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Abstract 

 

The existence of iris pigmented epithelial stem cells has been hypothesised in the end of 

the 90s when ophthalmologists and scientists started to compare the iris pigmented 

epithelium (IPE) and the retinal pigmented epithelium (RPE). Early investigations 

demonstrated functional similarities between both tissues in various models, in which IPE 

cells were able to integrate the RPE without subsequent issues and proved RPE rescue 

effect. Over investigations, IPE cells demonstrated a certain phenotypic plasticity as 

neurons and photoreceptors were also generated in vitro. These early works brought the 

possibility that IPE cells could replace RPE cells in non-exudative age-related macular 

degeneration (AMD), a progressive and permanent loss of vision without therapeutic 

options until our days. However, no IPE stem cells were identified so far and their 

existence remain hypothetic until today.  

Stem cells therapies aim to replace degraded tissues with cell grafts developed in vitro. 

Intense research is dedicated to develop RPE grafts with some clinical trials already 

completed, which demonstrated abilities to stabilise the vision. Therefore, the 

identification of IPE stem cells is of interest in a clinical perspective as it is biologically 

close to the RPE, so potential development would not have prohibitive cost while a 

therapy could be developed in a personalised manner, so the patient would provides its 

own stem cells to treat its affection.  

Histological investigations defined some native features of the porcine IPE. Smooth 

muscle proteins composed the anterior layer, conjugated with a global flexible 

cytoskeleton. The basal lamina surrounds the porcine IPE, its composition varying 

according to the cell functions. Finally, cell proliferation occurs mainly in and near the 

ciliary body-IPE junction, where proteins associated with multipotency were observed.  

IPE cells were then processed in vitro as neurospheres. Spheres obtained were resulting 

from cell aggregation and not clonal proliferation. Specific neuronal proteins were 

observed in some aggregates. Follow-up investigations revealed the upregulation of cell 

transformation-associated pathways and the downregulation of RPE development-

associated ones after the switch from generic FBS & adherent-based conditions to a 

specific neurosphere culture environment. Neuronal cell culture using B27 supplement 

was then used. Four subsequent cell types were commonly observed: epithelial-like 

cells/fibroblasts-like, neurons-like and a third undefined group. Small epithelial-like cells 

morphologically close to induced-pluripotent stem cells (iPSC) were observed in medium 

supplemented with 2X B27. However, lab constraints did not allow to characterise them 

more. 

Collectively, these data confirmed that the porcine IPE tissue conducts smooth muscular 

functions in vivo. The tissue seems to preserve its homeostasis by maintaining 

proliferation in its periphery, where cells express neuronal multipotent-associated 

proteins. The ability to transform into other cells was then observed in vitro. No stem cells 

were identified but further investigations shall follow this work as the small epithelial-like 

may be IPE stem cells.   
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1 Chapter 1: Introduction 
 

Over the last two decades, fundamental research on the IPE has led researchers to believe 

that a subpopulation within this tissue has a certain potential to integrate other ocular 

tissues and generate other ocular cell types with a certain degree of specification thanks 

to the use of generic or specific in vivo and in vitro conditions. This led to the idea that IPE 

cells might serve as a cell therapy to treat some ocular diseases.   

Among the various ocular pathologies is age-related macular degeneration (AMD), a 

chronic condition progressively reducing central then peripheral vision until total 

blindness. Affecting mainly people over 60 years1, its prevalence increases in Europe as 

European population ages2. Various therapeutic options exist with various degrees of 

success depending the form AMD takes. What happens at the pathophysiological level 

requires attention as the tissue of concerns, the RPE, closely relates to the IPE from a 

development perspective while in vitro cell characterisation demonstrated similarities 

between them. In AMD, the loss of vision results from the disrupted architecture of the 

retina, itself a consequence of the RPE degression. Consequently, a cell therapy aiming to 

cure AMD requires to focus the RPE first to then support the retina.  

In this project, porcine IPE stem cells (IPE) were hypothesised to exist to then be able to 

generate RPE cells in vitro that would be functional and efficient for a cell therapy 

dedicated to AMD. Limited information exists on the IPE and many gaps exist relating to 

their fundamental features. However, their ability to replace the retinal pigmented 

epithelium (RPE) without secondary affects has been demonstrated in several animal 

models and in human patients.  

Thus, this thesis aimed to gain a broader understanding of the IPE in its native state; then 

to identify potential IPE stem cells in vitro; finally, to differentiate them into RPE cells in 

vitro by a defined pathway.  

 

1.1 Anatomy of the eye 
 

As an organ, the eye could be compared with a ping-pong ball with a small protrusion on 

its anterior surface representing a sixth of its surface3. It localises at the front of the face 
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where it transforms the photons into chemical signals sent to the occipital lobe, the most 

posterior brain lobe4.  

 

1.1.1 Sagittal plan of the mammalian eye 
 

The eye envelope is composed of the cornea at the forefront of the eye and the sclera for 

the rest of it3 (see Figure 1.1 – Cor. & Scl.). The cornea is a transparent, convergent and 

non-vascularised tissue while the sclera is a dense conjunctive tissue. The first one favours 

light entering into the eye while the second brings the mechanical stability, skleros in 

Greek, meaning hard3. On the back of the eye, the sclera has a hole, the optic disc, by 

which the optic nerve emerges from the eye3 (see Figure 1.1 – Opt.). Being exposed to 

the external environment, the cornea is circled by the limbus at the corneo-scleral 

junction5. Limbii are localised at the external side of the sclera and are specifically 

dedicated to regenerate the corneal epithelium. Moreover, in absence of vascularisation, 

the cornea is considered as immunologically privileged with a network of resident 

immune cells6.  

