the development and characterisation of an in vitro 

model to rapidly recapitulate some of the hallmarks of early AMD 

by feeding cells with purified POS.  
 

4.1: Chapter Introduction 

4.1.1: Phagocytosis in the RPE 
 

One of the ways in which the RPE maintains retinal homeostasis is through 

phagocytosis and subsequent clearance of spent Photoreceptor Outer 

Segments (POS). This is a vital process that, if defective, causes widespread 

retinal degeneration due to build-up of debris in the subretinal space (Strauss 

et al., 1998; Fletcher et al., 2011). It is estimated that the POS are totally 

renewed every 10 days in vivo (Young, 1967), and all of the spent POS must 

be ingested and degraded by the RPE. Thus, RPE cells face an unparalleled 

digestive burden. 

 

Phagocytosis is a stimulated event, requiring binding of POS to the RPE’s 

apical processes via the αvβ5 integrin and stimulation of MerTK. The signalling 

mechanisms induce major actin rearrangement in the apical process to form 

the phagocytic cup and eventually an intracellular phagosome containing a 

POS fragment. Once inside the RPE, a phagosome undergoes a process of 

maturation as it is transported basally, facilitating eventual interaction with 

lysosomes. The lysosomes then complete the degradative process and clear 

the ingested POS before the phagocytosis repeats the following day. The 
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dynamics of lysosome-phagosome interaction and lysosomal degradation of 

POS are not entirely understood, and the process of lysosomal reformation 

from phagolysosomes is also elusive. 

 

A former student in the Futter lab, Ingrid Meschede, had introduced and 

adapted a protocol (from Parinot et al., 2014) for isolating and purifying POS 

from porcine eyes, and optimised phagocytosis assays in pRPE. By FITC-

labelling the POS preparation and labelling with anti-rhodopsin, it was 

demonstrated that practically all material in the preparation was indeed POS, 

validating the purity of POS isolated with this protocol in our lab. Feeding the 

POS to pRPE cells was also optimised. A pulse of 4 hours was chosen to 

mimic the diurnal phagocytosis of POS in vivo, and cells efficiently 

phagocytosed a significant amount of POS in this period. Mild sonication of 

the preparations in an ultrasonic bath immediately prior to feeding to the cells 

fragmented the larger POS and increased the efficiency of POS uptake. It was 

also shown that the cells contained a greater number of rhodopsin-positive 

phagosomes with increasing concentrations of POS in the media, up to a 

concentration of 200µg/ml. Increasing the concentration of POS beyond 

200µg/ml did not increase the amount of phagocytosed POS, indicating that 

this concentration saturates the phagocytic ability of the cells and represents 

maximum uptake.  

 

Our lab has published work that characterised the pre-lysosomal processing 

of phagosomes in pRPE cells using the purified POS (Wavre-Shapton et al., 

2014). This work demonstrated that phagosomes in the pRPE cells undergo 

the same stages of maturation as they do in mouse retina in vivo. This was 

evidenced by the loss of the cytoplasmic epitope of rhodopsin, which occurs 

as the phagosomes mature by interaction with the endocytic pathway as they 

are trafficked basally, prior to the loss of the intradiscal epitope. The 

phagocytic pathway was therefore relatively well described in the pRPE cell 

system prior to this project, but the lysosomal degradation of the POS was 

less well characterised.  
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4.1.2: Cellular Hallmarks of Ageing and AMD 
 

In ageing and disease, RPE cells develop some typical hallmarks such as 

lipofuscin accumulations. Lipofuscin is a mix of lipids and proteins, and has 

been shown to include photoreceptor-derived material such as A2E. This 

raises the possibility that inefficient clearance of POS through degradation of 

phagosomes could contribute to the formation of lipofuscin granules. In 

addition, sub-RPE deposits termed drusen can also contain photoreceptor-

derived material, suggesting that exocytosis of undegraded POS-derived 

material contributed to drusen formation. Autophagic markers have also been 

identified in some forms of drusen, which further supports the hypothesis that 

lysosome dysfunction is contributing to its formation by inefficient clearance 

4.1.3: Models of AMD 
 

All model systems of human age-related diseases that can be developed and 

studied practically are a compromise, as the pathogenesis in vivo occurs due 

to numerous factors over a period of decades that cannot be entirely 

recreated in a laboratory setting. Therefore, understanding of pathogenic 

mechanisms requires information derived from multiple model systems, 

including both in vivo and in vitro studies. Animal models of AMD exist that 

exhibit autofluorescent lipofuscin granules and implicate impaired clearance of 

phagosomes as a mode of pathogenesis (Fletcher et al., 2011, 2014; 

Pennesi, Neuringer and Courtney, 2012). One such animal model, the 

Cathepsin D mutant mouse, has been shown to accumulate incompletely 

digested POS inside RPE cells, leading to retinal degeneration (Rakoczy et 

al., 1997, 2002)  However, system-based animal models are challenging to 

study as phenotypes can be generated by a complex combination of factors 

governed by different cell types and tissues.  

 

By using an experimentally tractable in vitro system, we could gain insights 

into lysosome turnover in aged RPE by assessing lysosome reformation, 

biogenesis and the cellular response without the contribution of other 

compounding factors such as inflammation. Few such models have been 
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developed and none are used as standard, and so a main aim of this part of 

the project was to develop an in vitro model that rapidly recapitulates some of 

the cellular hallmarks of AMD.  We aimed to achieve a model of ageing in our 

cell systems by challenging the lysosomes of RPE cells with their 

physiological substrate, POS, and with POS that is more resistant to 

degradation. Published work has shown that UV-irradiating bovine POS prior 

to feeding them to RPE cells induces the formation of numerous lipofuscin-like 

granules (Wihlmark et al., 1996). It has also been demonstrated that ARPE19 

cells fed with UV-irradiated porcine POS form autofluorescent granules and 

the cells exhibit increased cytokine secretion (Lueck et al., 2012). This links 

failure to degrade POS-derived material with an enhanced inflammatory 

response. However, the POS used in these studies were isolated using a 

different protocol to the one in our lab, and the autofluorescent granules were 

not extensively characterised.   

 

4.2: Results 

4.2.1: Preparation of porcine POS 
 

For these models, POS were isolated from porcine eyes and purified for use 

in phagocytosis pulse-chase experiments. This process was necessary as 

purified POS, from any species, are not commercially available. The 

previously characterised POS purification method required a minimum of 100 

eyes per isolation and it was challenging to obtain the required number of 

eyes from our usual source. Moreover, the protocol is technically demanding 

and time-consuming, and furthermore required the use of an ultracentrifuge 

with a specialised swing-bucket rotor that was often unavailable due to 

mechanical faults. Unfortunately, our collaborators in Lisbon did not have 

easy access to such an instrument at the time.  

 

From the literature, we identified an alternative protocol for isolating POS that 

could be performed with as few as 5 eyes (Tsang et al., 1998). This protocol 

requires serial fractionation by sequential centrifugation in commercially 

available OptiPrep™ buffer (a solution of idoixanol) rather than 
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ultracentrifugation through a continuous sucrose gradient. This buffer is an 

alternative to Percoll®, which can be toxic to mammalian cells. At this time, 

our collaborators were in the process of establishing and optimising cultures 

of human fetal RPE cells (hfRPE/Lonza RPE) and had noted poor uptake of 

the POS isolated with the alternative protocol. It was unknown whether the 

poor uptake was due to inability of the hfRPE to phagocytose porcine POS, or 

whether the protocol produced impure POS. I therefore analysed POS purified 

by both the sucrose gradient and OptiPrep™ protocols using the same batch 

of eyes by TEM to qualitatively assess purity. 

 

 
Figure 4.1: Qualitative comparison of porcine POS preparations.  
Porcine POS were isolated following either the Sucrose Gradient protocol (upper panel), or 
the OptiPrep™ protocol (lower panel) and pellets were analysed by transmission electron 
microscopy to subjectively evaluate purity. 
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Pellets of the isolated POS from the two different methods were observed by 

electron microscopy to subjectively assess their purity (Fig. 4.1). Pure POS 

preparations contain fragments of disk membranes, but are devoid of 

organelles found in the inner segments or cell bodies, such as mitochondria 

and secretory granules.  It was clear that the sucrose gradient method 

produced the more pure POS preparation, with fragments of membrane and 

very little contaminating cell debris visible in the pellet. However, the POS 

purified with OptiPrep™ contained some cellular debris that did not resemble 

POS membranes and often appeared vesicular. The presence of vesicular 

structures suggested that the preparation contained cell debris from the 

photoreceptor inner segments, cell body and synapses.  

 

POS membranes incorporate a significant amount of protein in the form of 

rhodopsin. Measuring total protein using a NanoDrop allows for rapid 

estimation of the amount of POS in a suspension in order to standardise the 

amount of POS used in a pulse. Total protein concentration was analysed for 

each of the preparations and represented as total protein yield per eye. The 

sucrose gradient method yielded almost 0.25ug/ml of total protein per eye, 

whereas the OptiPrep™ method yielded only 0.16ug/ml total protein per eye. 

As the sucrose gradient method appeared to produce both a purer POS 

preparation and a greater total protein yield than the OptiPrep™ method, the 

latter method was deemed unsuitable for our assays and was not pursued. All 

POS used subsequently were isolated using the superior sucrose gradient 

method. We next developed a novel method for tagging POS to track 

phagosome degradation by TEM. 

 

By TEM, identification of POS on the cell surface and in early phagosomes is 

relatively straightforward, as the distinctive disk-like membranes of the rod 

outer segments remain mostly intact. Phagosomes can also be identified prior 

to fusion with lysosomes and degradation by cryo-immuno TEM or 

immunocytochemistry by labelling for rhodopsin that is highly expressed on 

the POS membranes. However, after phagosome-lysosome fusion and 

degradation of POS, rhodopsin antigenicity is lost along with the distinctive 

disk-like membranes of the POS, making identification of POS-derived 
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material challenging. To address this challenge, we sought to develop a 

method to tag POS with a non-degradable probe. This probe would be 

internalised into the phagosome along with the POS and would be visible by 

conventional TEM, and could be tracked through lysosomal degradation.  

 

For several reasons, gold colloid was chosen as the tag. Gold is not toxic to 

the cells, cannot be degraded by the cells, and can be visualised by 

conventional TEM. Having chosen to tag the POS with gold, the next 

challenge was to identify a method that would effectively bind the gold to the 

POS membranes. Initial efforts by our group focused on conjugating POS with 

biotin, before incubating the POS suspension with a streptavidin-nanogold 

conjugate. This method, however, yielded POS that had very little gold tagged 

to them. Further attempts at tagging POS with an anti-rhodopsin antibody 

coupled to nanogold also failed.  

 

A more simple method was proposed, whereby POS would be mildly 

sonicated in the presence of gold colloid using an ultrasonic bath. The 

sonication step was utilised in the standard protocol to break up larger 

fragments of POS and increase efficiency of phagocytosis, so this was not a 

new addition to the protocol. It was predicted that the fragmented membranes 

would partially re-form around the gold after sonication, trapping the gold 

colloid within the membranes and effectively tagging the POS fragments. Gold 

colloid has benefits over nanogold, as no additional enhancement steps are 

required to visualise gold colloid, and gold colloid of different sizes are 

available. In addition, non-stabilised gold aggregates in a low pH environment. 

Therefore, observing the aggregation of gold can indicate whether or not it 

has passed through a degradative compartment. A disadvantage of gold 

colloid is that large masses of indigestible aggregated gold could potentially 

be detected by the cell and trigger a response, however this has not been 

apparent so was not considered a major issue.  Another drawback is that the 

tagged gold is likely liberated from the membranes once the breakdown of 

POS begins, and therefore the presence of gold does not necessarily report 

the presence of POS, although it was internalised with the POS. This method 

was tested, and the POS were fed to porcine RPE cells (Fig. 4.2). 
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Figure 4.2: POS can be tagged with gold to track phagocytosis by TEM. 
POS were tagged with 10nm gold colloid by sonication before feeding to pRPE cells in a 4-
hour pulse. Cells were observed by conventional EM at the end of the pulse (A.) and at 4h 
post-pulse (B.). POS on the cell surface (pre-internalisation) are clearly tagged with gold 
indicated by the arrows (A.), and phagosomes within the RPE are also identifiable by the 
presence of gold (B.). 
 

Electron microscopy of the POS on the cell surface, prior to internalisation into 

the RPE (Fig. 4.2 A.), shows that the POS were efficiently tagged with gold 

colloid. The gold is clearly visible and contained within the POS fragments 

(white arrows, Fig. 4.2 A., inset) and there is no unbound gold on the cell 

surface. The tagged gold is also clearly visible within early phagosomes (Fig. 

4.2 B.), and all phagosomes observed within a single grid of specimen 

contained gold. A drawback of the method, that became more evident as the 

project progressed, was that the tagging method was more successful using 

some batches of POS than other batches from a different isolation. A likely 

explanation for this unreliability between batches of POS is that some POS 

preparations contained smaller fragments than others, and smaller fragments 

were less likely to encapsulate gold. 
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4.2.2: Phagocytosis and degradation of POS in hEScRPE 
 

Whilst porcine POS were known to be recognised and phagocytosed by 

pRPE, it was unknown whether the hEScRPE used in our lab were capable of 

the phagocytosis of porcine POS. Newly differentiated hEScRPE cells will 

never have been challenged with POS before, and so it is possible that they 

do not have this ability. As previous work had shown that human-derived 

ARPE19 cells are capable of the phagocytosis of porcine POS, we were 

confident that as long as hEScRPE expressed the required receptors on their 

apical membrane, they would be capable of recognising the porcine POS. 

However, the hEScRPE are cultured in a specific medium (X-Vivo 10, Lonza) 

containing a combination of growth factors that is undisclosed by the 

manufacturer, and the media is not supplemented with FBS. Phagocytosis 

requires stimulation of MerTK and αvβ5 integrin on the apical membrane of 

RPE to both recognise and bind the POS fragments and, as mentioned, pRPE 

require serum supplementation for enhanced phagocytosis. We firstly pulsed 

hEScRPE cells with POS for 4 hours without supplementation of the media, 

but no phagosomes could be observed by TEM. The 4 hour POS pulse was 

repeated, but this time the media was supplemented with 10% FBS.  
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Figure 4.3: hEScRPE are capable of internalising porcine POS. 
hEScRPE were pulsed once with porcine POS and observed by EM at 4 hours chase. By 
conventional TEM (A.), disk-like membranes of the internalised POS fragments can be 
identified inside phagosomes (P) in the RPE cells, and labeling the intradiscal epitope of 
rhodopsin with RetP1 immunogold by cryo-immuno TEM (B.) confirms the internalisation of 
POS.  
 

After pulsing the hEScRPE cells with POS in serum-supplemented media, 

phagosomes containing distinctive disk-like membranes could be observed in 

the hEScRPE by conventional TEM (Fig. 4.3 A.). Cryo-immuno TEM using 

antibodies to the intradiscal epitope of rhodopsin (RetP1) confirmed that the 

hEScRPE contained POS-containing phagosomes (Fig. 4.3 B.) It was 

concluded that hEScRPE are indeed able to recognise porcine POS and likely 

express the transmembrane receptors on their apical pole required to 

complete internalisation. However, as the hEScRPE cells will never have 

internalised POS before, it was unknown whether they have the ability to 

degrade POS. Having established that hEScRPE contain a degradative 

compartment in the previous chapter, and shown that the hEScRPE do 

phagocytose porcine POS, it was next investigated whether the hEScRPE 

were also capable of degrading the phagosome content. Cells were fed with 
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POS and immunostained for rhodopsin to observe whether the hEScRPE can 

degrade POS during a 3-day chase period. 

 

Figure 4.4: hEScRPE are able to degrade POS, as evidenced by loss of the intradiscal 
epitope of rhodopsin. 
hEScRPE were pulsed once with POS for 4 hours and chased for 3 days in the presence or 
absence of Bafilomycin and stained for rhodopsin using the RetP1 antibody. A representative 
image showing the cells immediately after the pulse (no chase) is shown in A., and after 3 
days of chase with no POS added (No POS, B.), POS only (POS, C.) or POS and chased in 
the presence of 50nM Bafilomycin A1 for the 3 days (POS + Baf, D.). Images are 
epifluorescence acquired by widefield microscopy and the areas of interest were identified by 
transmitted light (not shown). 
 

After 3 days of chase, cells fed with POS without lysosomal inhibition had no 

detectable anti-rhodopsin immunofluorescence (Fig. 4.4 C.). This was 

comparable to cells not pulsed with POS at all (Fig. 4.4 B.), indicating that the 

rhodopsin epitope had been efficiently degraded. In contrast, the cells treated 

with the v-ATPase inhibitor bafilomycin A1 contained detectable anti-

rhodopsin immunofluorescence (Fig 4.4 D.). This suggests that the hEScRPE 

cells are able to degrade phagocytosed POS. It should be noted that the no 

chase specimen (Fig. 4.4 A.) and the 3-day chase specimens (Fig 4.4 B., C., 

D.) were stained on different occasions. Therefore direct comparisons cannot 

be made between the no chase and 3-day chase images, despite the fact that 

all specimens originated from the same experiment. Unfortunately, DAPI was 
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not included in the staining for the 3-day chase specimens in the lower panels 

and the imaged areas were selected using transmitted light observed through 

the microscope eyepiece, hence the absence of a DAPI channel for these 

specimens.  

4.2.3: Generation and characterisation of autofluorescent 
granules 

 

Accumulation of lipofuscin granules is a classic hallmark of aged or diseased 

RPE cells. Lipofuscin is autofluorescent, and this autofluorescence observed 

by fundoscopy is one of the criteria for AMD diagnosis. The granules contain 

incompletely digested POS-derived material, amongst other proteins and 

lipids, and exposure to light can liberate reactive oxygen species. The 

accumulation of POS-derived autofluorescent granules in vitro has been 

demonstrated previously (Lueck et al., 2012), and we aimed to replicate these 

findings in pRPE with POS purified with the adapted protocol. Firstly, the 

autofluorescent granules were characterised by TEM, using correlative light 

and electron microscopy (CLEM). 
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Figure 4.5: Autofluorescent granules observed by correlative light and electron 
microscopy. 
pRPE were pulsed once with gold-tagged POS (10nm Au) and chased for 3 days. 
Autofluorescence was imaged in the 488 channel. The same cells were processed for TEM, 
and the autofluorescence correlated to the corresponding regions in the electron 
micrographs. The TEM images from boxed regions 1 and 2 are shown inset 
(autofluorescence channel) and below (high-magnification TEM).  
 

Large autofluorescent granules could be identified in the cells that measured 

approximately 1-2µm in diameter (Fig. 4.5). The largest autofluorescent 

granule identified by fluorescence microscopy (Fig. 4.5, inset 1, black arrow) 

appeared to be devoid of gold in the section plane. It is possible that this 

granule formed during the lifetime of the pig from which the cell originated, 

and so was already present in the cell before cell culture and feeding with 

POS. It is also possible that the granule contains gold that is aggregated in a 

different region of the granule that is not visible in this section plane. 



	   163	  

Nevertheless, the other autofluorescent granules clearly did contain gold (Fig. 