The internal structure of the eye can be divided into the anterior chamber and the 

posterior one (see Figure 1.1 – Ant. & Post.). The anterior chamber is a liquid space 

between the cornea and the iris. It contains the aqueous humour, which replaces the 

blood vascularisation by supplying corneal cells with nutrients, metabolites and 

electrolytes. It also maintains a certain pressure into the anterior chamber, which 

maintains the corneal convergence to allow an optimal light entering7. Unbalanced 

pressures often lead to pathological situations, such as glaucoma where an increased 

intraocular pressure favours retinal fibers degeneration8, 9. Further at the iris – sclera 

junction lie the trabecular meshworks (see Figure 1.1 – T.M.), a sieve-like structure 

evacuating the aqueous humour toward (see Figure 1.1 – S.C.). Finally, the Schlemm’s 

canal distributes the aqueous humour into the intra-scleral venous plexuses, which 

redistributes it into the episcleral veins3, localising on the scleral surface.  

Closing the anterior chamber, the iris is a loose-to-dense stromal conjunctive tissue (see 

Figure 1.1 – Iris & Figure 1.2) circling in its centre the pupil (see Figure 1.1 – Pup.), a 

diaphragm by which rays of lights pass toward the posterior chamber. Other rays of lights 

are blocked in the iris stroma by the high content of resident melanocytes and by the iris 

pigmented epithelium covering the back of the iris stroma (Figure 1.1 – IPE). The opening 
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or closing of the pupil is dictated by two muscles: 1. the peripheral dilator muscle 

characterised by radial fibres and innerved by the parasympathic system, its contraction 

opens the pupil; 2. the central sphincter muscle circling the pupil and innervated by the 

sympathic nervous system, its contraction closes the pupil4. Both the parasympathic and 

sympathic systems are parts of the autonomous nervous system, which regulate the 

cardiac muscle and the smooth muscle among other functions4.  

To note, all iris have a similar colour after birth due to the presence of a single pigment. 

The coloration observed later results from its increase due to the exposure to various 

wavelengths to which the iris is exposed, plus genetic factors10, 11. A low amount will make 

the iris blue, green or grey, a greater amount will make it brown. 

The posterior chamber starts on the back of the iris (see Figure 1.1). Connected to it on 

its periphery, the ciliary body forms a muscle ring responsible for the contraction or 

relaxation of the lens (see Figure 1.1 – C.B. & Lens). The lens is a biconvex transparent 

and avascular structure placed in a central position, after the pupil. It is held to the ciliary 

bodies by a set of tendons called the ciliary zonules (see Figure 1.1 – Zon.). Another 

function of the ciliary body is to secrete the aqueous humour by the ciliary processes, a 

multifolded area right after the IPE3. These processes contain a high content of blood 

vessels with leaky endothelial walls allowing a large supply of nutrients and oxygen3 (see 

Figure 1.2). There, the aqueous humour formation is a dynamic process, with three 

distinguished steps: 1. delivery of water, proteins and nutrients by blood vessels; 2. 

filtration and diffusion into the ciliary body stroma with fluids being driven thanks to the 

osmotic pressure; 3. transport of into the basolateral spaces between the non-pigmented 

epithelial cells12. This production depends on the blood supply, the blood oxygen content 

and the secretory or inhibitory environment12. Finally, the ciliary body contains a strongly 

pigmented epithelium below its non-pigmented epithelium (see Figure 1.2-A & -B). This 

pigmented epithelium is in continuity with the IPE to complete the light absorption3. 

The multifolded region of the ciliary body is also named the pars placita and represents a 

third of the total surface of the ciliary body3. The two other thirds are named the pars 

plana as they form a relatively straight area3 (see Figure 1.2-B). The ciliary body finishes 

at the ora serrata, the junction between the ciliary epithelia, the retinal pigmented 

epithelium and the retina (see Figure 1.2-B). The RPE covers most of the posterior 

chamber surface (see Figure 1.1 – RPE.). It supports on its front the retina, the neuronal 

layer in charge of the photonic-chemical conversion (see Figure 1.1 – Ret.). Generally, the 
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mammal retina is distinguished in five layers, described here from the most peripheral to 

the most internal: 1. the photoreceptor layer; 2. the outer nuclear layer; 3. The outer 

plexiform layer; 4. The inner nuclear layer; 5. The inner plexiform layer3, 4 (see Figure 1.2-

C). Further elements are distinguished by specialists such as the ganglion cell layer 

followed by the nerve fiber layer on the top of the inner plexiform layer13, 14. The optic 

nerve results from the assembling of projections from the ganglion cell layer at the inner 

side of the disc of the optic nerve where they form the optic nerve3 (see Figure 1.1). 

Nearby is the macular region, which is responsible of the central vision (see section 

1.1.2.1). Inside this specific region is the fovea, a small depression into the retina (see 

Figure 1.1 – Fov.). The rational is that most of retinal cells are placed on the side of it, 

except the photoreceptors. That results in an improved visual acuity.  