4.5, inset 2), indicating that they are formed at least in part from POS-derived 

material. Interestingly, in addition to the large autofluorescent granules, 

smaller structures containing aggregated gold could be observed. These were 

similar in size and morphology to the lysosomes characterised in the previous 

chapter. The presence of gold inside the lysosomes suggested that they had 

acquired POS from phagosomes, but they were significantly smaller than 

phagosomes. Some of these phagolysosomes are compared with a larger 

phagosome in Figure 4.6. 

 

 
Figure 4.6: Gold from phagocytosed POS can be found in small lysosomes as well as 
larger phagosomes. 
pRPE were pulsed with gold-tagged POS (10nm Au, arrows) and chased for 3 days. By 
conventional EM, gold could be identified in phagosomes (A., lower part of B.) and in smaller 
lysosomes (B., C., D.).  
 

These structures containing gold were significantly smaller than phagosomes, 

and contained the amorphous core surrounded by lamellae typical of the 

lysosomes characterised in Chapter 3. This suggested that these structures 

likely represent lysosomes that have acquired POS (and gold) through a kiss-

and-run interaction with phagosomes, rather than fusing directly and fully with 

the phagosomes. The gold that was observed in the lysosomes 3 days after 
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the pulse was localised to the amorphous core rather than the lamellar 

regions and always appeared aggregated. This suggests that the amorphous 

core of the lysosomes probably contained the products derived from the 

breakdown of POS membranes. It is, however, important to consider that the 

presence of gold that was internalised with the POS does not necessarily 

represent the presence of POS, as we assume that the gold is liberated from 

the POS upon either partial or full degradation of the membranes. It is also a 

possibility that the gold observed in small lysosomes could have been 

internalised via the endocytic pathway, although this is unlikely because gold-

tagged POS were thoroughly washed to remove un-‘bound’ gold before 

feeding to the cells. Next, cryo-immuno TEM was employed to observe 

rhodopsin antigenicity in phagosomes and phagolysosomes. 

 

 
Figure 4.7: Early and late phagosomes are present immediately following a 4-hour 
pulse with POS.   
pRPE cells were pulsed once with POS and fixed immediately after the pulse. Ultrathin 
cryosections were labelled with anti-rhodopsin (RetP1) immunogold (10nm Au, black arrows) 
to identify phagosomes. The left panel shows immunogold staining of a fragment of POS on 
the cell surface that has not been internalised.  
 

Immediately after the pulse of POS, phagosomes could be observed at 

different stages of their processing and degradation (Fig. 4.7), evidenced by 

differing RetP1 immunogold staining. The degradation of phagosomes is not 

an entirely synchronised process, some phagosomes that were probably 

formed early in the 4 hour pulse will have been processed further than those 

phagosomes formed later in the pulse. As previously discussed, it is thought 

that the cytoplasmic epitope of rhodopsin recognised by the RetP1 antibody is 

present in early and late phagosomes, but is lost upon degradation of POS by 
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lysosomes. Therefore loss of rhodopsin antigenicity can indicate lysosomal 

degradation. In the specimen, some phagosomes were identified that stained 

strongly with anti-rhodopsin immunogold, whereas other phagosomes stained 

weakly, albeit positively, with the immunogold. Direct phagosome-lysosome 

fusion was presumably responsible for the loss of the intradiscal epitope of 

rhodopsin recognised by the RetP1 antibody used, suggesting that 

degradation of phagosomes likely does involve direct phagosome-lysosome 

fusion to some extent. 

 

  
Figure 4.8: Phagolysosomes with morphological features of lysosomes stain positively 
for rhodopsin.  
pRPE cells were incubated with BSA-gold (5nm Au, white arrows), chased overnight, then 
pulsed once with POS and fixed immediately after the pulse. Ultrathin cryosections were 
labelled with anti-rhodopsin (RetP1) immunogold (10nm Au, black arrows) to identify 
phagolysosomes.  
 

Smaller lysosomes similar to those shown in Figure 4.6 could be observed in 

the specimen that was pulsed without a chase (Fig. 4.8). These lysosomes 

had different sizes of amorphous core, and interestingly, this amorphous core 

never stained with anti-rhodopsin immunogold. The lamellar regions that often 

surrounded the amorphous core of lysosomes, however, stained positive for 
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the anti-rhodopsin immunogold, although to a lesser extent than the early 

phagosomes (Fig. 4.7). Because anti-rhodopsin immunogold was present on 

the lamellar regions of lysosomes, which based on observations in Chapter 3 

are likely also the predominant sites of Cathepsin D localisation, I concluded 

that the lamellar regions likely represent the site of ongoing, but not yet 

complete, degradation of POS at the time of fixation. I also concluded that the 

amorphous core of the lysosomes represents the site of accumulation of 

waste products from POS degradation, as it was regions with this morphology 

that contained the aggregated phagocytosed gold in Figure 4.7, but do not 

stain with anti-rhodopsin immunogold in Figure 4.8.  

 

The observation of lysosomes with different sizes of rhodopsin-negative 

electron dense core suggests that as the lysosomes degrade POS, the non-

digestible products of degradation accumulate and the amorphous core 

expands. However, due to the asynchronous nature of the lysosomal 

degradation of POS, it is not possible to determine whether the lysosomes 

with larger amorphous cores definitely represent lysosomes that have 

progressed further along the degradative process. This, therefore, remains a 

speculative, yet feasible, explanation. It will be interesting to repeat the 

experiment with gold-tagged POS, in order to observe accumulation of 

phagocytosed gold in the core, although it is likely to be challenging to 

differentiate between the two sizes of gold. Unfortunately, time did not allow 

for this planned experiment to be attempted. 

 

Interestingly, neither the 5nm pre-loaded BSA-gold or the larger anti-

rhodopsin immunogold were observed in the same structures in the 

experiment in Figure 4.8. This initially seemed to contradict previous work 

from our lab, which demonstrated that cargo internalised through distinct 

endocytic and phagocytic pathways at different poles of RPE cells converge 

upon the same compartment (Wavre-Shapton et al., 2014). In this previous 

work, phagosomes and phagolysosomes could be identified that contained 

both BSA-gold that was internalised via the basolateral pole and anti-

rhodopsin immunogold. In this previous work, the pulses of BSA-gold and 

POS were performed simultaneously and differed only in whether they were 
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loaded apically or basally (i.e. the pulses were separated spatially). In my 

experiment, both the BSA-gold and POS were loaded apically, but the BSA-

gold was internalised the day before the pulse of POS (i.e. the pulses were 

separated temporally). The apparent lack of convergence of the two pathways 

in my experiment could indicate that lysosomes loaded with BSA-gold require 

a period of reformation after degrading BSA and other cargo before becoming 

accessible to the phagocytic pathway. Alternatively, these lysosomes may 

have dropped out of the lysosome cycle entirely and will remain inaccessible 

to cargo. 

4.2.4: Effects of feeding cells with UV-irradiated POS 
 

Having demonstrated that pRPE cells accumulate POS-derived 

autofluorescent lipofuscin-like granules (part 4.2.3), we sought to develop a 

model to accelerate the formation of the hallmarks of AMD. It was 

hypothesised that by UV-irradiating POS prior to feeding them to the RPE 

cells, the POS would be rendered more challenging to digest, as the proteins 

and lipids will be covalently cross-linked by the irradiation. This had been 

demonstrated in published work, but in this previous work the accumulations 

appeared to engorge a significant proportion of the cells, which we deemed 

excessive and not physiologically representative. We therefore aimed to 

optimise the protocol to induce the rapid accumulation of POS that was 

challenging to degrade, but could be processed nonetheless.  

 

Preceding this project, work by our lab focussed on optimising the protocol. 

POS were irradiated with a UVA lamp, and pRPE cells fed with these POS 

formed accumulations. However, TEM showed that these aggregates filled a 

significant proportion of the cytoplasm and they appeared completely 

undigested as they retained the disk-like structures seen in POS. It was 

therefore concluded that the model generated by feeding cells with these 

UVA-irradiated POS was too severe and did not accurately represent the 

formation of lipofuscin granules observed in ageing and disease. An 

alternative, milder, UV-irradiation protocol using a UVC cross-linker was 

instead developed, which also allowed for more precise and reproducible 
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“dosing” of irradiation. Early experiments showed that pRPE cells fed with 

these UVC-irradiated POS formed large accumulations, but the accumulations 

were not as extensive and the cells appeared to be able to at least partially 

degrade the POS membranes. To characterise the accumulations, pRPE 

were pulsed with gold-tagged UV-irradiated POS, and the POS-derived 

autofluorescent accumulations were observed by CLEM. 

 

 
Figure 4.9: pRPE pulsed with UV-irradiated POS form large autofluorescent POS-
derived accumulations. 
pRPE were pulsed once with gold-tagged UV-irradiated POS (10nm Au) and chased for 3 
days. Autofluorescence was imaged in the 488 channel. The same cells were processed for 
TEM, and the autofluorescence correlated to the corresponding regions in the electron 
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micrographs. The TEM images corresponding to the labelled autofluorescent punctae are 
shown in the lower panel.   
 

The CLEM showed that the pRPE fed with UV-irradiated POS develop larger 

autofluorescent granules containing a significant amount of non-aggregated 

monodisperse gold (Fig. 4.9). The material inside the accumulations also 

appears to retain some structure from the membranes of the packed POS 

disks. This suggests that the UV-irradiated POS are indeed more challenging 

to degrade by the RPE cells, thus forming larger autofluorescent granules 

than cells fed with non-irradiated POS. The lipofuscin-like granules formed 

after feeding with POS or UV POS were compared by TEM to assess 

differences in their morphology. 
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Figure 4.10 (A): Comparison of lipofuscin-like granules formed after POS or UV POS 
feeding. 
pRPE were pulsed once with gold-tagged POS or gold-tagged UV POS (both 10nm Au) and 
chased for 5 days before preparing for conventional TEM.  
 

Cells fed with POS or UV POS formed amorphous lipofuscin-like 

accumulations, which are observed in Figure 4.10 A. The accumulations 

contained gold, indicating that they are derived, at least in part, from the fed 
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POS. The gold in the cells fed with control POS was more often aggregated, 

whereas most of the gold in the cells fed with UV POS was monodisperse. 

This again suggests that the UV-irradiated POS are more challenging to 

degrade by pRPE cells. In the cells fed with control POS, the gold containing 

structures appeared smaller than those in cells fed with UV POS. In addition, 

some of the structures containing aggregated gold in the control POS 

condition appeared morphologically distinct from the larger accumulations, 

suggesting that they could represent amorphous lysosomes rather than 

lipofuscin-like granules. The number and size of the granules in this 

experiment were quantitated from the TEM images. 

 

 
Figure 4.10 (B): UV-irradiation of POS increases the number and size of lipofuscin-like 
accumulations. 
Sections of cells from the specimens shown in Figure 4.10 (A) were quantitated for the 
number of gold-containing structures per µm2 and the area of each of the structures in µm2. 
Quantitation represents 5 cells per condition, along a stretch of Transwell filter in a single 
section. 
 

Quantitation of the TEM images (Fig. 4.10 B.) demonstrated that both the 

number and the size of the gold-containing structures shown in Figure 4.10 A 

were greater in the cells fed with UV POS. However, this quantitation was 

based on a single biological replicate and represents only 5 cells per 

condition, as quantitative TEM is time consuming and sectioning artefacts 

were present across the ribbons of cells. Also, this method of quantitation only 

accounts for the granules that happen to lay in the random plane of section, 

rather than all of the granules in the cells. Having demonstrated that the POS-

derived lipofuscin-like accumulations are autofluorescent, we aimed to identify 
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a method to quantify the number of granules by light microscopy, using a 

high-content imaging platform. This would allow a significantly greater number 

of cells to be analysed, and all of the granules in each cell can be included in 

the quantitation. More rapid and reliable quantitation would also allow more 

test condition to be analysed.  
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Figure 4.11: pRPE accumulate autofluorescent more autofluorescent granules over 
time, and are more numerous when cells are pulsed with UV-irradiated POS. 
pRPE were pulsed once with POS or UV POS and chased for 0 days (no chase), 1 day, 3 
days or 7 days before fixing and imaging autofluorescence in the 488 emission channel with a 
high-content imaging platform. Representative maximum intensity projections of confocal 
slices are shown (A.), Blue: DAPI; Green: autofluorescence. The change in the number of 
granules per cell over time (B.) and the difference in number of granules per cell between 
control POS and UV-irradiated POS (C.) were quantitated from the z-stacks.    
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A first observation from the images acquired using the high content imaging 

platform was the presence of autofluorescent granules in cells that were not 

fed with POS (Fig. 4.11 A., upper panels). On average, every cell contained 

around one autofluorescent granule prior to feeding with POS (Fig 4.11 B., left 

panel). This is unsurprising, as the cells used in the assay were primary pRPE 

cells from adult pigs, and so these autofluorescent granules were most 

probably accumulated during the course of the animal’s life, prior to isolation 

and culture in the lab. After feeding with control POS, however, cells showed 

a significant increase in the number of autofluorescent granules after a 1-day 

chase (approximately 2 granules per cell), and this increased significantly 

after 3 days of chase (around 3 granules per cell). At 7 days of chase, a slight 

but significant decrease in the number of granules was detected, suggesting 

that the cells have capacity to clear the autofluorescent granules.  

 

Cells fed with UV POS rapidly developed a greater number of autofluorescent 

granules relative to cells fed with control POS. After just a 1 day chase, the 

number of granules in the cells fed with UV POS stood at 6 per cell, compared 

with 2 granules in cells fed with control POS at the same time point (Fig 4.11 

C.). This did not increase significantly at the later time points, suggesting that 

the maximum number of autofluorescent granules is reached more rapidly 

with UV POS compared to control POS. Unlike control POS, there was no fall 

in the number of granules per cell after 7 days of chase, again suggesting that 

UV POS and the autofluorescent granules they form are more challenging to 

degrade. This quantitation successfully showed that UV POS results in a 

more rapid generation of autofluorescent granules that were more resistant to 

clearance. 

 

In addition to further characterising the rapid generation of a model 

recapitulating a hallmark of ageing/AMD with UV POS, this assay provided an 

initial proof of concept and a solid basis for performing a high-content screen. 

The high-content confocal imaging approach can yield data on the number of 

granules per cell, the fluorescence intensity of the granules and the 

subcellular localisation in x, y and z planes. Therefore, it will be interesting to 

investigate whether lysosome-targeting compounds can modulate the 
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formation or clearance of autofluorescent granules. Whilst not covered within 

the scope of this project, another project in our lab will utilise this approach. 

 

Despite demonstrating its ability to quantitate the number of autofluorescent 

granules per cell, analysis of the large number of images acquired by high-

content imaging was time-consuming, even with the use of macros that 

allowed semi-automatic analysis to be performed. Therefore, we tested 

whether the same differences in autofluorescent signal between cells fed with 

either POS or UV POS could be detected by flow cytometry. This technique is 

widely utilised to examine changes in fluorescent signal in individual cells, and 

can analyse thousands of cells in minutes without the requirement to generate 

a large image dataset. It was hoped that if the flow cytometry was sensitive 

enough to detect the same changes in autofluorescence observed by the high 

content imaging, it could be used in the future to more rapidly analyse the 

effects of treatments on the clearance of autofluorescence. 
 

 
Figure 4.12: POS-derived autofluorescence can be quantified by flow cytometry. 
pRPE were pulsed once with either POS or UV POS and chased for 3 days. Cells were then 
trypsinised and suspended in a buffer (see methods) before analysis by flow cytometry. 
Gating was performed using the forward and side scatter plots to exclude non-living or 
grouped cells. The population of cells was analysed for the percentage of cells positive in the 
488 channel, and the mean fluorescence intensity (MFI). Values represent one biological 
replicate, n>20,000 cells per condition. Data acquisition and analysis by MB. 
 

Flow cytometry successfully detected changes in both the percentage of 

autofluorescent cells and the mean fluorescence intensity between cells only 

and POS-fed cells, and between cells fed with control POS or UV POS (Fig. 
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4.12). The data acquisition was both more rapid and more straightforward 

than the use of the high-content imaging platform and did not produce the 

same significant volume of raw data that provided challenges with analysis. 

However, as porcine cells contain autofluorescent granules prior to feeding 

with POS (as demonstrated in Fig. 4.11), it was challenging to set a threshold 

for the detection of fluorescence. In future, it would be advantageous to 

threshold the detection of autofluorescence on a set of pRPE cells that are 

known to be devoid of fluorescence, possibly by sorting these cells by 

fluorescence-assisted cell sorting (FACS) prior to analysis by flow cytometry.  

 

The data from flow cytometry using cell suspensions is restricted to providing 

information of total fluorescence per cell, and does not provide data on the 

nature of the individual autofluorescent granules themselves. It cannot be 

determined therefore whether changes in total autofluorescence per cell 

detected by flow cytometry are attributed to changes in either the number or 

the size of the granules. To address this, current and ongoing work by our 

collaborators in Lisbon is developing methods for isolating and analysing the 

individual autofluorescent granules from cell lysates by flow cytometry. Early 

preliminary work has so far demonstrated that the autofluorescent granules 

can be sorted from other cellular components by FACS, and analysing scatter 

profiles can identify populations of granules with different sizes and 

fluorescent intensity. This could provide a relatively rapid and valuable 

method for analysing differences in granule number, size and fluorescence 

intensity between multiple experimental conditions. In addition, collection of 

the separated populations could provide a method to purify and further 

analyse different types of granules by chemical techniques or by TEM. 

 

Manipulation of molecular mechanisms regulating MiT-TFE-dependent 

lysosome biogenesis has been implicated as a potential strategy to correct 

lysosome dysfunction and clear accumulated material from cells (Ballabio, 

2016). It is suggested that increasing the number of lysosomes contained in 

cells can enhance the cell’s ability to degrade material, preventing the 

formation of accumulations or aiding clearance after they have formed. We 

therefore tested the ability of the high content screening platform to detect 
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subtle changes in the number of lysosomes per cell. This could provide an 

invaluable basis for future screens to identify candidate drugs for up-

regulating lysosome biogenesis and clearing autofluorescent accumulations 

from RPE cells. Using immunostained cells, a workflow was developed to 

quantify the number of LAMP2-positive immunofluorescent punctae per cell, 

and this would roughly correspond to the number of lysosomes per cell. As 

pRPE cells are cuboidal and unsurprisingly contain a large number of 

lysosomes observed by TEM, z-stacks were required, because multiple 

lysosomes would overlap in 2D images and segmentation of punctae would 

be prohibited. This workflow is outlined in Figure 4.13. 

 

 
Figure 4.13: Workflow for quantitating the number of lysosomes per cell. 
A simplified overview of the method used to quantify the number of lysosomes per cell. Cells 
were stained with anti-LAMP2 antibody and images were acquired with a high-content 
imaging platform. The images were adjusted in ImageJ and the punctae segmented to count 
the number of punctae. Macros were developed to repeat the same process for the whole 
dataset of images. 
 

After acquisition of the z-stacks of LAMP2-stained cells, images were 

adjusted with a smoothing filter and the fluorescent punctae were segmented 

from the image background. This process was repeated for all of the z-slices 

in the imaged region to quantify as much of the 3D volume as possible. The 

number of nuclei in each region of interest was also calculated by segmenting 

the DAPI staining from the maximum intensity projection image. The sum of 

the number of segmented LAMP2-positive punctae in every z-slice was 

divided by the number of nuclei in the corresponding region of interest to 

estimate the number of lysosomes per cell.  