To hold the retina in line with the RPE, the posterior chamber is filled by a transparent gel 

called the vitreous (see Figure 1.1). It is composed of 98% water, which explains its 

transparency, other molecules being collagen fibrils and hyaluronans giving it its jelly-

based consistency. Finally, it contains a high content of ascorbate, which is believed to 

regulate the intraocular oxygen tension15. The high metabolic activity required to process 

these elements together is supported by the choroid, from the greek khorion meaning 

membrane. It is a highly vascularised envelope surrounding the RPE on its back and limited 

to the optic disc. It stops at the junction of the RPE with the ciliary body and also contains 

a certain amount of pigment. 
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Figure 1.1: Representative sagittal plan of the mammalian eye. Arrows in the superior 
left angle indicate the orientations of the plan. Cor. = cornea; Ant. = anterior chamber; 
T.M. = trabecular meshwork; Pup. = pupil; S.C. = Schlemm’s channel; C.B. = ciliary bodies; 
Scl. = sclera; Zon. = ciliary zonules; Post. = posterior chamber; Cho. = choroid; Ret. = retina; 
Fov. = fovea; Opt. = optic nerve. 
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Figure 1.2: Image of the mammal pigmented epithelia from the IPE to the RPE. A. Sagittal 
or transverse view of the mammalian peripheral iris and ciliary body. B. Sagittal or 
transverse view of the mammalian cilicary body, pars placita, pars plana, retina and RPE. 
For both A. & B., Black arrows on the left indicate the picture orientation. As the pictures 
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were furnished without orientations, all potential directions are represented. Med. = 
medial; Lat. = lateral; Cra. = cranial; Cau. = caudal. Numbers on the picture are indications 
of tissues named on the right of the picture. C. Cross-section of the mammalian retina and 
RPE. Numbers indicate tissues named on the right of the picture. Letters indicate retinal 
layers named below the picture. All pictures were furnished without indications of 
magnifications or resolutions. Pictures were obtained from the Moran Core open-source 
data: https://morancore.utah.edu/section-04-ophthalmic-pathology/uvea; 2023-08). 

 

1.1.2 The light path 
 

1.1.2.1 From the cornea to the retina  

 

The eye is a sensitive organ dedicated to inform the organism about its environment by 

converting photons into pictures (see Figure 1.3-A). To note, the International Unit 

System has used the sensitivity of the human eye to define the Candela, the unit of the 

light intensity16. Photons are the basic units, particles of the light17. They have an energy 

but no mass, which explains their high speed, 299 792 458 m/s in an environment free of 

any bodies18.  

The way the eye processes photons is the same as a camera. First in contact, the cornea 

catches and converges the photons toward the pupil4 (see Figure 1.3 – L., 1. & 2.). The 

pupil opening is then conditioned by the light intensity: mydriasis for a maximal opening 

at low light intensity; myosis for the opposite situation3, 4. In synchrony with the pupil, the 

lens size is adjusted to catch the photons which pass (see Figure 1.3– L. & 3.). Then, it 

reverses and focuses them toward the macular region (see Figure 1.3 – L. & 4.) with a 

varied spread. With a low number of candela, the spread gets larger, while in the opposite 

situation, it targets mostly the fovea (see Figure 1.3).  

In accordance with this, the retina has an organised distribution of its photoreceptors3, 4. 

Two types of photoreceptors exist in mammals: the cones processing photons in an 

intense light exposure, mostly during the day, and the rods doing the same for low light 

exposure4. The firsts localise mainly in the macular region and the fovea. They are the 

main effectors of the central vision. The seconds compose the rest of the retina and work 

for the peripheral vision mainly4. This is why the visual acuity is better in the day than at 

night4. Stimuli generated by the photoreceptors are then analysed and processed through 

the retina to be finally transmitted to the optic nerve3, 4 (see Figure 1.3 – L. & 5.). 

https://morancore.utah.edu/section-04-ophthalmic-pathology/uvea/
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Protons which passed through the cornea but were not aligned enough with the pupil are 

blocked by the iris and can not pass into the posterior chamber (see Figure 1.3 – l. & 6.) 

 

Figure 1.3: Representative plan of the light path from the cornea to the fovea of the 
retina in an intense light stimulation. Arrows in the superior left angle indicate the 
orientations of the plan. L. =  Light passing through : the cornea (= 1), then the pupil (= 2) 
prior to be redirected by the lens (= 3) toward the fovea (= 4). The optic nerve (= 5) then 
leaves the eye. l = light passing through the cornea but being blocked by the iris (= 6). The 
representation is based on original draws from the open source Smart Servier Medical art 
(cf. https://smart.servier.com; 2023-08). 