 

Having developed a workflow for imaging and quantitating the number of 

lysosomes per cell, we tested whether the system was sensitive enough to 
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detect subtle differences in the number of lysosomes in cells fed with POS or 

UV POS. We expected that the POS feeding would reduce the number of 

lysosomes per cell, due to the assumption that multiple lysosomes fuse with a 

single phagosome, if full fusion of the compartments occurs. It was also 

hoped that analysing the number of lysosomes at different periods post-chase 

would allow estimations to be made in regards to the timescale required for 

lysosome reformation or replacement after fusion with phagosomes. For each 

of the conditions in the experiment shown in Figure 4.11, a set of wells were 

immunostained for LAMP2 to analyse the number of lysosomes after feeding 

with POS or UV POS at different chase time points. It was expected that the 

number of lysosomes would drop immediately after feeding with POS, 

reflecting lysosomes fusing with phagosomes, but the number of lysosomes 

would recover during the course of the chase period.  
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Figure 4.14: The number of lysosomes per cell decreases after POS feeding. 
pRPE were pulsed once with POS or UV POS and chased for 0 days (no chase), 1 day, 3 
days or 7 days before fixing and immunostaining for LAMP2. Representative images 
represent the confocal slice that generally contained the greatest LAMP2 fluorescence, with 
DAPI (blue) and autofluorescence (green) overlay (A.). The change in the number of LAMP2 
punctae per cell over time (B.) and the difference in number of LAMP2 punctae per cell 
between control POS and UV-irradiated POS (C.) were quantitated from the z-stacks.    
 

The quantitation of lysosomes showed that there was a significant drop in the 

number of lysosomes after feeding the cells with POS or UV POS and 

chasing for 1 day (Fig. 4.14 C.). This drop was greater in the cells fed with 

POS compared to UV POS, which could represent slower or defective 

phagosome-lysosome fusion in cells fed with UV POS, or a greater rate of 

lysosome biogenesis/reformation in these cells. Both cells fed with POS and 

UV POS consistently showed a drop in the number of lysosomes at each 

chase time points, compared to immediately after the pulse (Fig. 4.14 B.). 

This could suggest that the cells continue to attempt to clear the 
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phagosomes/autofluorescent granules even after 7 days of chase, and that 

the rate of biogenesis/reformation of lysosomes is not sufficient to maintain 

lysosome number. 

 

Unfortunately, analysis of the number of lysosomes per cell proved more 

challenging than we had anticipated. The imaging was performed using the 

64x objective, which is the highest-power objective on the instrument, 

however the resolution of the fluorescent punctae was poor. This meant that 

the image analysis software often counted two punctae as a single puncta, or 

conversely counted a single puncta as multiple punctae. Additional image 

adjustment techniques were attempted in an effort to more clearly define the 

punctae, such as watershedding, but to no avail. In addition, as shown by 

electron tomography in chapter 3, some lysosomes form an interconnected 

network in 3 dimensions, and so it is impossible to define whether punctae 

observed in the fluorescence imaging are in fact interconnected. Ultimately, it 

was concluded that segmentation of lysosomes using fluorescence 

microscopy at this resolution was not practically feasible, and this experiment 

was flawed.  

 

After showing that cells form autofluorescent lipofuscin-like accumulations 

after a single pulse of POS or UV POS, we next investigated how the cells 

would react to consecutive POS feeding over 5 consecutive days. Cells were 

pulsed every morning with POS or UV POS for the 5 days, to mimic the 

diurnal cycle of daily phagocytosis of POS in vivo. 
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Figure 4.15: pRPE accumulate melanolipofuscin-like granules after feeding with POS 
or UV POS. 
pRPE were pulsed with POS or UV POS every day for 5 consecutive days, and chased for a 
period of 12 days. Asterisks indicate lipofuscin-like granules, and arrows indicate 
melanolipofuscin-like granules.  
 

Interestingly, the cells fed with both POS and UV POS formed amorphous 

accumulations that associated with melanosomes, in addition to the 

lipofuscin-like accumulations observed with the single pulse experiments (Fig. 

4.15). Due to the close association of the accumulations with the 

melanosomes, they were termed ‘melanolipofuscin-like’ granules, or MLF-like 

accumulations. Melanosomes are LROs, and as demonstrated in Chapter 3, 
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acquire acidotropic probes and can interact with the endolysosomal system. It 

was also shown in Chapter 3 that some melanosomes contain/associate with 

Cathepsin D. This raises the possibility that melanosomes could act as an 

additional degradative compartment to relieve some burden on lysosomes 

and enhance clearance of POS. Alternatively, it is possible that the cell 

sequesters indigestible material containing bis-retinoids to melanosomes in 

order to limit the effects of photo-oxidation.  

 

In the latter stages of this this project, discussions with a collaborator, Phil 

Luthert, raised the possibility of obtaining preserved human retinal tissue for 

comparative purposes. I proposed that this would be beneficial to further 

characterise my model, to compare how closely POS or UV POS feeding 

represents aged or diseased human RPE. A limited number of sectioned 

specimens of human macula were initially accessible to us, and I decided to 

compare the specimens from the oldest and youngest donors. These 

happened to be derived from a 96-year-old female and a 22-year-old male 

respectively. 
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Figure 4.16: Amorphous material accumulates around melanosomes in aged RPE. 
RPE cells in sections of retina from a 22 year old male (A.) and a 96 year old female (B.) 
human were compared. Higher magnification of the aged RPE are shown in the lower panel. 
The older RPE cells appeared to contain amorphous accumulations surrounding the 
melanosomes, which is probably melanolipofuscin. 
 

Comparison of young and aged RPE showed that amorphous accumulations 

appeared to be present around the melanosomes in the aged RPE, although 

it must be noted that the contrast and preservation of the specimens was not 
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optimal. As previously mentioned, melanolipofuscin is considered a hallmark 

of more advanced ageing/disease. The medical history of the donors is 

unknown, so it is not possible to determine whether the phenotype is that of 

ageing or disease. Only these two specimens of human retina were analysed 

in this project, although the phenotypes were typical of young and aged RPE 

reported in the literature (Feeney-Burns, Hilderbrand and Eldridge, 1984). 

There are obvious challenges with sourcing human tissue for research use, 

and it is especially challenging to obtain specimens that have been preserved 

suitably for TEM analysis. We propose to continue this collaboration and 

obtain further specimens or images of aged and diseased human retina, and 

compare those phenotypes of human pathology to our in vitro model. This will 

provide further validation of our model as a comparable system to aged or 

diseased human RPE.  

 

4.3: Chapter Discussion 

4.3.1: Addressing POS isolation and development of a novel 
method for tagging POS with gold 

 

We concluded that the sucrose gradient method produced a superior POS 

preparation and that the OptiPrep™ method did not meet the same standards 

of neither purity or protein yield. The impurity of the POS isolated with the 

OptiPrep™ protocol could explain why our collaborators found that hfRPE 

showed poor uptake of POS. Since these trials and analyses were performed, 

the faulty ultracentrifuge that previously hindered use of the sucrose gradient 

method was replaced, and our collaborators identified an appropriate 

ultracentrifuge. Therefore, both labs are now able to perform the same 

protocol that produces the optimal POS preparations and allows for 

standardisation of  POS phagocytosis assays between both labs. 

 

Protocols for labelling POS with fluorescent FITC probes are well established 

and utilised in the lab, allowing tracking of the POS by fluorescence 

microscopy. As this project used a mainly EM-based approach, a novel 

method for tagging POS with gold was developed, to allow tracking of 
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phagocytosed material through the degradative stages. In addition to 

identifying the POS-containing compartments by the presence of gold, the 

aggregation of gold can further be utilised as an indication of degradation of 

POS and low pH.  

 

It should be noted that the POS isolation protocols are not performed in sterile 

conditions, as the protocol is performed in a dark room to minimise UV 

crosslinking by ambient light. Despite adding antibiotics, antifungals and 

sodium azide to the preparations and our best efforts to sterilise reagents 

used for isolation, contamination was a common issue in cells fed with POS. 

Bacterial contaminations manifested rapidly after feeding the POS to cells, but 

this was mostly avoided by increasing the concentration of antibiotics in the 

preparations. At longer chase points however, fungal contaminations were a 

persistent issue, despite the preparations containing a relatively high 

concentration of the antifungal amphotericin B.  This limited our ability to 

perform longer chases, particularly with control POS (UV-irradiation effectively 

sterilised POS).  

4.3.2: hEScRPE are capable of the phagocytosis and degradation 
of porcine POS 

 

Previous work in our lab had optimised the conditions for optimal uptake of 

porcine POS in ARPE19 and pRPE cells. Whilst published work has 

demonstrated that hEScRPE are capable of the phagocytosis of porcine POS 

(Carr et al., 2009), the cells used in this study were differentiated from a 

different progenitor stem cell line and used a different protocol to ours. The 

hEScRPE differentiated in the lab of our collaborators had never been tested 

for their ability to phagocytose porcine POS using the same feeding protocol 

optimised in pRPE and ARPE19. It was demonstrated in this chapter that our 

hEScRPE are indeed capable of recognising and internalising the porcine 

POS, and further work by Helena Cardoso (not included in this thesis) showed 

that the hEScRPE take up a comparable amount of POS to pRPE cells.  
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In chapter 3, it was concluded that hEScRPE contained a degradative 

compartment evidenced by the presence of aggregated endocytosed gold in 

some compartments in the cells. It was also confirmed in this chapter that the 

hEScRPE are capable of degrading POS, despite being “naïve” cells that 

have never been exposed to POS previously. It is likely that the 

compartments accessible to BSA-gold in the previous chapter are the 

degradative lysosomal compartments that carry out the degradation of POS.  

4.3.3: Degradation of POS likely involves both kiss-and-run type 
interaction and full fusion with lysosomes 

 

In addition to large autofluorescent granules, cells fed with POS also 

contained a diffuse autofluorescence. TEM analysis demonstrated that this 

diffuse autofluorescence likely came from small lysosomal structures that 

contained the gold that was internalised with the POS. These lysosomes were 

much smaller than phagosomes, suggesting that they had acquired material 

from the phagosomes via a transient kiss-and-run type interaction. However, 

after feeding cells with POS, large early and late phagosomes could be 

identified with varying amounts of anti-rhodopsin immunogold. For the 

antigenicity of rhodopsin to be gradually lost, interaction with lysosomes via 

full fusion is thought to be required. The presence of small phagolysosomes 

containing gold in addition to the loss of rhodopsin antigenicity in the large 

phagosomes suggests that both full fusion and kiss-and-run interactions occur 

between phagosomes and lysosomes.  

 

Interestingly, a review of the literature identified a publication that suggests 

that phagosomes interact with two populations of lysosomes (Bosch, Horwitz 

and Bok, 1993). This paper suggests that phagosomes firstly interact with 

small lysosomes before interacting with larger lysosomes that are formed by 

homotypic lysosome-lysosome fusion. It is suggested that the larger 

lysosomes interact with the phagosomes via pore-like or bridge-like 

connections, which could represent the kiss-and-run type interactions. This 

appears to support the theory that some lysosomes must fuse fully with 
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phagosomes, prior to allowing exchange of content via kiss-and-run 

interactions.  

 

It is little understood how lysosomes can reform after fusion with larger 

phagosomes, or if they can reform from the hybrid structure at all. If a 

lysosome is able to reform from a phagolysosome after total fusion, the 

content of phagolysosomes must be completely degraded before it can 

undergo a process of recycling and tubulation, as seen in reformation of 

lysosomes from autophagosomes (Chen and Yu, 2013). However, it is 

assumed that multiple lysosomes are required to fuse fully with a single 

phagosome to completely degrade the large mass of material contained within 

them. Presumably, if the cell were to maintain lysosome homeostasis, it would 

require reformation of multiple lysosomes from a single phagolysosome, or de 

novo lysosome biogenesis. Kiss-and-run interactions could provide a more 

logical basis for understanding lysosome reformation from phagolysosomes, 

as a single lysosome would reform from a single small “phagolysosome”.  

4.3.4: pRPE form POS-derived autofluorescent lipofuscin-like 
granules 

 

CLEM demonstrated that pRPE pulsed with POS formed autofluorescent 

granules that appeared lipofuscin-like when analysed by TEM. The presence 

of gold in the accumulations confirmed that they were formed from POS-

derived material.  This successfully recapitulated a typical hallmark of AMD.   

Despite emitting fluorescence in all of the channels we used, it was noticed 

that the autofluorescence was generally strongest in the green (488) channel 

and weakest in the far-red (647) channel. Therefore, when performing assays 

involving immunofluorescence or fluorescent probes, we generally used a 

reporter that emitted fluorescence in the 647 channel, to limit crosstalk 

between the autofluorescence and other fluorescence.  

 

Somewhat surprisingly, no obvious autofluorescent granules were detected in 

hEScRPE after feeding with POS or UV POS, and it was challenging to 

identify lipofuscin-like granules by TEM. This could indicate that either 
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hEScRPE do not generate autofluorescent granules because the cells clear 

POS differently/more efficiently, or that the high pigmentation of hEScRPE 

quenches all of the autofluorescence. The latter is a likely possibility, as the 

autofluorescent signal in pRPE was relatively weak and so quenching by 

melanin could have a significant effect on the ability to detect the signal.  

4.3.5: Generating an accelerated model by feeding with UV-
irradiated POS  

 

UV-irradiation covalently crosslinks proteins and lipids in POS, and therefore 

makes the material more difficult to digest. Cells fed with POS that had been 

UV-irradiated formed more autofluorescent granules and the granules in these 

cells were also larger, relative to cells fed with non-UV-irradiated POS (control 

POS). Analysing the morphology of the granules in the cells fed with UV POS, 

some membranes that are likely the disks of POS are still visible, which is a 

contrast to cells fed with control POS which appear more amorphous, and 

sometimes even appear similar to amorphous lysosomes. After 7 days of 

chase, the number of granules dropped in cells fed with control POS, 

suggesting that pRPE have some capacity to clear these granules, whereas 

cells fed with UV POS appeared to be unable to clear autofluorescent 

granules in the same chase period. In addition, feeding with UV POS 

appeared to burden the turnover of lysosomes, as there was a more 

significant drop in the number of lysosomes per cell compared to cells fed with 

control POS.  

 

By feeding cells with UV POS every day for 5 days the lipofuscin-like 

accumulations associated with melanosomes, forming MLF-like 

accumulations. MLF is often considered a hallmark of more advanced early 

AMD (Feeney-Burns, Hilderbrand and Eldridge, 1984) and MLF was identified 

in RPE cells in a specimen of aged retina. MLF in humans has been shown to 

be rich in RPE-specific markers (Warburton et al., 2007), suggesting that it is 

derived from incompletely digested autophagic cargo.  
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5: Modelling chronic chloroquine challenge in the 
Retinal Pigment Epithelium 

 

In this chapter, the effects of the acidotropic compound chloroquine on the 

lysosomes of RPE cells were assessed, and a model of chronic lysosome 

dysfunction in RPE cells was developed and characterised. The chapter 

begins by establishing the short-term effects of chloroquine on the lysosome 

using pRPE cells, before developing and characterising a chronic model of 

partial chloroquine-induced lysosome dysfunction in hEScRPE cells. The 

model aims to combine the physiological challenge of POS feeding developed 

in the previous chapter with chemically-induced challenge to model the role of 

lysosome dysfunction in ageing and age-related disease. 

5.1: Chapter Introduction 

5.1.1: Molecular disruptors of lysosomal activity 
 

There are numerous compounds that are known to disrupt or inhibit lysosomal 

function. The most commonly used of these compounds for in vitro studies is 

probably Bafilomycin A1, which is an inhibitor of the v-ATPase proton pump 

that is responsible for maintaining the acidification of the lysosomal lumen. 

Inhibition of the v-ATPase pump with bafilomycin has been shown to induce 

neutralisation of the lysosomal compartment, which is accompanied by 

accumulation of cargo destined for the lysosome and lysosomal exocytosis 

(Tapper and Sundler, 1995). Whilst bafilomycin has been shown to be an 

effective inhibitor of lysosome activity in short-term studies, we sought to 

identify a less potent lysosomal inhibitor that induced partial lysosome 

dysfunction, in order to model chronic, long-term lysosome dysfunction in the 

RPE. 

5.1.2: Chloroquine 
 

Chloroquine (CQ) is a slightly basic acidotropic compound that was originally 

developed and used as an anti-malarial drug. It is a membrane permeable 
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molecule that can enter the lysosomal compartment where it becomes 

protonated and trapped within the lumen (Kazmi et al., 2013). The mechanism 

of action of chloroquine as an antimalarial agent is not completely understood. 

However, it is widely accepted that its mechanism of action involves 

neutralisation of the vacuole of the intraerythrocytic trophoziote, thus inhibiting 

the parasite’s ability to degrade the host haemoglobin and proliferate (Slater, 

1993).  

 

Chloroquine is generally recognised as an autophagy inhibitor, presumably 

acting to raise the pH of the lysosomal compartment and disrupt the hydrolytic 

activity of the lysosomal enzymes as a consequential effect, leading to 

accumulation of undigested autophagosome cargo (Pasquier, 2016) or 

inhibition of autophagosome-lysosome fusion (Mauthe et al., 2018). The 

ability of chloroquine and its related compounds to inhibit autophagy have 

raised interest in their potential application in anti-cancer combination therapy, 

although this is a highly debated topic. Some cancer types exhibit elevated 

autophagic flux, which can provide the malignant cell with a resistance 

mechanism against chemotherapeutic or radiotherapeutic approaches by 

clearing the damaged cell components (Levy, Towers and Thorburn, 2017). 

Combining chloroquine treatment to reduce the capacity of autophagy-

mediated resistance with conventional anti-cancer therapy has demonstrated 

encouraging improvements in survival rate in the treatment of some forms of 

malignant cancer (Sotelo, Briceño and López-González, 2006). Chloroquine is 

also used to manage autoimmune disorders (Schrezenmeier and Dörner, 

2020), and has shown promising potential as an antiviral agent (Savarino et 

al., 2006). In fact, at the time of writing this thesis, the ability of 

hydroxychloroquine to inhibit the novel coronavirus (COVID-19) in vitro has 

raised the public profile of the drug as a potentially valuable therapeutic to 

manage the pandemic (Wang et al., 2020). 

5.1.3: Retinal toxicity of chloroquine 
 

Interestingly, a significant proportion of patients taking chloroquine at high 

doses and for prolonged periods develop irreversible retinopathies that 
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present similar hallmarks to those observed in age and AMD (Melles and 

Marmor, 2014; Ahn et al., 2017). The substantial rate of toxic retinopathies in 

these patients is such that some require regular retinal screening to detect 

signs of toxic retinopathy at an early stage (Marmor et al., 2016).  

 

It is hypothesised that the RPE is particularly susceptible to chloroquine 

toxicity due to the irreversible binding of chloroquine to melanin, which is 

contained within melanosomes of the RPE (Schroeder and Gerber, 2014). 

This increases the half-life of the molecule in RPE cells, as clearance is 

slowed. This fact combined with the unparalleled burden of lysosomes within 

the RPE could explain why retinopathies are so common in patients taking 

chloroquine. A derivative of chloroquine was developed as a result of the high 

rate of retinal toxicity, known as hydroxychloroquine (HCQ), which includes 

the addition of a hydroxyl group and inhibits the ability of the compound to 

cross the blood-retina barrier, reducing the incidence of retinal toxicity 

significantly and removing the requirement for retinal screening (Levy et al., 

1997).  

5.1.4: Previous studies of chloroquine 
 

The cellular effects of chloroquine have been described relatively extensively 

in the literature. Effects have been shown to include inhibition of autophagy, 

up-regulation of lysosomal genes (Zhitomirsky et al., 2015), inhibition of 

autophagosome-lysosome fusion (Mauthe et al., 2018), vacuolarisation of 

lysosomes and lysosomal exocytosis (Stauber, Trout and Schottelius, 1981). 

It has also been shown that ARPE19 cells challenged with chloroquine 

contain large vacuoles and accumulate undigested lipids (Chen, Gombart and 

Chen, 2011). However, most of these studies have been performed in vivo, or 

in cell lines with a focus on relatively short-duration, high-dose conditions. As 

we are aiming to model a chronic age-related condition of the RPE, we aimed 

to assess the effects of low-dose but longer duration of chloroquine challenge 

in our RPE cell models – pRPE and hEScRPE cells.  
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5.2: Results 

5.2.1: Cytotoxicity evaluation of chloroquine in RPE cells 
 
In order to assess the cytotoxic effects of chloroquine, lactate dehydrogenase 

(LDH) activity assays were performed in the cell types used in this study- 

pRPE and hEScRPE. The purpose of the assays was to determine the 

appropriate concentrations of CQ to use for long-term and chronic models, in 

order to avoid significant cell death. The assay used measures LDH activity in 

the media, which is a cytoplasmic enzyme that is released into the media 

upon cell death. Therefore, greater LDH activity detected in the media 

corresponds to increased cell death.  

 

Figure 5.1: Concentration-dependent cytotoxicity evaluation of chloroquine in the 
different RPE cell models.  
A. Cytotoxicity evaluation for the different RPE cell types after an overnight treatment with 
different concentrations of chloroquine, assessed by LDH activity in the culture medium. The 
sensitivity of the different cell types is evident at the different CQ concentrations up to 
50µg/ml. Absorbance values for each of the cell types are represented as fold change relative 
to the NT control condition for the corresponding cell type, and statistical significance was 
calculated for each condition relative to the NT control condition. Values are expressed as the 
mean ±SD and n≥3 (**p<0.01; ***p<0.001; ****p<0.0001). B. For pRPE, the average trans-
epithelial electrical resistance (TEER) value for each Transwell was recorded prior to and 
after an overnight incubation with CQ at different concentrations. Bars represent the 
percentage change in TEER for each well between pre- and post-CQ challenge based on an 
average of three readings for each Transwell from one biological experiment. 
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After an overnight incubation in the presence of CQ, both pRPE and 

hEScRPE showed significant cell death compared to non-treated (NT) cells at 

concentrations from 2.5µg/ml upwards. Whilst the statistically significant 

threshold of LDH release is reached at 1µg/ml in hEScRPE, in pRPE this is 

2.5µg/ml. However, pRPE were more sensitive to the higher concentrations of 

5µg/ml and 10µg/ml chloroquine as indicated by increased measured LDH 

release, whilst LDH release in hEScRPE at these higher concentrations did 

not increase until around 25-50µg/ml. Despite the significantly elevated levels 

of secreted LDH, subjective phase contrast observations made before 

removing the media indicated little to no disruption of the RPE monolayers. 

Another observation from these assays was the difference in SD between the 

hEScRPE and pRPE cells. pRPE showed a much higher variability between 

the biological replicates than hEScRPE cells, as can be appreciated from the 

error bars in Figure 5.1 A. 

 

It is important to note that the manufacturer’s protocol for the LDH assay 

recommends performing a normalisation of the LDH readout in the media to a 

whole cell lysate for the corresponding well, to compare the amount of cell 

death relative to the total amount of LDH in the living cells remaining in the 

well. However, for these assays, whole cell lysates were not analysed for two 

reasons. Firstly, previous observations have shown that the level of 

pigmentation within the cell lysates differed after chloroquine challenge and 

interfered with absorbance readings, giving highly variable absorbance values 

between duplicate wells. Secondly, this method would also require a 

significant amount of lysates to be obtained, impractically increasing the 

number of wells and therefore the number of cells required for each assay. 

For these reasons, LDH in the media only was analysed and represented 

independently of the total LDH measurements.  
 

To validate the results of the LDH assay, changes in TEER representing 

disruption of monolayer integrity were assessed in a single biological replicate 

in pRPE. As shown in Figure 5.1 B., monolayer integrity was not affected by 

1µg/ml compared to non-treated cells. The NT and 1µg/ml conditions actually 
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showed a slight increase in TEER (around +10%), which could be attributed 

to nutrient replenishment after the change to fresh media. At concentrations of 

2.5µg/ml and 5µg/ml, the TEER decreases by around 20% and 55%, 

respectively. These decreases in TEER indicate loss of monolayer integrity 

that may not be immediately obvious when observing the cells by phase 

contrast microscopy. Changes in monolayer integrity could possibly represent 

a more physiologically relevant readout for RPE cell death than LDH release, 

as RPE monolayer integrity in vivo is implicated in pathologies. These findings 

fit the cytotoxicity trends obtained from the LDH assays in Figure 5.1 A.  

 

The heightened sensitivity of pRPE to compound-induced cytotoxic effects is 

perhaps unsurprising, as the primary RPE cells are adult non-immortalised 

cells that will be more stressed in “artificial” culture conditions, and the cells 

are pooled from different individual organisms. In contrast, hEScRPE are 

derived from an immortalised and genetically identical H9 embryonic stem cell 

line. These factors likely make the hEScRPE cells more suitably adapted to 

cell culture conditions, which might result in their more robust response to 

long-term culture and challenge. Further LDH assays were performed to 

assess cytotoxic effects of longer-term chloroquine challenge.  
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Figure 5.2: Time and concentration-dependent cytotoxicity of chloroquine in pRPE 
cells. 
Cytotoxicity evaluation for the pRPE at different concentrations of chloroquine and different 
incubation periods up to 7 days, assessed by LDH activity in the culture medium. Absorbance 
values are represented as fold change relative to the NT mean control condition for each day. 
Values are expressed as the mean ±SD and n ≥3 (*p<0.05; **p<0.01; ***p<0.001; 
****p<0.0001).  
 

A flaw in the way this assay was performed should firstly be discussed. LDH 

release alone was measured without standardisation to total LDH in cell 

lysates, to reduce the number of cells used. Each day, the media from a well 

was analysed, replaced with fresh media, and that media was analysed the 

following day. Therefore, in this assay the cumulative LDH release over the 7 

days of chloroquine challenge was not measured, and apparent decreases in 

LDH release at the later time points can be attributed to the fact that fewer 

living cells remained in those wells. As shown in Figure 5.2, at lowest 

concentration (1µg/ml) of chloroquine tested, no significant LDH release was 

detected, although at 4 days there appears to be a non-significant increase. 

At 2.5µg/ml, an apparent initial cytotoxic effect appears to be followed by an 

adaptive stabilisation of cell viability over the subsequent 6 days of incubation, 

which is more likely explained by cell death in those wells. As expected, at 

concentrations at and above 5µg/ml, significant cell death is observed at all 

time points up to 5 days, after which few living cells remained in the well. 

Even after 1 day, the cells treated with 5µg/ml showed a 4x fold increase in 

LDH release relative to the NT control, and this was a 6x fold increase in the 
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10ug/ml treatment condition.  

 

Figure 5.3: Time and concentration-dependent cytotoxicity of chloroquine in hEScRPE 
cells. 
Cytotoxicity evaluation for the hEScRPE at different concentrations of chloroquine and 
different incubation periods up to 7 days, assessed by LDH activity in the culture medium. 
Absorbance values are represented as fold change relative to the NT mean control condition 
for each day. Values are expressed as the mean ±SD and n≥3 (*p<0.05; **p<0.01; 
***p<0.001; ****p<0.0001).  
 

In hEScRPE, the fold changes in LDH release were not as high as in the 

pRPE cells, with the 2 day 10µg/ml condition showing the highest fold change 

of 2x compared to NT cells. Observing the cells by phase contrast prior to 

harvesting media (not shown), the cells challenged with 5µg/ml chloroquine at 

all of the time points always appeared to be living, despite some cells 

appearing to contain swollen vacuoles.  

 

Based on the LDH assay data and the other practical limitations of the 

individual cell types, we evaluated which cell system was most suitable for the 

subsequent investigations. As discussed in Chapter 4, the lysosomes of 

pRPE cells are very easily identified by TEM, whereas the presence of 

immature melanosomes in hEScRPE makes identification of lysosomes in 

these cells more challenging. However, a disadvantage of pRPE is their 

relatively high sensitivity to chloroquine, and the genetic differences between 

batches of isolated cells increase variability between biological replicates. 
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Therefore, it was decided that the pRPE cells would be used to investigate the 

effect of chloroquine on lysosomes, including lysosome morphology, in short-

term studies, whereas the hEScRPE would be used for the longer-term 

studies of chronic lysosome dysfunction. Based on the cytotoxicity 

evaluations, the concentrations of 1µg/ml, 2.5µg/ml and 5µg/ml were selected 

to use in the subsequent investigations in pRPE, and in hEScRPE 5µg/ml was 

selected. 

5.2.2: The effect of chloroquine on Cathepsins B and D 
 

In the first of the experiments to investigate the acute effects of chloroquine, 

the effect on lysosomal hydrolase activity was assessed. We, and others, 

assume that chloroquine, as a weak base, raises the pH of the lysosomal 

lumen after it has accumulated in the lysosome, rendering the enzymes within 

less efficient (Pasquier, 2016). Cathepsin B activity was evaluated by using 

the Magic Red™ Cathepsin B probe. This probe is a membrane-permeable 

synthetic cathepsin B substrate that consists of a peptide sequence specific 

for the cleavage site of cathepsin B and a cresyl violet fluorophore. Upon 

cleavage of the substrate, red fluorescence is liberated by the fluorophore 

when observed in live cells excited at 550-590nm. Although the aspartic 

protease cathepsin D is suggested to be the primary enzyme involved in POS 

degradation in the RPE and so would be the most appropriate of the acid 

hydrolases to study, the Magic Red™ probe was available only for the 

cysteine protease cathepsins B, K and L. The cathepsin B Magic Red™ probe 

was selected for use in these assays, as cathepsin B is reported to be the 

most abundant of cathepsins out of B, K and L in the RPE (Fröhlich and 

Klessen, 2001).  
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Figure 5.4: Dose-dependent effects of chloroquine on Magic Red™ Cathepsin B signal 
intensity. 
pRPE cells were incubated for 2h with Dextran 488, chased for 4 hours to pre-load the 
lysosomal compartment, and incubated overnight with 1µg/ml, 2.5µg/ml or 5µg/ml 
chloroquine. Magic Red™ Cathepsin B was added to the culture medium for 30 minutes 
before imaging the cresyl violet fluorescent signal in the living cells by confocal microscopy, 
using the greatest intensity of Dextran signal to subjectively select a focal plane. Images 
representative of two biological replicates are shown in A. (scale bar represents 20µm). The 
integrated density of cresyl violey fluorescence in the cytoplasmic regions of cells was 
calculated from one of the biological replicates (B.). Values are expressed as the mean ±SEM 
and n=100 cells analysed per condition (****p<0.0001). A higher magnification image of 
Magic Red™ cresyl violet fluorescence representative of the 5µg/ml is shown in C., and 
highlights a clear swelling of the fluorescent compartment (scale bar represents 5µm). 
 



	   200	  

At the lower concentrations of chloroquine (1µg/ml and 2.5µg/ml), the 

predicted decrease in cresyl violet fluorescent signal intensity per cell was 

observed (Fig. 5.4 B.), suggesting that the mild chloroquine challenge did 

decrease Cathepsin B activity. However, surprisingly, at the higher 

chloroquine concentration (5µg/ml) increased fluorescence intensity was 

detected, suggesting an increased Cathepsin B activity. This was unexpected, 

as chloroquine challenge is expected to increase lysosomal pH and as a 

result decrease lysosomal hydrolase activity. A possible explanation for this 

observation could be that Cathepsin B is more tolerant to a wider range of pH 

than some other lysosomal enzymes, such as Cathepsin D. Also, the increase 

in size of the Cathepsin B-containing lysosomal compartment (observed in 

Fig.5.4 C.) is a likely contributor to the apparent increase in fluorescent signal. 

 

Another possible explanation for the unexpected increase in Magic Red 

fluorescent signal at the high concentration of chloroquine is that the greater 

challenge might trigger a cellular homeostatic response to increase 

biogenesis of lysosomal enzymes after sensing lysosomal challenge. If this 

were the case, it would be expected that the induced biogenesis of the 

CLEAR network of lysosomal genes would be initiated on the transcriptional 

level by nuclear translocation of the MiT-TFE family of transcription factors, of 

which the most comprehensively studied is TFEB. Chloroquine has been 

shown to induce nuclear translocation of TFEB (Zhitomirsky et al., 2015), so is 

a possible explanation for the apparent increase in lysosome activity. The 

mechanism governing the ability of the lysosome to detect challenge and 

trigger TFEB nuclear translocation is not fully understood, although it is 

suggested that changes in lysosomal membrane fluidity lead to mTOR 

detachment and reduced mTOR phosphorylation, subsequently limiting TFEB 

phosphorylation (Zhitomirsky et al., 2018). In order to test the hypothesis that 

chloroquine induces nuclear translocation of TFEB, hEScRPE were 

challenged overnight with 5µg/ml chloroquine and stained for TFEB. 

hEScRPE cells were used for this assay as we were unable to identify a 

suitable antibody against porcine TFEB. 
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Figure 5.5: TFEB translocates to the nucleus upon overnight incubation in the 
presence of chloroquine. 
hEScRPE were incubated overnight in the presence of 5µg/ml chloroquine, before fixing and 
staining for TFEB. Representative IF images are shown (scale bar 10µm). 

Indeed, after overnight chloroquine challenge, nuclear regions of the 

hEScRPE appeared to stain more intensely for TFEB, as shown in Figure 5.5. 

This suggests that the increase in Magic Red Cathepsin B signal observed in 

Figure 5.4 could be governed by an MiT-TFE mediated response, which 

functions to increase biogenesis of lysosomal constituents. However, as the 

staining was performed in hEScRPE, it cannot be determined whether the 

same effect occurs in the different concentrations of chloroquine in pRPE 

cells. It must also be noted that not all of the nuclei in the chloroquine 

challenged cells appeared to have increased TFEB staining. Some cells in the 

NT condition also had more nuclear TFEB fluorescence signal than others, 

and the staining was weak and difficult to reproduce. Immunofluorescence 

using antibodies against endogenous MiT-TFEs is notoriously challenging, as 

much of the staining is dispersed in the cytosol and so extracting the real 

signal from background staining is compounded. Transfecting with TFEB-GFP 

could provide a more reliable readout of TFEB nuclear translocation. To 

determine whether overnight chloroquine challenge induces biogenesis of 
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lysosomal proteins in pRPE, Western blots were performed to measure any 

differences in the levels of LAMP1 and Cathepsin D. 

 

 
Figure 5.6: Chloroquine challenge induces the accumulation of pro-Cathepsin D. 
Relative expression levels of LAMP1 and Cathepsin D after overnight chloroquine challenge 
in pRPE, assessed by Western blot. A representative blot is shown in part A. The relative 
amounts of LAMP1 (B.), Pro-Cathepsin D (C.), Cathepsin D heavy chain (D.) and Cathepsin 
D total (E.) were quantified by densitometric quantitation of Western blots. Band intensities 
were normalised to HSC70 loading control and values represented as fold change to control 
(NT condition). Values are expressed the mean ±SEM and n≥3. 
 

Western blot analysis of pRPE cells was performed at different concentrations 

of chloroquine to determine whether the challenge induced an increase in 

biogenesis of the lysosomal markers LAMP1 and Cathepsin D, consistent with 

TFEB-induced upregulation of lysosomal gene transcription (Fig. 5.6). LAMP1 

expression showed a slight increase in all of the chloroquine concentrations 

tested, all showing an approximate twofold increase compared to control 

(figure 6.B), consistent with CQ-induced MiT-TFEs activation. The protein 

levels of Pro-Cathepsin D showed the most dramatic differences after 

chloroquine challenge, with a dose-dependent increase in the unprocessed 

enzyme observed, which peaked at an approximate average of a 6-fold 



	   203	  

increase at 5µg/ml (Fig. 5.6.C). At the lower concentrations of chloroquine  

(1µg/ml and 2.5µg/ml), Cathepsin D heavy chain levels (corresponding to the 

cleaved protein enzyme) were comparable to the control condition, but 

increased around fourfold at the 5ug/ml condition (C.). The total Cathepsin D 

level was represented as a sum of the normalised values for Pro-Cathepsin D 

and Cathepsin D heavy chain, and itself normalised to the control (D.). In this 

graph there is a trend of an increase in total Cathepsin D in the 2.5µg/ml and 

5µg/ml condition, with a mean threefold increase.  

 

It must be noted that when assessing statistical significance in the above 

data, no values reached the p values required for significance. As is evident 

by the broad error bars representing the SEM, the variability between 

biological replicates was large. As mentioned earlier in this chapter, the 

variability in response between biological replicates in pRPE was an expected 

challenge, and a drawback of using primary cells. In order to reach statistical 

significance and reduce the SEM of the data, more biological replicates are 

required. 

 

 
Figure 5.7: Pro-Cathepsin D accumulates and Cathepsin D heavy chain is depleted 
after chloroquine challenge, relative to total Cathepsin D. 
Using data from the Western blot quantitation in figure 6.6, the relative levels of Pro-
Cathepsin D  (A.) and Cathepsin D heavy chain (B.) were normalised to the total Cathepsin D 
for each condition. Values represent mean values ±SEM and n≥3 (*p<0.05; **p<0.01).  
 

When the relative levels of Pro-Cathepsin D and Cathepsin D were 

themselves normalised to the increases in total Cathepsin D (Fig. 5.7 A.), a 

clear and significant accumulation of Pro-Cathepsin D was observed. As 
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these values were normalised to the increases in Cathepsin D, this 

accumulation of Pro-Cathepsin D is most likely due to inhibition of proteolytic 

processing of the enzyme to the “mature” heavy chain form. Cleavage of pro-

Cathepsin D is pH-dependent (Richo and Conner, 1991), and therefore 

reduced processing in the presence of chloroquine could be due to mildly 

elevated lysosomal pH. Perturbed processing of pro-Cathepsin D is supported 

by analysing the ratio of Cathepsin D heavy chain to pro-Cathepsin D (Fig. 5.7 

B.), which is reduced at the lower concentration of chloroquine. At the higher 

concentrations of chloroquine, there appears to be a slightly greater ratio of 

mature Cathepsin D to total Cathepsin D, although these levels were not 

significantly greater than the 1µg/ml condition. This suggests that the increase 

in total Cathepsin D (Fig. 5.6 E.) could be sufficient to elevate mature 

Cathepsin D levels to some extent.  