 

1.1.2.2 Optic paths toward the occipital lobes 

 

The optic nerve, also called nerve II, results from the prolongation of the fibres from the 

most internal retinal layer3, 4 (see Figure 1.2-C). Starting from the back of the eye, it passes 

through the orbit in the middle of the rectii, the extraocular muscles involved in the eye 

movements (see Figure 1.4-A – Med., Inf. & Sup.). It then passes through the common 

tendinous ring, also named the annulus of Zinn3, 4 (see Figure 1.4-A – Com.), to finally 

penetrate into the brain by the optic canal, a hole in the lesser wing of the sphenoid bone3, 

4 (see Figure 1.4-B – Sph. & 1.).  

https://smart.servier.com/
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Once on the posterior side of the sphenoid, into the pituitary fossa, the two optic nerves 

fuse in a structure called the optic chiasm3, 4 (see Figure 1.4-C – 3.). There, human retinal 

fibres redistribute depending their region of origin in the eye: the medial retinal 

projections cross each other and continue into the opposite optic tracts while the external 

retinal projections do not. Other said, all retinal projections from the left side of both eyes 

localise on the left cerebral hemisphere on the posterior side of the optic chiasm while 

their right counterparts mimick them on the right cerebral hemisphere (see Figure 1.4-C). 

This is called the decussation4.  

The main body of fibres connect with the optic radiations at the thalamus lateral 

geniculated nuclei4 (see Figure 1.4-C – 4.). Those fibres relay the signals toward the 

occipital lobes (see Figure 1.4-C – 5.), which process and transform them into the sight.  

Between the optic chiasm and the thalamus lateral geniculated nuclei (see Figure 1.4-C), 

some projections diverge inward and connect to the pretectal nuclei and the superior 

colliculi4. Those centres are respectively responsible for the eye movements in the ocular 

cavity and the photomotor reflex of the pupil to light stimuli4. There, among other 

molecules, specifically localises the melanopsin, also named the circadian pigment, 

responsible of the circadian rhythm4. 
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Figure 1.4: Representation of the human optic path from the eye to the brain occipital 
cortex. Arrows in the superior left angle indicate the orientations of the plans. A. Medial 
view of the human right eye with its recti and the optic nerve. Black lines represent the 
optic nerve path on the back of the rectus medialis muscle (= Med.). Other muscles 
represented include the rectus superior (= Sup.) and the rectus inferior (= Inf.). All take 
their origin from the common tendinous ring (= Com.). The optic nerve (= Opt.) emerges 
from the common tendinous ring on its posterior side. B. Frontal view of the human right 
orbit. Bone’s names are represented in italic: Fro. = frontal bone; Zyg. = zygomatic bone; 
Max. = maxillary; Eth. = ethmoid bone; Lac. = lachrymal bone; Sph. = sphenoid bone. 
Elements associated with the sphenoid bone are labelled by numbers: 1. the optic canal; 
2. the lesser wing of the sphenoid; 3. the superior orbital fissure; 4. the greater wing of 
the sphenoid; 5. the inferior orbital fissure. C. Inferior view of the human brain and optic 
paths from the eyes to the occipital lobes. Brain lobe’s names are represented in italic: 
Fro. = frontal lob; Tem. = temporal lob; Occ. = occipital lob. Numbers indicate the optic 
paths from the eyes to the occipital lobes: 1. left optic fibers prior and after the 
decussation, they are colored in yellow; 2. Right optic fibers prior and after the 
decussation, they are colored in purple; 3. the optic chiasm where the decussation 
happens; 4. The thalamus lateral geniculate nuclei; 5. the optic radiations with those 
originating from the left optic fibers colored in yellow and those originating from the right 
optic fibers colored in purple. The representations are based on original draws from the 
open source Smart Servier Medical art (cf. https://smart.servier.com; 2023-08). 

 

1.1.2.3 Differences between the human and the porcine eye 

 

Despite having direct access to human organs provided by the Liverpool Research Eye 

Biobank, their cost was consequent. Thus, the porcine eye was used instead, thanks to an 

easy purchase from the Tam House Family farm abattoir in the Liverpool region. That had 

two very convenient advantages:  

• That allowed to get fresh eyes on a weekly basis at low cost 

• Results from porcine-based investigations could be transposable to the human 

physiology due to the close similarity between the two respective eyes. 

Indeed, both human and porcine eyes are structured in a very close manner19, 20. The 

porcine eye is divided into the anterior and the posterior chambers, each of them being 

delimited by the iris. The anterior chamber is contained by the cornea at its forefront, the 

iris and the pupil on its backward and the trabecular meshwork at the corneal – scleral 

junction. Passed the pupil comes the lens, held by the ciliary zonules anchored into the 

ciliary bodies. The posterior chamber is covered by continuous pigmented epithelia from 

the iris to the disc of the optic nerve. Retina covers most of the surface of the posterior 

chamber. As in humans, it is hold in place by a transparent jelly vitreous. On the other side 

of the epithelia lies the choroid, which ensures the nutrient supply. The integrity of the 

https://smart.servier.com/
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porcine system is guaranteed by the conjunctival sclera, nearly equivalent to the human 

one in thickness14. Still, despite being structurally quite close, porcine and human eyes 

also demonstrate several differences about their respective dimensions (see Table 1-1).  