 

However, it should be noted that this analysis is only semi-quantitative in 

nature, for two main reasons. Firstly, I opted to use the chemiluminescent 

ECL method for Western blot detection over the use of a fluorochrome-based 

detection system. ECL is more sensitive when protein abundance is low, and 

therefore very few primary cells were required to generate the lysates. 

However, ECL is linear only on a narrow range, and therefore small changes 

in protein levels that have a greater signal are less quantifiable with ECL.  

Secondly, as discussed in Chapter 3, pro-Cathepsin D may contain more 

available epitopes for the polyclonal anti-Cathepsin D antibody to bind. 

Therefore pro-Cathepsin D signal is likely to be greater than Cathepsin D 

heavy chain, despite the same number of molecules being present. This 

means that the ratio of the Cathepsin D forms is only an approximation. 
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Figure 5.8: Altered lysosome morphology induced by chloroquine. 
pRPE were incubated overnight in the presence of 1 or 2.5ug/ml CQ, and observed by TEM. 
Images representative of three biological replicates are shown for each treatment, with higher 
magnification images shown on the right panel. Scale bar represents 250nm.  
 

TEM revealed clear differences in lysosomal morphology after chloroquine 

challenge (Fig. 5.8). In control cells, lysosomes with lamellae and lysosomes 

with amorphous regions were present. In the cells challenged with 

chloroquine, however, only lysosomes with lamellae could be observed (Fig. 

5.8, middle and lower panels). At the higher concentration of chloroquine (Fig. 
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5.8, lower panel), the structures containing lamellae appeared vacuolar, 

indicating that chloroquine challenge increases the volume of the lysosomal 

compartment, possibly by osmotic swelling or accumulation of material. I 

concluded that the appearance of lamellae and lack of amorphous lysosomes 

represented perturbed clearance of membranous material in lysosomes, as 

continued formation of lamellae is not accompanied by degradation of the 

membranes. 

 

In order to determine whether the effects of chloroquine could be due to the 

inhibition of the normal turnover of lysosomal constituents, the lysosomal 

protease inhibitors leupeptin and pepstatin were used. If chloroquine does 

indirectly render lysosomal hydrolases less effective and slow the turnover of 

lysosomal constituents, then the direct inhibition of protease activity would be 

predicted to present the same phenotype as cells challenged with 

chloroquine. Interestingly, previous unpublished work from our lab has indeed 

shown that treatment of HeLa cells with leupeptin increases LAMP1 signal, 

when quantifying the integrated density of the fluorescent signal. Whilst this 

was interpreted to be a result of compensatory lysosomal biogenesis, it is also 

possible that the observed increase in LAMP1 signal is due to a perturbed 

turnover of lysosomal constituents. An experiment was performed to examine 

the effect of combined Pepstatin/Leupeptin treatment on lysosomal protein 

expression, compared to chloroquine treatment. Each condition was 

performed in duplicate, with one well from each condition additionally treated 

with the inhibitor of protein synthesis, cyclohexamide. This additional 

comparison could indicate whether changes in protein levels were a result of 

new protein synthesis during the course of the incubation.  
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Figure 5.9: Chloroquine-induced accumulation of pro-cathepsin D is mimicked by 
direct protease inhibition, and can be blocked by inhibiting protein synthesis. 
pRPE were incubated overnight in the presence of CQ at 2.5µg/ml (CQ2.5) or a combination 
of the protease inhibitors Pepstatin and Leupeptin (Pep/Leu). Each condition was incubated 
in the presence or absence of 2.5ug/ml cyclohexamide (CHX, white bars) protein expression 
evaluated by Western blot. A representative blot is shown in A. and the relative amounts of 
LAMP1 (B.), Pro-Cathepsin D (C.) and Cathepsin D heavy chain (D.) were quantified by 
densitometric analysis of band intensities. Values represent mean values ±SEM and n≥3 
(*p<0.05, **p<0.01). 
 

The level of LAMP1 increased after chloroquine challenge or Pep/Leu 

treatment, although only the former was statistically significant (Fig. 5.9 B.). 

These increases in LAMP1 appeared to be partially, but not completely, 

blocked by blocking protein synthesis. As is clear in the representative blot in 

Figure 5.9 A., accumulation of pro-Cathepsin D is observed after chloroquine 

challenge, which is closely mimicked by direct protease inhibition using 

pepstatin and leupeptin. Both increases, however, could be blocked by 

inhibiting new protein synthesis, suggesting that it is newly-synthesised pro-

Cathepsin D that is accumulating. Densitometric quantitation of the band 

intensities showed that over the biological repeats, the accumulation of pro-

Cathepsin D as a result of chloroquine challenge was statistically significant 

relative to the control condition. Pro-Cathepsin D accumulation showed a 

similar trend in response to Pep/Leu but did not reach statistical significance. 

Unfortunately time did not permit further replicates that might have allowed 
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significance to be achieved. Overall, these observations suggest that the 

turnover of pro-Cathepsin D in normal conditions is dependent on the 

hydrolytic activity in the lysosomal lumen, which is reduced after chloroquine 

challenge or Pep/Leu treatment.  

 

 

 



	   209	  

 
Figure 5.10: Chloroquine challenge and protease inhibition induce the accumulation of 
lamellar lysosomes and endolysosomes containing non-degraded ILVs. 
pRPE were challenged overnight with 2.5µg/ml chloroquine or Pep/Leu and imaged by EM. In 
the control cells, both lamellar (white arrows) and amorphous lysosomes could be observed, 
and very few vacuoles containing ILVs were present (black arrows). In the challenged cells, 
only lamellar lysosomes could be observed, and there was a marked accumulation of 
vacuoles containing ILVs, probably endolysosomes. Images are representative of two 
biological replicates. 
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The electron microscopy analysis confirmed that protease inhibition also 

mimics the changes in morphology induced by chloroquine challenge. In 

control cells, lysosomes are heterogeneous, with both lamellar and 

amorphous lysosomes (and hybrids of the two) readily observed. In both the 

chloroquine challenged cells and the cells incubated with protease inhibitors, 

only the lamellar lysosomes could be observed, with no amorphous 

lysosomes present. In addition, in both of the test conditions there was a 

marked increase in the number of vesicles containing ILVs within a field of 

view compared to control cells. I theorise that the small number of structures 

containing ILVs in the control cells are either MVBs or endolysosomes that 

have very recently been formed, whereas the majority of the ILV-containing 

structures in the test conditions represent endolysosomes that do not have 

the capacity to degrade their cargo. In short, these TEM analyses suggest 

that chloroquine challenge and protease inhibition decrease turnover of 

endosomal cargo. 

 

The observed increases in LAMP1 and Cathepsin D protein levels that could 

be ablated by inhibiting protein synthesis (Fig. 5.9) led to the hypothesis that 

chloroquine or protease inhibitors induce an-upregulation of lysosome 

biogenesis. If this were the case, mRNA expression would be expected to 

increase after challenging the cells, in line with the increase in LAMP1 or 

Cathepsin D protein levels. qRT-PCR was performed to determine whether 

chloroquine challenge stimulates synthesis of LAMP1 or Cathepsin D by 

measuring transcript expression. 
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Figure 5.11: Expression of LAMP1 and Cathepsin D mRNA are not significantly 
increased after chloroquine challenge. 
pRPE were incubated with 1µg/ml or 2.5µg/ml chloroquine overnight, and expression of 
LAMP1 mRNA and Cathepsin D mRNA were analysed by qRT-PCR. LAMP1 mRNA 
expression (A.) and Cathepsin D mRNA expression (B.) were not significantly elevated at 
either of the chloroquine concentrations. Values are expressed as the mean ±SEM and n=4. 
 

Surprisingly, cells challenged with 1µg/ml chloroquine did not show any 

significant increase in LAMP1 or Cathepsin D mRNA expression (Fig. 5.11), 

despite the increases in both protein levels observed previously. From these 

observations, I concluded that the increases in LAMP1 and Cathepsin D 

protein levels after chloroquine challenge were a result of basal biogenesis of 

LAMP1 and Cathepsin D, rather than stimulated biogenesis via MiT-TFEs. 

This further reveals the high rate of turnover of lysosomal proteins, in 

particular Cathepsin D that is contained in the harsh environment of the 

lysosomal lumen. At the higher concentration of chloroquine, Cathepsin D 

mRNA was appeared to be slightly but not significantly elevated, which may 

reach significance with further biological replicates.  
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Figure 5.12: Autophagosomes and possible basal deposits are present after combining 
severe acute chloroquine challenge with POS challenge. 
pRPE cells were pulsed once with POS and chased overnight with 5µg/ml chloroquine. In the 
top image, multiple autophagosomes can be observed inside the cell, and amorphous 
accumulations are visible between the Transwell filter and the basal membrane of the cell. 
Autophagosomes are often packed with melanosomes, as seen in the bottom image.  
 

Cells challenged with very high concentrations of chloroquine (5ug/ml) 

contained large autophagosomes, which were often packed with 

melanosomes as shown by TEM in Figure 5.12 (top) and higher magnification 

in Figure 5.12 (bottom). The disruption of autophagic flux and/or increased 
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expression of autophagy genes via MiT-TFEs, both of which are established 

effects of chloroquine, could explain the accumulation of the large 

autophagosomes. As chloroquine is shown to bind melanin, I speculate that 

the presence of clustered melanosomes inside the autophagosomes could 

represent a cellular response whereby the cell attempts to clear the 

chloroquine-containing melanosomes. The clustering of melanosomes could 

partially explain the pigmentation changes seen in chloroquine toxic 

retinopathy and age-related disease, although this is also speculative.  

 

In addition to the autophagosomes, some cells appeared to accumulate basal 

material between the basal limiting membrane and the Transwell filter (Figure 

5.12, top). It has been shown that chloroquine treatment of rats induces 

lysosome exocytosis and formation of deposits containing incompletely 

digested material (Peters et al., 2006). I speculate that the severe chloroquine 

challenge in combination with the burden of POS phagocytosis results in a 

radical response whereby the pRPE cells expel the significant burden of 

material that they are unable to digest, forming the basal deposits. 

 

Despite attempts to recreate this phenotype in repeats of these conditions, no 

basal deposits were observed, and it must be noted that not all of the cells in 

the specimen shown in Figure 5.12 had the basal material. This suggests that 

the assumed basal deposits observed in Figure 5.12 could actually be 

remnants of dead cells that were underneath the living cells in the specimen 

(although this is probably unlikely as the cells form true monolayers). As the 

primary cells are pooled from multiple individual animals, is also possible that 

those cells that did contain the assumed deposits in the specimen were 

derived from an animal that possessed a genetic variant that differed from the 

majority of the other individuals, and predisposed those cells to exocytosis of 

material. 
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5.2.3: A chronic model of lysosome dysfunction in hEScRPE 
 

As discussed, long-term chloroquine exposure has been associated with a 

significant increase in risk of developing retinopathies that present similar 

hallmarks to age-related diseases. Previously in this chapter, the short-term 

effects of chloroquine challenge on lysosomes have been assessed in pRPE 

cells, and some findings validated in hEScRPE cells. In this part of the 

chapter, a model of chronic chloroquine-induced lysosome dysfunction was 

developed in hEScRPE cells to more accurately recreate the daily function of 

RPE cells.  

 

As discussed earlier in this chapter, hEScRPE were chosen for these longer-

term experiments, as they are more tolerant to higher concentrations and 

longer durations of CQ challenge than pRPE. The hEScRPE cells are also 

genetically identical, as they are all derived from the same H9 pluripotent 

stem cell clone, which means that there is less variability in response within 

and between batches of cells due to genetic variances within and between 

batches, which is a limitation of pRPE cells. 

 

 
Figure 5.13: Experimental design for the long-term physiological model of chloroquine 
challenge in hEScRPE cells. 
hEScRPE were pulsed with POS daily, and challenged with 5µg/ml chloroquine (CQ) 
between each POS pulse. Cells were fixed at day 1, day 3 or day 7, and these time points 
referred to as either “acute”, “continued” or “chronic”, respectively.  
 
The assay was designed to combine the physiological degradation of POS 

that RPE undergo on a daily basis with the lysosomal challenge with 

chloroquine. In this approach, the effects of relatively long term partial 

lysosome dysfunction on degradation of POS can be modelled.  In the first 
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characterisation of this model, we assessed whether the accumulations of 

immature forms of Cathepsin D, as observed in the pRPE after overnight 

chloroquine challenge, was replicated at the different time points. In pRPE, 

the extent of pro-Cathepsin D accumulation was concentration-dependent, 

and it was predicted that in the hEScRPE, the accumulation would also be 

time-dependent. As this model aimed to study the effects of chloroquine 

challenge over time, a single concentration of chloroquine was selected 

(5µg/ml). 

 

 
Figure 5.14: The amount of total Cathepsin D increases, but the ratio of mature 
Cathepsin D to total Cathepsin D decreases, in a time-dependent manner after 
chloroquine challenge. 
hEScRPE were challenged with the acute, continued or chronic regime and the relative 
amount of Cathepsin D was analysed by Western blot. A representative blot is shown in A., 
and the relative amounts of total Cathepsin D (the sum of intermediates and heavy chain, B.) 
and the ratio of Cathepsin D heavy chain to total Cathepsin D (C.) were represented as fold 
change from the non-treated condition for the same time point. Bars represent the mean 
±SEM and n≥3 (*p<0.05, **p<0.01). 
 

As is clear in the representative blot in Figure 5.14 A., the hEScRPE 

accumulated unprocessed Cathepsin D intermediates at all of the time points 
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after chloroquine challenge, which increased with time. This was 

accompanied by an increase in total Cathepsin D (Fig. 5.14 B.) and perturbed 

processing of the intermediates, suggested by reduction in the ratio of mature 

Cathepsin D relative to total (Fig. 5.14 C.). These observations match the 

observations in pRPE, indicating that the accumulation of Cathepsin D 

intermediates is both concentration-dependent and time-dependent. The 

levels of mRNA expression of both LAMP1 and Cathepsin D were analysed 

by qRT-PCR to assess whether chloroquine challenge and the resulting 

increase in Cathepsin D protein levels could be attributed to stimulated 

biogenesis of lysosomal constituents. 

 

 
Figure 5.15: LAMP1 mRNA and Cathepsin D mRNA expression are not significantly 
increased by chloroquine challenge. 
hEScRPE were challenged with the acute, continued or chronic regime, and total RNA was 
purified from lysates. qRT-PCR was performed to measure the relative expression of LAMP1 
mRNA (A.) or Cathepsin D mRNA  (B.) and no significant differences were detected. Values 
represent the mean ±SEM and n≥3.  
 

The analysis of mRNA expression levels showed no statistically significant 

increases in LAMP1 mRNA or Cathepsin D mRNA after chloroquine challenge 

at any of the time points (Fig. 5.15). However, some trends are visible in the 

data. Firstly, the trend suggests that LAMP1 mRNA expression increases in 

the non-treated conditions between the acute, continued and chronic regimes 

(Fig. 5.15 A.), but for each time point there is little difference between non-

treated and chloroquine challenged cells. This could suggest that the cells up-

regulate LAMP1 expression in response to POS feeding alone, and not in 
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response to chloroquine challenge. The analysis of Cathepsin D mRNA 

expression (Fig. 5.15 B.) shows a trend of an increase in expression between 

non-treated and chloroquine challenged cells at each of the time points, but 

the levels in the non-treated conditions appear relatively unchanged. Contrary 

to the trends of LAMP1 mRNA expression, this suggests that chloroquine 

challenge, rather than POS feeding alone, could increase Cathepsin D mRNA 

expression. Additional biological replicates are required to confirm whether 

the observed trends are statistically significant.  

 

A possible explanation for the accumulation of unprocessed cathepsin D 

intermediates and the increase in total Cathepsin D is that the newly 

synthesised immature cathepsin D intermediates are mis-trafficked and do not 

reach the lysosome to be cleaved to the active form. As previously discussed, 

the immature form of Cathepsin D must be cleaved in the acidic lysosome in 

order to form the hydrolytically active enzyme and turnover the immature 

forms. Recently published observations in a short-term, high-dose challenge 

have indeed shown that the peri-nuclear localisation of the Golgi is ablated by 

chloroquine (Mauthe et al., 2018). Disruption of Golgi structure would 

presumably detrimentally affect the delivery of cargo to the lysosome. This 

could explain the Western blot observations, if pro-Cathepsin D is 

accumulating in dispersed Golgi structures. To establish whether this was 

occurring in our model, staining for the trans-Golgi marker TGN46 was 

performed in the continued condition with or without chloroquine, and Golgi 

localisation was observed by IF.  
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Figure 5.16: Following “continued” chloroquine challenge, the perinuclear localisation 
of the Golgi apparatus unaffected.  
hEScRPE were challenged following the continued regime and stained for the trans-Golgi 
marker TGN46 (green) and DAPI (blue). Representative immunofluorescence images are 
shown, with the transmitted light channel overlaid on the right. Scale bar represents 8µm.  
 

In the cells challenged with chloroquine, no disruption of the Golgi’s peri-

nuclear localisation was observed (Fig. 5.16). This indicates that our model 

using low doses of chloroquine for prolonged periods in RPE cells does not 

have the same extreme effects on Golgi that high doses do, and so the 

biosynthetic processes may not be as severely affected. Next, I determined 

whether the unprocessed Cathepsin D intermediates accumulate in the 

lysosome by immunofluorescence staining for LAMP1 and Cathepsin D. 
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Figure 5.17: In the “continued” condition, Cathepsin D immunofluorescence signal is 
increased, whereas LAMP1 fluorescence and LAMP1/Cathepsin D colocalisation do not 
change significantly.  
hEScRPE were challenged with the 3 day “continued” regime, before fixing and double 
staining with LAMP1 (green) and Cathepsin D (red) as shown in the representative images 
(A.). Scale bars represent 10µm. The integrated density (IntDens) of the fluorescent signal 
was quantified for the LAMP1 channel (B.) and the Cathepsin D channel (C.), and 
represented as integrated density per cell cytoplasm. For each cell, the colocalisation 
between LAMP1 and Cathepsin D (LAMP positive areas that are also Cathepsin D positive) 
was analysed and represented as Mander’s coefficient (D.). Graph bars represent the mean 
±SD, n=22 cells analysed per condition (****p<0.0001). Imaging and data performed by PF. 
 

Immunofluorescence evaluation of the cells in the continued condition showed 

that Cathepsin D immunofluorescence signal is significantly elevated after 

chloroquine challenge (Fig. 5.17 C.). LAMP1 signal was also analysed within 

the same cells, but LAMP signal was not significantly altered when comparing 
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NT and chloroquine challenged cells (Fig. 5.17 B.). These observations 

matched the Western blot analyses that showed greater Cathepsin D levels 

after chloroquine challenge (Fig. 5.14 B.). Colocalisation between LAMP1 and 

Cathepsin D was analysed, and the Manders coefficient value was not 

significantly different between the NT cells and the chloroquine-challenged 

cells (Fig 5.17 D.), indicating that the Cathepsin D is likely accumulating inside 

the lysosomal compartment. As discussed in Chapter 3, LAMP1 and 

Cathepsin D signal do not directly overlay, as LAMP is localised to the limiting 

membrane and surrounds the lumenal Cathepsin D signal. However, in the 

previous discussion concerning this issue, it was demonstrated that the 

Coloc2 plugin used for these colocalisation analyses considers the Cathepsin 

D punctae surrounded by LAMP as coloclalised, despite the lack of direct 

signal overlay. TEM was performed on the 3-day continued condition to 

visualise the differences in the lysosomal ultrastructure after chloroquine 

challenge, which are likely to be the sites of immature Cathepsin D 

accumulation.  

 



	   221	  

 
Figure 5.18: Vacuolar structures, often containing undigested POS, are visible by TEM 
after chloroquine challenge.  
hEScRPE were treated according to the “continued” regime before fixing and processing for 
conventional EM. Undigested POS are highlighted by the white arrows.  
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By conventional TEM, undigested POS and other membranes of unknown 

origin (indicated by the white arrows) could be identified in the chloroquine 

challenged cells, whereas the NT cells appeared to have degraded the 

majority of fed POS as very few structures with POS could be observed (Fig. 

5.18). In some areas, the chloroquine challenged cells appeared vacuolar, 

presumably as a result of the accumulation of undigested POS and other 

material. The differences in ultrastructure between the non-treated and 

chloroquine challenged cells were not as striking as I expected, due to the 

partially vacuolar appearance of the NT cells, possibly due to problems in 

fixation of the melanosomes. To determine whether the structures containing 

the non-degraded POS were the site of Cathepsin D accumulation, cryo-

immuno TEM was also performed using the same Transwells as shown in 

Figure 5.18. 
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Figure 5.19: The enlarged lysosomal compartment accumulates Cathepsin D. 
hEScRPE were treated according to the “continued” regime before fixing and processing for 
cryo-immuno EM. Ultrathin cryosections were labelled with anti-Cathepsin D immunogold 
(10nm Au).  
 

The labelling of ultrathin cryosections with anti-Cathepsin D immunogold 

revealed the extent of Cathepsin D accumulation in the continued condition 

(Fig. 5.19). The chloroquine challenged cells appeared more vacuolar and 

most of the structures were positive for anti-Cathepsin D immunogold, 

whereas in the NT cells Cathepsin D was localised to more distinct 

compartments. This significant accumulation is consistent with the 

conventional TEM that shows that the lysosomal compartment is swollen with 

undigested material after 3 days of chloroquine challenge, and this cryo-

immuno TEM demonstrates that these compartments most probably also 

contain the unprocessed Cathepsin D. As the antibody used for the cryo-

immuno TEM recognises both forms of Cathepsin D, it is not possible to 
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determine whether the immunogold represents the immature or mature form 

of Cathepsin D.  

 

The difference in the amount of undigested POS visible between NT and 

chloroquine challenged cells in TEM was striking, but was challenging to 

quantitate as this involves some subjective identification of POS and there 

were some problems with the specimen preservation. To better visualise and 

more easily quantitate the accumulation of undigested POS, 

immunofluorescence staining for RetP1 was performed for the different time 

points. As discussed previously, the intradiscal RetP1 epitope of rhodopsin is 

lost after lysosomal degradation.   

 

 
Figure 5.20: Chloroquine challenge affects the ability of the RPE to degrade POS.  
hEScRPE cells were challenged with the acute, continued or chronic regime, before fixing 
and labelling with anti-RetP1 (intradiscal rhodopsin epitope) antibody. RetP1 
immunofluorescence was imaged by confocal microscopy.  
 

The increase in RetP1 immunofluorescence in the chloroquine challenged 

cells further illustrated the significant accumulation of undigested POS (Fig. 

5.20). Some RetP1 staining was visible in the NT cells, which could be 

expected as the cells will require a period of time to degrade all of the POS. 

Attempts were made to quantify the amount of non-degraded rhodopsin by 
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Western blotting for 1D4 and RetP1, but this proved challenging and attempts 

were not successful. Future efforts will be made to optimise Western blotting 

of rhodopsin using non-boiled lysates, which we expect will reduce “smearing” 

of the band.  

 

Chloroquine is a known inhibitor of autophagy. In another characterisation of 

the model, the effects on autophagy were firstly assessed by analysing the 

levels of autophagy-related protein markers at the different time points. 

Previous studies of AMD patient RPE have noted a significantly elevated 

numbers of autophagosomes within the cell, suggesting impaired autophagy, 

perhaps as a result of lysosome dysfunction decreasing autophagic flux. We 

expected that an increase in autophagic markers would be observed in the 

model, and that the levels would increase over time as autophagic flux is 

affected and possibly autophagy genes are upregulated.  
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Figure 5.21: Partial lysosome dysfunction induces the accumulation of autophagy-
related protein markers. 
hEScRPE were challenged with the acute, continued or chronic regime and the relative 
amounts of autophagy markers were analysed by Western blot. A representative blot is 
shown in A. and the relative amounts of LC3 II (represented as a proportion of LC3 I) and p62 
were quantified by densitometric analysis of band intensities, normalised to actin loading 
control and represented as fold change from the control for each time point (B. and C., 
respectively). Bars represent the mean ±SEM and n≥3. 
 

The levels of autophagy markers LC3 and p62 were analysed. As discussed 

in Chapter 1, LC3-I is lipidated to form LC3-II during generation of the 

phagophore, and therefore measuring the ratio of LC3-II to LC3-I by Western 

blot can be used to monitor upregulation of autophagy, or changes in 

autophagic flux. Cells challenged with chloroquine showed a greater LC3-II to 

LC3-I ratio that increased at the later time points (Fig. 5.21 B.), suggesting up-

regulation of autophagy or perturbed clearance of autophagosomes. The 

multifunctional protein p62 is a classical receptor of autophagy, and is 

degraded along with the autophagic cargo. Therefore, p62 is a commonly 
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utilised marker of autophagosome accumulation. Western blot analysis shows 

a trend of accumulation of p62 in chloroquine challenged cells (Fig. 5.21 C.), 

also suggesting upregulation of autophagy or perturbed clearance of 

autophagic cargo. Although these trends are clear in the data, the increases 

in the autophagic markers were not statistically significant relative to the 

control condition for each time point due to high variability between the 

biological replicates, and further biological replicates are required.  

 

As mentioned, the increases in autophagic markers could be attributed to 

either induction of autophagy, or perturbed clearance of autophagosomes. If 

autophagy were unregulated by chloroquine, we would expect increase in 

expression of autophagy genes to match increases in autophagy proteins. We 

next measured the expression of p62 mRNA to understand whether the 

increases in p62 protein observed in Figure 5.21 were a result of induction of 

autophagy or accumulation of autophagic cargo. 

 

 
Figure 5.22: p62 mRNA expression is not significantly increased in all of the time 
points. 
hEScRPE were challenged with the acute, continued or chronic regime and the relative 
amount of p62 mRNA expression was analysed by qRT-PCR. Values are expressed as the 
mean ±SEM and n=3 (*p<0.05). 
 

Expression of p62 mRNA did not increase significantly after chloroquine 

challenge in the acute, continued or chronic conditions, relative to the non-

treated condition for each time point (Fig. 5.22). There was a statistically 

significant increase in p62 mRNA when comparing the chronic condition to the 
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acute condition control, however this comparison does not take into account 

the daily POS feeding in the chronic condition. Therefore, although there is a 

suggestion that p62 mRNA could be increased in the chronic condition, this 

cannot be concluded as there was no statistically significant change when 

compared to the NT condition at the same time point. This observation that 

mRNA expression did not match the measured increases in p62 protein in 

Figure 5.21 suggests that chloroquine challenge perturbs clearance of 

autophagosomes, rather than inducing autophagy. In other words, the data 

suggests that chloroquine affects autophagic flux, likely as dysfunctional 

lysosomes fail to clear autophagic cargo. 

 

5.3: Chapter Summary 

5.3.1: Chloroquine-induced expansion of the lysosomal 
compartment 

 

A surprising observation was that after chloroquine challenge in pRPE cells, 

Magic Red™ fluorescent signal was elevated at the higher concentration. This 

observation was also matched by our collaborators, who noticed increases in 

both Lysotracker and Magic Red™ signal in hEScRPE cells in the acute, 

continued and chronic regimes (not shown in this thesis). TEM analysis 

showed that the lysosomes are enlarged and contain undigested material in 

pRPE challenged with the higher concentrations of chloroquine, and 

hEScRPE in the continued condition. This appears to represent mainly 

ILVs/autophagosome cargo in pRPE not fed with POS, and POS in the 

hEScRPE model. Although it is likely that osmotic swelling plays some role 

(indicated by the presence of some “empty” vacuolar regions), it is also likely 

that this accumulation of undigested material also contributes to the 

expansion of the lysosomal compartment. 
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5.3.2: Chloroquine induces the accumulation of unprocessed 
Cathepsin D intermediates in lysosomes 

 

Analysis of relative protein levels indicated that both pRPE and hEScRPE 

accumulate unprocessed Cathepsin D intermediates. In both cell types, the 

Cathepsin D appeared to accumulate inside LAMP-positive compartments, as 

indicated by the co-localisation of the immunofluorescent staining in pRPE 

and hEScRPE. In pRPE, the accumulation of pro-Cathepsin D was observed 

after only an overnight challenge, and increased in a dose-dependent 

manner. In hEScRPE, the Cathepsin D intermediates accumulated in a time-

dependent manner, with the chronic condition showing the greatest levels of 

unprocessed enzymes. Together, these observations highlight that the 

accumulation of unprocessed Cathepsin D is dependent on both chloroquine 

concentration and the duration of time for which the cells are challenged with 

chloroquine.  

 

The accumulation of unprocessed cathepsin D in pRPE was mimicked by 

direct protease inhibition using pepstatin and leupeptin, suggesting that 

processing and turnover of the enzyme intermediates is dependent on the 

activity of hydrolases in the lysosomal lumen. The fact that the hydrolase 

inhibition showed such a close resemblance to chloroquine challenge would 

suggest that the presumed increase in lysosomal pH induced by chloroquine 

affects the conversion of pro-Cathepsin D to the mature, active form. 

 

The unprocessed Cathepsin D intermediates have significantly less hydrolase 

activity than the cleaved mature form of the enzyme. By quantitating the 

amount of mature Cathepsin D relative to the total Cathepsin D it is clear that 

there is a reduction in the amount of functional Cathepsin D. This could 

represent a valuable readout of the general lysosome activity of the cell using 

protein expression data. 
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5.3.3: Progression through the lysosome cycle is acid hydrolase-
dependent 

 

Part of the lysosome cycle involves the re-formation of a neutral terminal 

lysosome from an acidic and acid hydrolase positive endolysosome after the 

complete degradation of cargo. As discussed, chloroquine challenge (at low 

concentrations) results in perturbed processing of Cathepsin D intermediates, 

which is pH dependent, and a depletion of the hydrolase active mature form of 

the enzyme. Direct inhibition of hydrolase activity also perturbed the 

processing of Cathepsin D intermediates. After either chloroquine challenge 

or protease inhibition, electron microscopy showed that most or all of the 

lysosomes contained the lamellae that are associated with the hydrolase 

active lysosome, but few to no lysosomes were the amorphous kind. These 

observations suggest that hydrolase activity of enzymes within the lysosomal 

lumen itself is required for the degradation of the intra-lysosomal lamellae to 

form the amorphous terminal lysosome.  

 

 
Figure 5.23: Model for the hypothesised disruption of lysosomal reformation arising as 
a consequence of perturbed lysosomal hydrolase activity.  
I hypothesise that reformation of the terminal amorphous lysosome from the multi-lamellar 
lysosome is dependent of the degradation of the intra-lysosomal lamellae by the proteases 
contained within the lysosomal lumen.  
 

5.3.4: Chloroquine induced partial lysosome dysfunction perturbs 
turnover of lysosomal constituents 

 

Increases in LAMP1 and Cathepsin D protein levels were observed after 

chloroquine challenge or protease inhibition, and the effect could be blocked 

with cyclohexamide, confirming that the increases were a result of new protein 
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synthesis. However, the relative expression of mRNA for the same proteins 

did not always match the increases in protein levels. This suggests that the 

increases in protein, at least at some concentrations of chloroquine, are a 

result of basal, rather than stimulated, synthesis of the lysosomal constituents. 

I conclude that levels of protein appears to increase because they would be 

turned over rapidly in a normal state when they are exposed to the volatile 

environment inside the lysosomal lumen, but chloroquine-induced dysfunction 

slows this process. 

5.3.5: Partial lysosome dysfunction results in accumulation of 
lysosome-targeted cargo 

 

In pRPE, the observed accumulation of undigested ILVs and 

autophagosomes suggested that chloroquine challenge disrupted the ability of 

the lysosome to clear material from the endosomal and autophagic pathways 

under basal conditions. In the hEScRPE model, the inclusion of POS 

challenge demonstrated that mild chloroquine challenge also reduces the 

cell’s ability to clear phagocytic cargo, in addition to autophagic cargo. It 

should be mentioned that marked reduction in phagocytic ability has been 

shown in chloroquine-treated ARPE19 cells (Chen, Gombart and Chen, 

2011), although this study used significantly greater concentrations of 

chloroquine. We did not assess the effect of chloroquine on the phagocytic 

ability in our models, but our collaborators in Lisbon demonstrated that 

dextran uptake via the endocytic pathway was unaffected. If phagocytic ability 

were reduced by chloroquine challenge in our model, this could mean that the 

intracellular accumulation of POS that we observe is even more significant.  
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6: Final Discussion 
 

This chapter firstly summarises the main findings of the project, 

before discussing some of the main points raised by the work. 

Ideas are proposed to address some of the open questions and 

provide avenues for future work. Some of the currently ongoing 

work that has arisen from the results presented in this thesis is 

also discussed. 
 

6.1: Summary of Findings 
 

This project began by characterising the lysosomal compartment of 

unchallenged pRPE and hEScRPE cells. It was shown that pRPE contain a 

heterogeneous population of lysosomes that differ in morphology and, to 

some extent, Cathepsin D content. Tomography revealed that lysosomes 

containing lamellae can be interconnected and form a complex lysosomal 

network. By chasing a pulse of BSA-gold through the lysosomal system, it 

was suggested that lamellae are lost and the amorphous lysosomes are 

formed as time progresses, and thus lamellar and amorphous lysosomes 

likely represent different stages of the lysosome cycle. Sequential pulses of 

BSA-gold of different sizes revealed that at least some lysosomes remained 

accessible to endocytosed cargo one week after acquiring the first pulse of 

cargo.  

 

The lysosomal compartment of hEScRPE was more challenging to 

characterise. Although hEScRPE formed polarised monolayers with typical 

RPE-like morphology, an obvious lysosomal compartment could not be 

recognised amongst the surrounding immature/pre-melanosomes by electron 

microscopy. The cells were, however able to degrade a pulse of POS, and 

endocytosed gold became aggregated in a subset of amorphous vacuoles, 

demonstrating that hEScRPE cells do contain a degradative compartment.   
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By feeding cells with POS or mildly UV-irradiated POS, a model of lipofuscin 

accumulation was developed in pRPE. After a single pulse of POS, the cells 

formed autofluorescent lipofuscin-like granules that increased in number over 

time, suggesting that partial lysosomal degradation of phagosomes is required 

to generate the detectable autofluorescence. The number and size of 

autofluorescent or lipofuscin-like granules increased if POS were UV-

irradiated prior to feeding to the cells, developing a more rapid model of 

lipofuscin accumulation. More severe challenge by loading cells with POS or 

UV POS for five consecutive days additionally induced the formation of 

melanolipofuscin-like granules. 

 

pRPE and hEScRPE challenged with chloroquine showed an accumulation of 

immature forms of Cathepsin D, which appeared to be accompanied by 

accumulation of lamellae in the lysosomes of pRPE. Increases in pro-

Cathepsin D and total Cathepsin D were not matched by significant increases 

in Cathepsin D mRNA, but could be blocked by inhibiting protein synthesis. 

This suggested that the immature Cathepsin D intermediates accumulate due 

to perturbed turnover of Cathepsin D that is synthesised on a basal level. 

Reduced processing of immature Cathepsin D to the mature enzyme by 

chloroquine likely underlies perturbed degradation of endosomes, 

phagosomes and autophagosomes in RPE cells over prolonged periods of 

time, resulting in their accumulation.  Although chloroquine was shown to 

inhibit degradation of POS in hEScRPE and induce lysosome enlargement, in 

pRPE lysosome enlargement occurs without phagocytosis of POS and 

induces the accumulation of lamellar lysosomes. A similar phenotype was 

observed after treating cells with protease inhibitors, suggesting that lamellar 

lysosomes accumulate due to inhibition of lysosomal degradation of lamellae. 

 

6.2: Discussion of Results and Future Work 

6.2.1: Assessment of cell systems 
 

RPE cells are an ideal model system for studying lysosome biology and 

membrane trafficking, as they have an unparalleled digestive burden and 
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astonishingly exhibit almost all known trafficking events. However, suitable 

RPE cell systems that are physiologically representative, reliable, 

reproducible and time/cost-effective have persistently challenged in vitro 

studies of RPE. The studies in this project used primary porcine RPE (pRPE) 

derived from adult pigs and human embryonic stem cell-derived RPE 

(hEScRPE) differentiated from a commercially available progenitor cell clone. 

Morphologically, both pRPE and hEScRPE exhibited typical RPE-like 

epithelial monolayer morphology in culture and were more pigmented than 

ARPE19 cells (the most commonly used RPE cell line) and human fetal RPE 

(hfRPE) cells that were considered for use, although direct comparison was 

not made. In addition, after respective isolation or differentiation of the pRPE 

or hEScRPE cells, relatively long-term maintenance and culture of the cells 

was practically manageable and cost-effective. Each of the cell types had 

their advantages and drawbacks however, which became more evident as 

this project progressed and often made one cell type more suitable for certain 

assays than the other. 

 

A main factor supporting the selection of pRPE as a model system is that the 

pRPE cells are adult cells that are fully (and physiologically) differentiated. As 

such, they contain only mature and fully pigmented melanosomes and do not 

undergo further melanogenesis and pigmentation state is constant. This 

limited the effect of increased fluorescence quenching by melanin over time in 

culture. As the cells are primary cells isolated from adult pig eyes and 

proliferation is limited, the majority of cells have the “proven” ability to 

phagocytose and degrade shed POS fragments in vivo. In addition, pigs share 

many biological similarities with humans, including diurnal POS shedding and 

they exhibit a macula.  

 

The most problematic drawback of the pRPE cells was the high level of 

variability between cells within, and between, batches of isolated cells. This 

often resulted in large variation between biological replicates and skewed 

datasets, and meant that clear trends were not supported by statistical 

significance due to high standard error. The variability in response is 

unsurprising due to the heterogeneity of the cells, which were isolated from 
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adult pig eyes. The age, breed, sex, exposure to environmental factors and 

disease status/history of the pigs from which the eyes were extracted were all 

factors that were beyond our reasonable control. The heterogeneity of primary 

cells and subsequent challenges as a result is a notable drawback in the use 

of primary cells in in vitro studies, and often primary cells are used in high-

content or high-throughput analyses where the high number of replicates is 

sufficient to reduce the effect of variance in the data. Identification of 

antibodies for use in the porcine cells was also a persistent challenge. 