 

Table 1-1: Structural dimensions in porcine and human eyes 

Features Porcine Human References 

anteroposterior axis (mm) 23.9 ±0.08 24.4 ± 0.93 22, 23 

Globe weight (g) / 6.7 – 7.5 20 

Globe volume (ml) 6.5 6.5 20 

Central pachymetry* (μm) 1,009 523 20 

Peripheral pachymetry (μm) 1,340 564 24 

Anterior chamber depth (mm) 1.77 3.11 24 

Anterior chamber angle (⁰) 28.83 ±4.16 38.1 ±12.3 24, 25 

Sclera thickness (mm): 

   at the corneoscleral ring 

   at the ora serata 

   at the disc of the optic nerve 

 

0.31 – 0.91 

0.56 – 0.86 

0.78 - 1.00 

 

0.53 

0.39 

0.9 – 1.00  

21, 26 

Sclera surface (cm2) 7.78 – 11.92 14.5 – 18.1 21 

Average iris thickness (μm) 550.0 310.6 27, 28 

Pupil size at mydriasis (mm) / 2.9 – 3.1  29 

Lens diameter (mm) / 8.9 – 9.5 30 

*Measure of the corneal thickness. 
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1.2 The IPE, functions, development & potential 
 

1.2.1 Anatomy and functions of the IPE in vivo  
 

Located on the back of the iris (see Figure 1.1, Figure 1.2 & Figure 1.6), the IPE is a 

bilayered epithelium starting from the iris roots, in continuity with the ciliary body 

pigmented epithelium and finishing at the pupillary ruff. It has three known functions in 

mammals: its pigments protect the posterior chamber from overexposure to light from 

the anterior chamber; its muscular fibres form the dilator muscle dedicated to open the 

pupil; its intercellular junctions form an impermeable barrier between the iris stromal 

compartment and the posterior chamber31, 32.  

Early microscopic studies observed that the two layers are polarised as follows: the 

anterior myoepithelial layer has its basal side in touch with the iris stroma, while the 

posterior one has its own basal side facing the posterior chamber32 (see Figure 1.5). This 

results with the two layers having their apical side facing each other. The anterior layer is 

itself highly polarised due to its muscular activities, with all melanosomes and nuclei being 

in the apical side of the cell, while the muscle fibres and the majority of the mitochondrial 

content constitute the majority of the basal side32. To prevent the simultaneous activation 

of the sphincter muscle in the iris stroma and the dilator muscle in the anterior IPE layer, 

the muscles are innervated by the sympathetic and the parasympathetic nervous system 

respectively3, 4. To optimise the contraction of the dilator, muscle fibres are organised 

radially starting from the IPE roots and ending near the pupil ruff3, 32. Consequently, dilator 

contractions ensure a homogeneous pupil dilatation.  

The IPE posterior layer (see Figure 1.5) is organised in a striped manner paralleling the 

pupil to absorb the mechanical forces generated during the dilator’s contraction32. The 

posterior layer by itself varies in shape depending the iris state passing from a “flat-like” 

form for pupil contraction to a columnar one during pupil dilatation. In consequence, 

nuclei are closer from the basal side. Packed melanosomes type III and IV are taller in size 

than melanosomes from the iris stromal melanocytes32. The posterior cells also contain a 

mitochondrial content lower than the anterior layer ones. The endoplasmic reticulum and 

the Golgi apparatus follow the same trend32. Finally, the posterior basal surface shows a 

significant number of microvilli, covered by a continuous thin basal lamina32. 
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Past investigations in the monkey demonstrated that the IPE presents a certain number 

of junctions over its length and its width33. At that time, such structural organisation was 

generally believed to play for the blood-ocular barrier34. Tight junctions are the main 

junctions involved in the barrier function as they connect the plasma membranes of 

adjacent cells. For these reasons, they were mostly found in the basolateral side of cells. 

Desmosomes linking cytoskeletons of adjacent cells were found on both lateral and apical 

sides. Finally, gap junctions allowing cytoplasmic exchanges between adjacent cells were 

found from the basolateral sides to the apical ones.   

 

Figure 1.5: Representation of two mammalian IPE cells in vivo in the in-between iris 
area. The is a bilayer epithelium with an anterior one being dedicated for most of it to 
smooth muscles activities. The involvement of cells from the anterior layer of the IPE 
constitutes the dilator muscle. The rest of the IPE anterior layer contains melanosomes 
and other cell structures such as the nucleus. The IPE posterior layer is dedicated to the 
pigmentation of the epithelium. Both anterior and posterior layers have their apex facing 
each other, making their basal surface turned externally where stands their basal lamina. 
Anterior and posterior layers are indicated on the figure left. Cell structures are indicated 
by the arrows and labelled on the right. 
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Figure 1.6: Representative H&E-processed sections of the mammalian iris from the pupil on its junction with the ciliary body in its periphery. Tissues have 
been processed for H&E after having being depigmented as indicated in the conclusion of section 3.3.4.4, Chapter 3. a. The pupillary iris. b. The iris in-between 
the pupillary iris and the peripheral iris. c. The peripheral iris where it connects with the ciliary body. Numbers indicate tissue structures: 1. The anterior 
chamber at the front of the iris; 2. The iris stroma constitutes the main body of the iris; 3. The sphincter muscle circles the pupil; its spread is limited to this 
area: 4. The IPE entirely covers the iris stroma on its posterior side; 5. The pupil; 6. The  dilator muscle is a thin  smooth muscle between the IPE and the iris 
stroma spreading in a radial manner over most of the iris posterior side, with the exception of the area associated with the sphincter muscle: 7. The ciliary 
body. Scale bars = 100 µm.
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1.2.2 IPE development 
 

In line with the anatomy, the IPE, the RPE, the ciliary body epithelia and the retina share 

a common origin. This section is a summary of the development of these tissues.  

 

1.2.2.1 The human neural development, starting at the gastrulation 
 

During the third week of human development, the embryo takes on an ovoid shape and 

develops as a three-layered tissue, composed of the ectoderm, the mesoderm and the 

endoderm3, 4, 35 (see Figure 1.7-A 1., 2. & 3.). 

At days 16 - 17, the ectoderm thickens around a medial line called the primitive streak 

going along a cranial-caudal axis3, 35 (see Figure 1.7-A 5.). This is the result of local 

ectoblastic cell proliferation and migration of other ectoblastic cells toward this area. On 

the end of the primitive streak localises the primitive node, also called the Hensen node 

(see Figure 1.7-A 4.). Three ectoblastic cell-based movements have been distinguished so 

far: 1. one passes through the primitive streak, the original ectoblastic cells move toward 

the endoderm and colonise it35; 2. another one passes through the primitive node to give 

rise to the notochord35 (see Figure 1.7-B 7.), which support the axial development4; 3. the 

last one moves between the ectoderm and the endoderm to transform into the 

mesoderm. 

Over human development, the mesoderm, from which emerges the somites (see Figure 

1.7-D 9.) is in charge of the conjunctive tissues, such as the myo-skeletal system and the 

dermis4. The endoderm differentiates into the digestive system and participates in the 

development of the thyroid and parathyroid glands, and the thymus by providing them 

their epithelia4. Finally, the ectoderm gives rise to the epidermis and its appendices such 

as the hair, the nail and the tooth4.  

Under the influence of the mesoderm and paralleling the development of the 

notochord35, at days 18 – 19, the neurectoderm differentiates from the ectoderm and 

forms the neural plate (see Figure 1.7-B 6.). This tissue is the origin of the central and 

peripheral nervous system36. Soon, the neural plate invaginates, forming the neural 

groove (see Figure 1.7-C 8.). The invagination continues to run with the closure of the 

neural groove in the cranial area, forming the neural tube (see Figure 1.7-D 10.). The 

neural tube cranial end, also called the anterior neuropore, closes at day 29, while its 

caudal counterpart does so at day 3035. The neuroepithelium transits from a prismatic 
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unistatified epithelium to a pluristratified one35. During the closure of the neural tube, 

some cells from the lateral sides of the tube migrate above it and form the neural crests4, 

35 (see Figure 1.7-D 11.). Finally, the ectoderm recovers the neural tube as soon the 

closure of the second is completed35. 

While the neural tube is forming and prior to the closure of the anterior neuropore, at day 

25, the neuroectoderm forms three vesicles on the cranial-caudal axis: 1. The 

prosencephalon; 2. The mesencephalon; 3. The rhombencephalon4, 35 (see Figure 1.8). At 

the same time, the embryo inclines toward its developing digestive system.  
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Figure 1.7: Human embryogenesis from day 16 to day 22. A. Human embryo at day 16, 
or late-stage gastrula. The three germ layers, the ectoderm (= 1.), the mesoderm (= 2.) 
and the endoderm (= 3.), are differentiated and expand. The primitive node (= 4.) is a 
depression localising on the cranial end and prolonged by the primitive streak (= 5.), giving 
to the embryo its bilateral symetry4. B. At day 18, the neural plate (= 6.) differentiates 
from the ectoderm, where stood the primitive streak, while the notochord (= 7.), the first 
axial support of the embryo4, appears under the neural plate. C. At day 18, the 
invagination of the neural plate is visible, forming the neural groove (= 8.). D. At day 22, 
mesoderm-based somites (= 9.) have formed. The medial part of a human embryo neural 
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groove is closed and so, forms the neural tube (= 10.). This closure will progress toward 
both ends until total closure of the tube. Between the neural tube and the ectoderm have 
arised the neural crest (= 11.), from ectoderm origin. Their will give rise to several cell 
types, including the melanocytes. Black arrows on the right indicate the ends of the 
embryo. 

 

 

Figure 1.8: Representation of the three neural vesicles during the fourth week of the 
human development. Each neural vesicle is labelled. The optic vesicles (= 1.) starts to be 
appear at this stage. Black arrows on the right indicate the ends of the embryo. The 
representation is based on original draws from the open source Wikipedia Archivo (cf. 
https://es.m.wikipedia.org/wiki/Archivo:Four_week_embryo_brain.svg; 2023-08). 