Although the genomes of humans and pigs are relatively highly conserved, it 

was often the case that antibodies recognising the human proteins did not 

recognise the porcine protein, and therefore considerable time and effort was 

spent identifying suitable antibodies that reacted with both the human and 

porcine protein.  

 

hEScRPE cells provided a cell model in which all the cells in the population 

are genetically identical, as all of the hEScRPE were differentiated from the 

same progenitor pluripotent stem cell line (H9 pluripotent stem cell line, 

WiCell). The differentiated cells show typical RPE morphology, and previous 

characterisation of the hEScRPE cells demonstrated that they express all of 

the RPE-associated protein markers tested. However, the guided 

differentiation of hESc to hEScRPE requires a precise regime in terms of 

growth factor composition and concentration in the media, and the time for 

which the cells are exposed to the factors. As a consequence of the precision 

required, uncontrollable but slight differences in morphology are observed 

between different differentiations using the same protocol, such as differences 

in cell shape, size and pigmentation. However, all hEScRPE cells were 

qualitatively monitored and assessed by phase contrast microscopy prior to 

use in any assays for quality control. Another challenge of using hEScRPE in 

TEM is that the immature melanosomes fill most of the cytoplasm. The cells 

also become more pigmented as melanogenesis continues in the hEScRPE. 

If left too long, the cells became so pigmented that fluorescence microscopy 

became challenging due to quenching of the fluorescence by melanin. In the 

future, tyrosinase inhibitors could be used to block melanin synthesis and limit 

pigmentation of the cells. 
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Both of the cell systems exhibit a major limitation in that they are monoculture, 

or so-called ‘two-dimensional’, systems. In vivo, the RPE interacts with 

different cell types, including the photoreceptors apically and indirectly with 

the endothelial cells of the choriocapillaris basally. In monoculture systems, 

the apical pole of the RPE cells is exposed to fluid rather than in apposition 

with photoreceptors, and therefore this cell:fluid interface is not representative 

of the cell:cell interface that exists in vivo. Retinal organoids circumvent this 

drawback and produce interacting ‘three-dimensional’ cell systems from iPS 

cells that include interaction with multiple retinal layers (Parfitt et al., 2016), 

and therefore provide a more physiologically representative model system for 

studying retinal disease.   

6.2.2: Lysosomal heterogeneity 
 

The lysosomes in pRPE are morphologically heterogenous, with some 

lysosomes containing lamellae and some devoid of lamellae. My work 

demonstrated that the lysosomes with lamellae were the predominant site of 

Cathepsin D localisation, and amorphous lysosomes lacking lamellae but 

containing products of degradation appeared to contain less Cathepsin D. I 

also demonstrated that the lysosomes with differences in morphology likely 

represent different stages of the lysosome cycle, and therefore propose that 

the degradation of lysosomal cargo is coupled with degradation and loss of 

the lamellae. I propose that lamellar lysosomes represent hydrolase active 

lysosomes, whereas amorphous lysosomes represent inactive lysosomes that 

are in the process of, or yet to undergo, reformation. Correlative light and 

electron microscopy (CLEM) could be employed to confirm this prediction. I 

propose to perform an experiment whereby lysosomes will be loaded with 

fluorescent dextran, before detecting the active lysosomes with the Magic Red 

probe and observing the same structures by TEM.  Bright et al. (2016) 

performed a similar experiment in NRK cells, and those lysosomes that are 

active and acidic appeared to contain lamellae in the published images, 

although the authors did not explicitly comment on the presence of lamellae 

indicating active lysosomes.  
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Whilst lamellae are classically recognised as a defining morphological feature 

of lysosomes, little attention has been paid to their origin and formation, or 

what their presence can indicate. In addition to degrading soluble or 

solubilised macromolecules, lysosomes are responsible for degrading whole 

membranes containing amphiphilic macromolecules. Inside the lysosomal 

lumen, the membrane-bound molecules such as glycoproteins, sphingolipids 

and phospholipids require the action of enzyme cofactors, which function to 

isolate and solubilise the membrane-bound molecules (Schulze, Kolter and 

Sandhoff, 2009). Therefore, it is generally assumed and inferred that the 

lysosomal lamellae are formed from membranes that are sorted for lysosomal 

degradation. It is likely that the lamellar lysosomes represent the degradative 

lysosome, as the degradation of membranes is incomplete. The formation and 

functional relevance of the lamellae have presumably been overlooked in 

recent studies due to lack of any clear translational or clinical significance. I 

propose that following up my observations using more recently developed 

techniques could inform or complement past and future studies. 

 

It has been demonstrated that a biotin-conjugated derivative of the 

ganglioside GM1 is transported from the plasma membrane to ILVs and 

intralysosomal lamellae (Möbius et al., 1999), strongly suggesting that ILVs 

form lysosomal lamellae. However, to the best of our knowledge, it has never 

been explicitly demonstrated that the membranes forming ILVs form the 

lamellae. The majority of ILVs are formed by ESCRT-dependent cargo sorting 

and membrane deformation during maturation of endosomes, and they reach 

the lysosomal lumen upon fusion of an MVB with a lysosome where they are 

degraded. Interestingly the intralysosomal membranes, but not the outer 

limiting lysosomal membrane, have been shown in the literature to be 

enriched in bis-monoacylglycerol phosphate (BMP) (also known as 

lysobisphosphatidic acid, LBPA), as are the ILVs of MVBs (Möbius et al., 

2003; Schulze, Kolter and Sandhoff, 2009), highlighting the efficiency and 

specificity of cargo sorting onto ILVs for targeted degradation.  
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In order to assess whether the lamellae are indeed formed by ILVs, an 

experiment has been designed to tag and track a membrane-localised cargo 

through the endolysosomal system. The tetraspanin protein CD63 is a well-

established cargo of the endosomal system, and shuttles between the plasma 

membrane, endosomes, ILVs and lysosomes (Pols and Klumperman, 2009). 

Whilst it has been shown that other common membrane-localised endosomal 

cargoes such as EGFR and BMP/LBPA are trafficked in distinct subsets of 

MVBs, CD63 appears to be a common feature of all MVBs (White et al., 

2006). Therefore, incubation of live cells with gold-tagged monoclonal anti-

CD63 antibody allows for CD63 passing over the cell surface to be tracked. 

We predict that the anti-CD63 antibody will be detected on ILVs and remain 

attached to CD63 until lysosomal delivery when the antibody will be degraded 

and the gold will aggregate. However, incubation of cells with protease 

inhibitors to prevent degradation of the anti-CD63 antibody will allow CD63 to 

be localised after lysosomal delivery. The presence of anti-CD63 gold 

particles on the intralysosomal lamellae would be strong supporting evidence 

that the characteristic lamellae, commonly referred to as ‘whorls’, are formed 

from ILVs. A monoclonal antibody that is reported to react with the porcine 

epitope of CD63 has been purchased and this experiment will be performed 

when the Institute re-opens after the Covid-19 pandemic. 

 

It is also possible that the lamellae could be formed from the lysosomal 

limiting membrane, by inward budding of the limiting membrane towards the 

lumen. Such a process does occur - in microautophagy the limiting membrane 

of the lysosome buds inwards to non-selectively sequester cytoplasm and 

cargo into the lysosomal lumen for degradation (Oku and Sakai, 2018). 

Although immunogold staining showed that LAMP2 is predominantly localised 

to the lysosomal limiting membrane, some lamellae appeared to stain for 

LAMP2 also, suggesting this formation of lamellae from the lysosomal limiting 

membrane. Speculatively, this process could also function to regulate 

lysosomal size by reducing the surface area of the lysosomal limiting 

membrane, as successive fusion events would presumably continuously 

increase the surface area without such a process.  
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How the lysosome is able to form the seemingly organised membranes that 

form the lamellae is unknown. Presumably, if the membranes are derived 

from ILVs or inward budding of the lysosomal limiting membrane, then these 

donor membranes must fuse with each other to form the lamellae. 

Mechanisms similar to those governing cell-cell fusion could be responsible 

for intralysosomal membrane fusion, considering that these membranes will 

effectively fuse via ‘extracellular’ domains of the phospholipid bilayer, rather 

than conventional intracellular vesicular fusion events that occur between 

cytoplasmic domains of the phospholipid bilayer. BMP/LBPA, which is 

enriched on the lysosomal lamellae, has an implicated role in enhancing pH-

dependent membrane fusion (Kobayashi et al., 2002), and therefore could be 

a good candidate to investigate the formation of lamellae. 

 

Analysis of the 3-dimensional structure of the intralysosomal membranes 

could shed further light on their origin and purpose. To the best of our 

knowledge, there is currently no description in the literature of the structure of 

the membranes in terms of whether they are a continuous folded ‘swirl’ of 

membranes, or whether they form discrete ‘packages’ that compartmentalise 

the lysosome. It is possible that the high-magnification 3D modelling could 

capture ILVs fusing with the intralysosomal lamellae, or invagination of the 

lysosomal membrane to form the lamellae. At the high magnification required 

to visualise intralysosomal structure, more specialised methods for preserving 

the specimens is required. Conventional chemical fixation methods produce 

artefacts that hinder any meaningful 3D modelling of the membranes from 

tomograms. Attempts were made to perform high-pressure freezing (HPF) 

and freeze-substitution (FS) on unchallenged pRPE cells, but these methods 

require further optimisation to fully preserve and visualise the intralysosomal 

lamellae.  

 

It is unknown whether the lamellae might have an additional structural 

function. Speculating, compartmentalisation of the lysosome could be an 

important feature in order for lysosomes to undergo kiss-and-run interactions 

with cargo-bearing vesicles without complete mixing of the vesicular contents. 

In TEM images acquired from cells pulsed with POS, small lysosomes are 
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often observed that contain gold that was tagged to the POS prior to pulsing, 

and gold can clearly be observed in the much larger phagosomes. The most 

likely explanation for the presence of gold in these small lysosomes is that the 

lysosomes have acquired small fragments of POS through a kiss-and-run 

event.  

 

Surprisingly, hEScRPE did not appear to contain lamellar lysosomes, and 

aggregated endocytosed gold accumulated inside a compartment not 

morphologically comparable to lysosomes observed in pRPE. If the lamellae 

are formed by ILVs from the endocytic pathway, this could suggest that 

endosomal pathway is less active in hEScRPE compared to pRPE, or that 

hEScRPE lack the ability to form ILVs or lamellae. Alternatively, it is possible 

that the lysosomes of hEScRPE more rapidly degrade the membranes that 

would form lamellae. To date, we have focussed on the phagocytic pathway in 

hEScRPE, but characterisation of the endocytic pathway of the hEScRPE 

could shed further light on the lysosomal compartment in these cells. 

 

My work showed an accumulation of lamellar lysosomes after chloroquine 

challenge or treatment with protease inhibitors. This suggests that 

progression through the lysosome cycle and formation of the amorphous 

lysosome by degradation of the membranes that form lamellae is both pH-

dependent and hydrolase-dependent. Contrastingly, however, a published 

study notes that lamellae inside multilamellar bodies, which could represent 

dysfunctional lysosomes, are lost after treating cells with leupeptin (Hariri et 

al., 2000).  

 

In the process colloquially referred to as the lysosome cycle, interaction 

between a lysosome and a vesicle to be degraded forms an acid hydrolase-

active hybrid structure, from which an acid hydrolase-inactive “terminal 

lysosome” is re-formed to maintain lysosome homeostasis (Bright et al., 1997; 

Bright, Davis and Luzio, 2016). This re-formed terminal lysosome is 

subsequently able to participate in further fusion events and degrade cargo, 

and the cycle repeats. Currently, however, the process of lysosome 

reformation from endolysosomes and phagolysosomes is poorly understood, 
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and much of our current knowledge is inferred from the reformation of 

lysosomes from autolysosomes. In this process, tubulation from the 

autolysosome generate small vesicles containing lysosomal components that 

are colloquially termed proto-lysosomes. These small vesicles can mature into 

functional lysosomes (Chen and Yu, 2013, 2017). The work in this thesis 

could be further developed to understand the process of lysosome 

reformation from endosomes and phagosomes, by combining gold-loading 

and electron tomography to visualise such tubulation events. 

6.2.3: Lysosome biogenesis 
 

My work suggests that the amorphous lysosomes lack or are poor in 

Cathepsin D, which raised interest in understanding the fate of these 

lysosomes. There are two overarching possibilities that could describe the 

fate of these Cathepsin D-poor lysosomes.  The first possibility is that the 

lysosome drops out of the lysosome cycle, and is either cleared from the cell 

by lysophagy or exocytosis, or failing clearance they could accumulate in the 

cell over time. In this case, then presumably biogenesis of entirely new 

lysosomes would be required to replace the dysfunctional lysosome that 

drops out of the cycle. The second possibility is that the lysosome remains in 

the lysosome cycle and is replenished with newly synthesised components - 

mainly enzymes. My work showed that some lysosomes do not appear to 

drop out of the lysosome cycle and therefore are presumably replenished with 

newly synthesised enzymes, or ‘reformed’. 

 

This project predominantly focussed on Cathepsin D. It is suggested that 

Cathepsin D is the primary enzyme involved in POS degradation, and 

antibodies against Cathepsin D are common. Also, the relatively well-

characterised processing steps that Cathepsin D undergoes mean that 

information can be gained from observing the different forms of the enzyme. 

However, it is known that lysosomes contain up to 50 different types of 

enzymes that are involved in degrading not only protein, but RNA, DNA, 

polysaccharides and lipids (Cooper, 2000). Future work should investigate 

some of these other enzymes, for more comprehensive studies. 
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New methods are being implemented in the lab to observe how newly 

synthesised proteins are packaged into new or existing lysosomes, by using 

Halo-tagged lysosomal proteins. Cells can be transiently transfected to 

express a protein of interest incorporating both GFP and the HaloTag, and 

membrane-permeable ligands can then be applied that covalently bind the 

HaloTag. We propose to apply a blocking ligand to the HaloTag, before 

allowing a period of time for new protein synthesis to occur. After this period, 

a fluorescent TMR ligand recognising the HaloTag will be applied. The pre-

existing lysosomes will express GFP but not the fluorescent TMR ligand, 

whereas newly synthesised or newly replenished lysosomes will be positive 

for both GFP and the TMR ligand. By exposing the fixed cells to DAB and a 

focussed beam of light, the fluorescence emitted by the TMR ligand can 

photo-oxidise DAB and form an electron dense product that is visible by TEM. 

This will allow us to observe lysosome biogenesis by both light microscopy 

and electron microscopy, and thus to track the process of lysosome 

reformation. The use of Halo-tagged LAMP1 has been optimised in HeLa 

cells, and work on implementing the protocol in RPE cells will commence in 

the near future. 

 

It is also possible that a fraction of lysosomes do not reform, and thus drop 

out of the lysosome cycle. This would probably require the cell to replace 

these lysosomes by de novo lysosome biogenesis, or fission of existing 

lysosomes, to maintain the number of lysosomes in the cell. Currently in the 

lab we are investigating whether new lysosomes can be synthesised “de 

novo”, without the presence of a functional pre-existing lysosomal 

compartment. This work is using a technique we refer to as lysosome ablation 

(Futter et al., 1996), whereby lysosomes are loaded with horseradish 

peroxidase (HRP) via the endocytic pathway, followed by exposing the cells to 

3,3’-diaminobenzidine (DAB). In the loaded lysosomes, HRP catalyses the 

oxidation of DAB to form an insoluble electron dense reaction product, which 

effectively disables or “ablates” the HRP-loaded lysosomes. This artificially 

replicates lysosomes dropping out of the lysosome cycle. The cells are then 

subsequently chased for a period of time to allow for potential de novo 
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biogenesis of lysosomes to occur. After this, the cells are pulsed with BSA-

gold, chased overnight, and analysed by TEM. The presence of aggregated 

internalised gold would therefore suggest that new lysosomes have been 

formed after the ablation of pre-existing lysosomes. This experiment has so 

far been optimised in HeLa cells, and the preliminary findings suggest that no 

new lysosomes are formed de novo during an overnight period. We are 

currently in the process of implementing the same assay in our RPE cell 

systems. It will be interesting to observe whether the cells can restore 

lysosomal activity given longer periods to synthesise new lysosomes de novo, 

potentially using fluorescent readouts of lysosome activity such as DQ-BSA or 

Magic Red.  

6.2.4: Degradation of POS 
 

My observations suggest that lysosomes interact with phagosomes by both 

full fusion and kiss-and-run events. A publication was identified from the 

literature (Bosch, Horwitz and Bok, 1993) in which it is suggested that 

phagosomes interact firstly with small lysosomes, before interacting with 

larger lysosomes that are formed by homotypic fusion of smaller lysosomes, 

in a two-step degradation process by lysosomes. It was suggested that in 

contrast to the smaller lysosomes, the larger lysosomes interact with 

phagosomes via pore-like or bridge-like structures, rather than by full fusion. 

Interestingly, I demonstrated by electron tomography that some lysosomes (in 

unchallenged pRPE) form an interconnected network, which appears to be 

formed at least in part by homotypic lysosome-lysosome fusion. This raises 

the possibility that this lysosomal “network” that I observed is formed by RPE 

cells in order to more efficiently degrade large phagosomes, in the way 

proposed by the publication. Another study in macrophages has proposed 

that RILP associated with the phagosome limiting membrane links Rab7 to 

dynein and results in the formation of tubular projections that mediate their 

interaction with endosomes and lysosomes (Harrison et al., 2003). It is likely 

that these correspond to the ‘bridge-like’ structures reported by Bosch et al. in 

the RPE, and could mediate the kiss-and-run type interactions to facilitate 

transfer of material from phagosomes to lysosomes. 
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I propose that kiss-and-run interactions between phagosomes and lysosomes 

could perhaps be a more efficient process for degrading phagosome content. 

Take the scenario in which a single spherical lysosome of 200nm diameter 

and a phagosome of 1µm diameter fuse fully, resulting in mixing of their 

respective lumenal contents. Considering the relative volumes of the 

respective compartments, this would effectively dilute the concentration of 

protons and hydrolytic enzymes that were contained in the lysosomal lumen 

130-fold. Presumably therefore, in this hypothetical scenario, around 130 

lysosomes would be required to essentially simultaneously fuse with a single 

phagosome to create the same volatile degradative environment of the 

lysosome. However, if the lysosomes interact with phagosomes via a kiss-

and-run interaction, the material could be degraded more efficiently as the 

volume of the degradative compartment is likely conserved. I predict that full 

phagosome-lysosome fusion functions to initially break down POS in 

phagosomes, evidenced by the gradual loss of rhodopsin antigenicity, but full 

degradation requires transfer of material to smaller lysosomes through kiss-

and-run events, evidenced by the presence of rhodopsin in lysosomes.  

 

The process of lysosome reformation from phagolysosomes is poorly 

understood. If multiple lysosomes fuse with a single phagosome, this could 

require a high rate of de novo lysosome biogenesis, or the reformation of 

multiple lysosomes from a single phagolysosome to maintain the number of 

lysosomes in the cell. As discussed, we have found no evidence that 

lysosomes can be synthesised de novo, highlighting the cell’s dependence on 

lysosome reformation for lysosome homeostasis. The kiss-and-run 

interactions could provide a mechanism that negates dependence on multiple 

tubulation and budding events from a single phagolysosome to maintain the 

number of lysosomes in the cell.  