 

1.2.2.2 From the Prosencephalon arises the eye 

 

At the human eye’s genesis, two optic evaginations form laterally at day 19 from the 

prosencephalon35. At day 25, they transform into optic vesicles (see Figure 1.8) and are 

visible on the ectoderm by the optic grooves35, 37 (see Figure 1.9-A). Progressively, they 

extend and transform into tubes, the optic stalks, connected to the prosencephalon35 (see 

Figure 1.9-A 5.). From the optic stalks will arise later in development the optic nerves3, 4 

(see Figure 1.1). On their distal side, theses tubes transform into bilayered cups with the 

most distal layer, named the inner layer, spousing the ectoderm internal side. The 

interactions between these two tissues leads to their progressive invagination and 

thickening37 (see Figure 1.9-A 2. & 4.). In human development, the thickening of the lens 

placode is visible from day 28, while its invagination, called the lens pit, is visible at day 

3338. 

https://es.m.wikipedia.org/wiki/Archivo:Four_week_embryo_brain.svg
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Quickly, the ectodermal invaginations differentiate toward pre-lens phenotypes, 

vascularised by the temporary hyaloid vessels (see Figure 1.9-B 9.), while the optic cup 

continues to enlarge3, 31, 39 (see Figure 1.9-B 7. & 8.). The hyaloid vessels will atrophy 

themselves later around the 6th week of gestation. At the same time, the lens-facing 

ectoderm transforms slowly into the corneal epithelium (see Figure 1.9-C 10.). The human 

lens completes its separation from the ectoderm at day 3538, becoming the lens vesicle, 

(see Figure 1.9-C 6.). The lens vesicle completes its development later at day 5637, making 

it one of the first operational organ of the human organism4. 

In the same time, the inner layer increases in size and thickness, progressively giving a 

pseudo-stratified form to the retina40 (see Figure 1.9-B 7. & -C 7.). The first markers of 

retinal specification appear in the central inner layer around day 4738. Distribution of 

these markers extends progressively toward the peripheral cells as they start to 

differentiate while continuing to proliferate38, 41, 42. The retinal specification will continue 

over the development, rods and cones receptors being observables around the 15th week 

of gestation and after birth38.  

Retinal spread is mimicked by the outer monolayer (see Figure 1.9-B 8. & -C 8.), which 

proliferates in a parallel manner to the early retina while transforming into the RPE38. The 

pigmentation of the RPE starts to be visible around the 6th week of gestation38. 

Interactions between the RPE and the retina tissues plus their common origin supports 

transdifferentiation between them prior to the appearance of factors specifying their 

phenotypes43, 44, 45. The early lens and the periocular mesenchyme play a part in this 

process as they participate to respectively differentiate the retina and the RPE by using 

gradient factors38. Increased pigmentation develops toward the ventral side of the eye 

while epithelial cells proliferate in the optic cup periphery46 (see Figure 1.10).  
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Figure 1.9: Human optic cup development: the lens development. Arrows in the superior 
left angles indicate the orientations of the plans. A. From the outside to the inside, the 
human optic cup at day 33 is firstly characterised by the lens pits (= 1.) the invagination of 
the lens placode (= 2.), which is a derivate of the ectoderm (= 3.). The optic cup (= 4.) 
follows this invagination while it develops a tube, the optic stalk (= 5) linking it to the 
prosencephalon. B. From day 33 to 35, the human lens (= 6.) continues its invagination, 
helped in its development by the transient hyaloid vessels (= 9.). At the same time, the 
optic cup has separated into two distinct layers, the inner one (= 7.) being the presumptive 
retina, and the outer one (= 8.) being the presumptive RPE. Transient lens invagination. C. 
Passed day 35, the lens vesicle has completed its separation from the ectoderm, which 
starts to differentiate into the corneal epithelium (= 10.). Tissues in place here will 
continue to grow until the fourth month of gestation, with some will mature well after 
birth4, 38.  

 

At the optic cup periphery, the human RPE and retina connect at the optic cup margin 

forming the ciliary margin zone around the 5th week of gestation3, 38 (see Figure 1.10-A 1.). 

It takes the form of a distal tip-like ring and gives rise to new RPE cells, neurons and glial 

cells181. The arise of the CMZ is quickly followed by local pigment synthesis with the first 

granules being visible at the 5th week of gestation47. At the 8th week of gestation, the 

human ora serrata, pars plana and pars plicata (see Figure 1.2-C) appear, separating the 

early ciliary body and the retina47. The non-pigmentation of the inner ciliary body 

epithelial layer would come from its derivation from peripheral retinal cells while its 

pigmented counterpart arises from the RPE46.  

Oppositely on the lens anterior side, migrating mesenchymal cells are visible at the 6th 

week of gestation, where they regroup to form loose cell layers feeling the space between 

the early corneal epithelium and the lens48. Most of these cells will regroup into a single 

layer at the origin of the corneal endothelium. Shortly after, a new group of mesenchymal 

cells migrates between the corneal endothelium and the lens3, 48. They form the stroma 

of the CB, then the iris, along the proliferation and migration of the pigmented epithelial 

cells, which arise from the CMZ3, 47, 48.  

Finally, the IPE forms from the distal part of the CMZ, on the anterior side of the marginal 

sinus of the CMZ47 (see Figure 1.10-D 11.). In humans, early IPE presence has been 

observed at the 13th week of gestation47. In the iris stroma, the sphincter muscle starts to 

express muscle specific proteins from the 18th week of gestation on49. In the IPE anterior 

layer, the dilator muscle starts to specifically express α-smooth actin from the 28th week 

on49. The iris stroma by itself completely recovers the lens anterior side on the contrary 

of IPE cells, which did not migrate in the presumptive pupil region3. At this point, this 

structure is called the pupillary membrane3 (see Figure 1.10-D 12.). It will remain until the 
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fifth month of gestation3. Passed that point, vascularisation stops and local blood vessels 

atrophy3. This causes tissue degeneration and cell migration out of the pupillary 