 

It will be interesting to observe phagosomes by electron tomography to 

observe interactions between lysosomes and phagosomes, which could 

capture both fusion events and interaction via tubules or pore-like structures. 

This experiment is planned for the near future. I also propose to load 
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lysosomes with fluorescent dextran before feeding cells with FITC-labelled 

POS, to observe interactions and transfer of material between phagosomes 

and lysosomes by live cell imaging. This is a similar approach to the one 

employed by Bright et al. (2005) to observe kiss-and-run and full fusion events 

between lysosomes and endosomes.  

6.2.5: Generation and clearance of autofluorescent granules  
 

The lack of a suitable in vitro model of early AMD has limited experimentally 

tractable studies of the mechanisms of ageing and AMD pathogenesis. A 

main aim of this project was to develop and characterise in vitro models of 

early AMD by challenging RPE cells with their physiological substrate, POS. I 

demonstrated that pPRE cells in culture form autofluorescent granules that 

are morphologically comparable to lipofuscin, and contain POS-derived 

material. By UV-irradiating the POS prior to feeding to pRPE, a greater 

number of autofluorescent granules were rapidly formed, without generating 

the large accumulations that appear to engorge cells in the previous 

publications (Wilmark et al., 1996; Lueck et al., 2012). This provided a model 

that more closely represents the phenotypes observed in old age, and the 

development of an alternative method of UV-irradiation of the POS provided a 

more controllable and reproducible method that could be standardised 

between labs.  

 

It is poorly understood how autofluorescent lipofuscin-like granules are formed 

in the RPE. Multiple bis-retinoids are present in autofluorescent granules, the 

most abundant of which is A2E. The bis-retinoids are formed in POS by a 

chemical reaction between all-trans-retinal and the phospholipid bilayer that 

form the photoreceptor disks, catalysed by light (Ben-Shabat et al., 2002). 

The bis-retinoids accumulate in the disks over time, hence the requirement for 

continuous disk renewal in photoreceptors. The bis-retinoids are 

autofluorescent, whereas retinal is not (Sparrow et al., 2010), suggesting that 

autofluorescence is generated by processing of all-trans-retinal in the 

photoreceptors. However, the most abundant of the bis-retinoids found in 

granules of RPE cells, A2E, is only weakly fluorescent in comparison to 
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synthetic fluorescent reporters. This suggests that the autofluorescence may 

detected as pre-existing fluorescent products become more concentrated in 

the granules, rather than the fluorescent product being produced in the RPE. 

Contradicting this, it has been shown that in the absence of light, A2E can be 

generated from 11-cis-retinal (Boyer et al., 2012), likely by lysosomal 

processing in the RPE. My data showed that the number of autofluorescent 

granules increased over time after a single pulse of POS, suggesting that the 

appearance of detectable autofluorescent signal is achieved by partial 

lysosomal degradation.  

 

In our models, POS was UV-irradiated in order to cross-link proteins and 

lipids, which we hypothesised would make the POS more difficult to digest 

and result in a more marked accumulation of material in the RPE cells. I 

showed that pRPE cells fed with UV POS did indeed form larger and more 

numerous accumulations than cells fed with control POS, suggesting that they 

are more challenging to degrade as we hypothesised. However, it is possible 

that exposing the POS to UV-irradiation could form bis-retinoids, meaning UV 

POS would contain more bis-retinoids than control POS.  

 

Somewhat surprisingly, autofluorescent granules were not detected in 

hEScRPE fed with either POS or UV POS, and identifying lipofuscin-like 

granules was challenging by TEM. I showed, however, that hEScRPE are 

able to degrade BSA and POS, evidenced by aggregated endocytosed gold 

and the loss of rhodopsin antigenicity over time, respectively. Conventional 

fluorescence imaging was however challenging with hEScRPE due to the high 

level of pigmentation, and it should be noted that autofluorescence signal was 

always weak relative to fluorescent probes. Therefore, I propose that 

hEScRPE likely do form autofluorescent granules, but the relatively weak 

autofluorescent signal is quenched by melanosomes that fill most of the 

cytoplasmic area of hEScRPE. It is possible, however, that hEScRPE do not 

form autofluorescent granules at all, possibly because they are more efficient 

at clearing the autofluorescent material, or because they process POS 

differently to pRPE. As mentioned in Chapter 4, our collaborators in Lisbon 

are working to isolate and analyse autofluorescent granules from cell lysates 
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by FACS, mainly in hfRPE. It will be interesting to perform this analysis in 

hEScRPE loaded with POS or UV POS to observe whether any 

autofluorescent granules can be detected and isolated in hEScRPE. 

Alternatively, we could treat cells with tyrosinase inhibitors to limit melanin 

production and decrease the level of pigment in the hEScRPE, which could 

reveal autofluorescence that would otherwise be quenched. 

 

Little is understood regarding how the cell is able to clear the autofluorescent 

granules, or even if the cell is able to clear autofluorescent granules at all. My 

data suggested that pRPE cells loaded with POS are able to reduce the 

number of autofluorescent granules after a 7 day chase, indicating that the 

cells have some capacity to clear autofluorescence, albeit at a slow rate. 

Recent work implicates an important role for the autophagy pathway in the 

clearance of autofluorescent granules. It has been shown that inhibition of 

autophagy or silencing of factors involved in autophagy reduces the ability of 

cells to clear autofluorescence (Lei et al., 2017), and that this clearance likely 

involves the AMPK-mTOR pathway (Chen et al., 2018), presumably by 

controlling MiT-TFE dependent autophagy activation. Interestingly, a diurnal 

peak in expression of autophagy-related proteins has been reported in RPE 

cells, which appears to occur after the diurnal peak of POS phagocytosis (Yao 

et al., 2014). It has also been shown that exposing A2E-loaded RPE cells to 

blue light induces autophagy via a separate signalling pathway involving the 

ER stress molecule Glucose-Related Protein 78 (GRP78) in a stress 

response (Feng et al., 2019). These studies could evidence a cellular 

response whereby autofluorescent granules generated by lysosomal 

processing of phagosomes require autophagy to complete clearance of lipid-

rich autofluorescent lipofuscin-like granules.  

 

Interesting, but as yet preliminary, recent data from our collaborators in Lisbon 

has suggested that autofluorescent granules become less accessible to 

lysosomes loaded with fluorescent dextran over time. In addition, I observed 

that not all lipofuscin-like granules that are formed in pRPE have a clear 

limiting membrane. Based on these data, observations and the 

aforementioned publications, I hypothesise that the concentration of 
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detergent-like bis-retinoids damages the limiting membrane of the 

autofluorescent granule over time, and thus makes the granule less “visible” 

to lysosomes, and thus less fusogenic. I predict that autophagy may, 

therefore, be required to re-form a membrane around the granules to target 

them for lysosomal delivery and clear the toxic material.  

 

It would be particularly interesting to investigate whether all autofluorescent 

granules must associate with autophagic machinery for their clearance. Cells 

transfected to express LC3-GFP could be fed with POS to generate 

autofluorescence, and the same autofluorescent granule will be tracked by 

live-cell imaging to observe whether they acquire LC3 prior to loss of 

autofluorescence. Identifying GFP fluorescence overlaying autofluorescence 

could provide a challenge in this proposed assay, as autofluorescence is 

strongest in the green channel. In addition, the time scale of these events may 

not be amenable to live cell imaging. LC3-decorated autofluorescent granules 

could be detected using a recently published protocol developed by a member 

of our lab (Burgoyne et al., 2018), circumventing autofluorescence crossover 

with GFP by instead using TEM. The autofluorescent granules could be 

identified in semi-thin cryosections by light microscopy, and LC3 could be 

detected by TEM with an anti-GFP antibody coupled to gold. This combination 

of light and electron microscopy could provide evidence that autophagy is 

required to decorate autofluorescent granules with a membrane for delivery to 

and clearance by lysosomes.  However, efficient and homogenous 

transfection of primary cells such as pRPE is generally challenging, and so an 

alternative cell system may be more advantageous for this assay, such as 

ARPE19 cells.  

 

As mentioned, accumulation of granules containing bis-retinoids is a hallmark 

of RPE in ageing and AMD. Exposure of bis-retinoids to light liberates reactive 

oxygen species that can further damage cells, and therefore their presence 

can be detrimental to cell viability. It will be interesting to observe whether 

enhancement of lysosome biogenesis or induction of autophagy can assist in 

the clearance of autofluorescent granules in my models. This could potentially 

uncover mechanisms that could provide therapeutic targets for prevention or 
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even reversal of hallmarks of ageing and AMD. The high-content screening 

platform has been demonstrated as a sensitive tool for quantitatively 

analysing the autofluorescent granules, and could be used in a drug screen to 

identify small molecules that inhibit their formation or enhance their clearance.  

 

Our collaborators in Lisbon are working with another laboratory to 

synthetically produce A2E in quantities suitable to use in our in vitro assays. 

This could have a benefit over POS, as POS contain an unspecified amount 

of bis-retinoids, which will likely vary between batches. It will be interesting to 

observe whether exposing A2E-loaded pRPE cells to blue light induces 

autophagy as shown, and to observe by EM whether this response functions 

to re-decorate the autofluorescent granules with a (double) membrane for 

targeted delivery to lysosomes and enhance their clearance.  

 

My model recapitulated another hallmark of ageing and AMD – the presence 

of melanolipofuscin (MLF)-like granules. Feeney-Burns et al. (1984) 

suggested that the presence of MLF is a hallmark of more advanced age or 

disease, which was supported by my observations of MLF accumulations only 

in cells that were challenged multiple times with UV POS. However, it is not 

well understood how MLF forms in vivo. My work supported previously 

published observations of melanosome-lysosome interaction in non-

challenged cells (Schraermeyer and Heimann, 1999), suggesting that 

melanosome-lysosome interactions are part of normal RPE dynamics. This 

suggests that MLF-like accumulations could be formed as lysosomes 

containing indigestible material interact with melanosomes, rather than 

representing a trafficking defect. It is also possible that the association of 

indigestible material containing bis-retinoids with melanosomes acts as a 

protective mechanism to limit the production of damaging reactive oxygen 

species by exposure to light. Interestingly, biochemical analysis of MLF has 

shown that these accumulations contain more RPE-specific markers than 

lipofuscin (Warburton et al., 2007), which suggests that they are at least in 

part derived from perturbed autophagosome clearance.  
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6.2.6: Effects of prolonged chloroquine challenge on the RPE 
 

Our in vitro studies using chloroquine yielded interesting and sometimes 

confusing results. It is notable when reviewing the published literature that 

studies of chloroquine mainly focus on the effects of high-dose, short-term 

challenge. These studies have uncovered a range of effects of chloroquine, 

on multiple cell systems. In contrast, our approach focussed on the effects of 

lower-dose and longer-term chloroquine challenge, to replicate chronic 

lysosome dysfunction in ageing. We showed that our approach did not affect 

Golgi arrangement or localisation, or delivery of cargo to lysosomes, as has 

been observed in some of the shorter-term and higher dose studies (Mauthe 

et al., 2018). 

 

After overnight chloroquine challenge, cells accumulated immature forms of 

Cathepsin D, which I demonstrated are normally rapidly cleaved to form the 

mature enzyme. The amount of accumulated immature Cathepsin D was 

shown to be dose-dependent in pRPE, and time-dependent in hEScRPE, 

which effectively mimics gradual dysfunction generally associated with ageing 

and chronic disease.  Assessment of Cathepsin D and LAMP1 colocalisation 

suggested that the immature forms of Cathepsin D likely accumulated in the 

lysosomal compartment. These increases in immature Cathepsin D 

intermediates were not matched by significant increases in mRNA, but could 

be blocked by inhibiting protein synthesis. It was therefore concluded that the 

accumulation of Cathepsin D intermediates represented perturbed lysosomal 

turnover of the enzyme that is synthesised continually on a basal level, rather 

than up-regulation of Cathepsin D biogenesis. This interpretation of the data 

reveals the high rate of turnover of lysosomal enzymes in RPE cells, and 

highlights the importance of continual synthesis of lysosomal enzymes to 

maintain their function. However, the amount of newly synthesised protein 

within a 24-hour period was inferred from cells treated with the inhibitor of 

protein synthesis, cyclohexamide (CHX). Chosen for its ease of use, CHX is a 

rather crude method to estimate the amount of newly synthesised protein, as 

it does not achieve total inhibition but affects all protein synthesis equally, and 

so influences multiple molecular interactions and normal cell behaviour. More 
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specific inhibitors of Cathepsin D translation could be used in the future, such 

as siRNA knockdown. 

 

To more directly measure the rate of Cathepsin D synthesis and turnover in 

RPE cells, the use of “click” chemistry is being implemented in the lab. In this 

relatively simple technique using the commercially available Click-IT™ kit 

(ThermoFisher), cells are incubated for a period of time in the presence of 

azidohomoaline (AHA), which is an amino acid analog. AHA is incorporated 

into newly synthesised proteins and these can be purified by a pull-down 

assay via the azido moiety of the AHA, which is firstly biotinylated by the 

“Click” reaction. This will allow the amount of newly synthesised Cathepsin D 

to be compared in non-treated and chloroquine-challenged cells. If the 

accumulation of Cathepsin D intermediates were due to perturbed processing 

and turnover of Cathepsin D as we hypothesise, rather than increases in 

biogenesis, then we would expect to detect no significant differences in newly-

synthesised Cathepsin D between control and chloroquine-challenged cells. 

In addition to highlighting the high rate of turnover of Cathepsin D, this data 

could also strengthen the argument that dysfunctional turnover of lysosomal 

enzymes underlies chronic chloroquine-induced lysosome dysfunction. 

Optimisations for the click chemistry are ongoing. 

 

Lysosomal processing of Cathepsin D intermediates to the active form is 

dependent on an acidic pH (Gieselmann, Hasilik and Von Figura, 1985). 

Although no direct pH measurements were performed in our models, 

chloroquine is assumed to increase lysosomal pH, and therefore we assume 

that lysosomes of the chloroquine-challenged RPE cells are less acidic. The 

observation of lamellar lysosomes in chloroquine-challenged pRPE suggests 

that the dysfunctional lysosomes remain accessible to endocytosed cargo, but 

are not capable of degrading the membranous material that forms the 

lamellae. Therefore, it is likely that the lamellar lysosome represents not only 

the acid hydrolase active lysosome, but could also represent dysfunctional 

lysosomes that are unable to degrade cargo. A proposed model for 

chloroquine-induced partial lysosome dysfunction is shown in Figure 6.1.  

Interestingly, the accumulation of so-called multilamellar bodies (MLBs) are a 
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commonly noted hallmark of some lysosomal storage diseases associated 

with defective lipid processing (García-Sanz et al., 2018). I hypothesise that 

MLBs are formed as dysfunctional lysosomes remain accessible to cargo and 

continue to form lamellae, but are not able to degrade the lipid-rich lamellae, 

and therefore the membranous material accumulates in the lumen. 

 

 
Figure 6.1: Proposed model for the long-term effects of chloroquine on lysosome 
turnover. 
In unchallenged cells, lysosomes maintain a low lumenal pH and pro-Cathepsin D is rapidly 
cleaved to form the active enzyme. After chloroquine challenge, lysosomal pH is assumed to 
increase, perturbing the formation of active Cathepsin D and reducing the ability of the 
lysosome to degrade cargo and lamellae. Over time, the non-cleaved Cathepsin D 
intermediates accumulate in the lysosome along with undigested material.   
 

The recent re-emergence of chloroquine as potential anti-cancer or anti-viral 

therapy will no doubt raise concerns regarding the established links between 

chronic chloroquine use and visual impairment. Our studies could go some 
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way to understanding the elusive pathogenic mechanisms leading to 

chloroquine-induced toxic retinopathy and question the suitability of the drug 

for current use. As mentioned, chloroquine has high affinity for melanosomes 

(Schroeder and Gerber, 2014), possibly rendering the RPE most susceptible 

to the detrimental off-target effects. However, it is not known how accurately 

our model represents the physiological mechanisms occurring in patients 

taking chloroquine. The bioavailability of chloroquine and its active 

metabolites in the circulation has been reported to vary significantly between 

patients taking a long-term course of the drug (Augustijns, Geusens and 

Verbeke, 1992), which could go some way to explaining why only a small 

proportion of patients develop toxic retinopathy. This variability, and the fact 

that chloroquine must cross Bruch’s membrane before reaching the RPE, 

makes it difficult to determine how closely the concentrations of chloroquine 

used in this project represent the true RPE concentration in patients. 

Hydroxychloroquine has been more recently favoured for its inability to cross 

the blood-brain barrier and therefore reduces side effects, negating the 

requirement for patients to undergo retinal screening (Levy et al., 1997). 

6.2.7: Lysosomal interaction with mitochondria and melanosomes 
 

This project also demonstrated interaction of lysosomes with both 

mitochondria and melanosomes in pRPE cells. Whilst these interactions are 

previously described, little is known about their function and how the 

interactions are mediated. Lysosomes are known to interact with mitochondria 

through tethered membrane contacts, and extensive lysosome-mitochondria 

contacts could be observed by tomography. Interestingly, the mitochondria 

appeared to predominantly associate with lamellar endolysosomes. These 

contacts have been shown to play a role in cholesterol egress from lysosomes 

(Wong et al., 2019), and therefore could play a vital role in lysosome 

reformation by removing and recycling lipids. Whilst these interactions were 

not studied in detail for this project, my work demonstrates that pRPE cells 

could provide an ideal system for investigating the roles and functions of 

lysosome-mitochondria and lysosome-melanosome interactions in future 

studies.  
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6.3: Closing Remarks 
 

Despite challenges associated with the model RPE cell systems, this project 

raised interesting questions related to lysosome turnover. The lysosome in 

recent years has been recognised as a vital dynamic hub of the cell, and my 

work highlights the dynamic nature of the lysosome in the RPE. Enhancing 

our knowledge of normal lysosome turnover in the RPE could provide a base 

to understand the somewhat enigmatic processes of lysosome reformation 

and implicate the role of defective reformation in disease.  

 

Uncovering the pathogenic mechanisms leading to the development of early 

AMD has long been hindered by the lack of suitable in vivo and in vitro 

models. The in vitro model of aged/diseased RPE developed and 

characterised herein provides an experimentally tractable model that will be 

utilised to investigate the ability of lysosome-targeting compounds to rescue 

the phenotype by degrading autofluorescent granules. My studies using 

chloroquine have identified morphological and biochemical features of 

lysosome dysfunction in the RPE in vitro that can potentially be used find 

evidence of lysosome dysfunction in vivo using retinal tissue from AMD 

models and patients.  

 

Importantly, lysosome dysfunction has been implicated not only in AMD but 

also in other age-related neurodegenerative diseases, including Alzheimer’s, 

Parkinson’s and Huntingdon’s disease. Determining the extent to which the 

findings in this thesis are applicable to brain neurons and models of other 

neurodegenerative diseases will be an interesting area for future investigation.  
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