membrane, from which the pupil enlarges until it gets close to the IPE3.  
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Figure 1.10: Representation of the human ciliary margin zone and its evolution from day 
33 to the 13th week of development. Arrows in the superior left angles indicate the 
orientations of the plans. A. At day 33, the CMZ (= 1.) is the junction of the outer layer or 
presumptive RPE (= 2.) and the inner layer or presumptive retina (= 3.).  They surround 
the lens (= 4.), recently detached from the presumptive cornea (= 5.).  B. Later at the 8th 
week of gestation, both the RPE (= 2.) and the retina (= 3.) are differentiating and can be 
distinguished from each other47, 50 but remain connected together at the CMZ (= 1.). C. At 
the 12th week of gestation, cell proliferation and tissue expansion have led to the 
development of the ciliary body which can be distinguished on its distal tip with the 
marginal sinus47 (= 6.) covered by a thin pigmented portion of pigmented cells. Posterior 
to the marginal sinus are the Pars Plicata (= 7.), then the Pars plana (= 8.) with their 
pigmented and non-pigmented layers in direct continuity with the RPE (= 2.) and the 
retina (= 3.) respectively. As in adulthood, the Ora serrata (= 9.) connects the Pars plana 
and the retina. D. During the 13th week, a migration of extraocular mesenchymal cells set 
the basis of the iris stroma (= 10.) mimicking the evolution of the IPE cells (= 11.) moving 
close of and on the anterior side of the lens (= 4.). The pupillary membrane (= 12.) in the 
center of the iris stroma will remains free of epithelial cells until the fifth month where it 
starts to regress due to blood vessels atrophying. This will give rise to the pupil. 

 

 

1.3 Age-related Macular Degeneration 
 

1.3.1 Physiopathology 
 

1.3.1.1 RPE and retina  

 

To catch billions of photons and convert them into chemical signals is an intense and 

specific activity called phototransduction4 and involve the RPE and the photoreceptors 

(see Figure 1.11-A.). The photoreceptors can be distinguished into the cones for the 

intense light and the rods for the low one4. The first ones can be even further 

distinguished into three subpopulations, each one having its own pigment catching a part 

of the visual spectrum. In the human eye, blue cones catch wavelengths at 420 nm, green 

cones run at 530 nm and red cones at 560 nm3, 4. The various colours observed over the 

visible spectrum result from the stimuli of different proportions of these subpopulations4. 

The rods on their side catches light at 500 nm as they contain only one pigment. The result 

of subsequent processing is a nuance of blue, perceived first in grey in the visual cortex3, 

4.   

To run the phototransduction, photoreceptors require opsin, the protein responsible of 

the reaction and specific of wavelengths mentioned before, and an 11-cis-retinal, the 

photosensitive metabolite4. Both assemble and once the photon gets in touch with the 
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11-cis-retinal, the global structure changes, 11-cis-retinal is released as an all-trans-retinal 

metabolite4. As there is one 11-cis-retinal metabolite per phototransduction, thousands 

of them are required per day for a single photoreceptor4. Lacking the cis-trans-isomerase, 

photoreceptors send the all-trans-retinal to their neighbouring RPE counterpart, which 

runs their reconversion toward 11-cis-retinal. By doing so, RPE cells play a key step in the 

phototransduction51. 

A photoreceptor is organised in five distinct compartments described here from the retina 

to the RPE: 1. the synaptic junction with the upper retinal layer; 2. the internal fiber; 3. 

the nucleus and surrounding body; 4. the internal segment dedicated to energy 

production; 5. the external segment where phototransduction occurs4. There, opsin and 

metabolites assemble into segments having a disk-like shape (see Figure 1.11-A). Ready-

to-use segments are in the upper part of the compartment, while those used are close to 

the RPE. The RPE progressively detaches, degrades and phagocytoses the used segments. 

It is this RPE function that allows photoreceptors to work without mechanical 

disturbances4, 51. Each day, the RPE phagocytoses 10% of the photoreceptor outer 

segment (POS)52. With an average POS volume of 24 μm, around 100 million of 

photoreceptors and 5 million of RPE cells for one human adult eye, that represent 48 μm 

of POS to phagocytose per RPE cells on daily basis4.  

To ensure the retinal metabolism, the RPE developed a robust system of transport sat on 

highly polarised cytoplasm and plasma membrane3, 4. It is completed with an efficient 

paracellular resistance (parallel to the epithelial layer) maintaining the separation 

between the subretinal space and the choroid. The sum of these system allows RPE cells 

to transport nutrients, metabolites and electrolytes toward the retina, to evacuate the 

liquid in excess in the subretinal space and to maintain an appropriate pH over their 

cytoplasms and in the subretinal space51. 

To maintain this thin system over life, the RPE devolves a part of its energy to the secretion 

of various factors toward the retina and the choroid51. Among the main ones are: 1. the 

pigmented epithelium-derived factor (PEDF) protecting retinal cells from apoptosis and 

stabilising the choroidal endothelium; 2. the vascular endothelium growth factor, which 

essentially prevents endothelial cells to run apoptosis; 3. the tissue-inhibitor of matrix 

metalloprotease maintaining an optimal Bruch’s membrane organisation; 4. the basic 

fibroblast growth factor, favouring retinal survival in case of injuries or light-induced 

damage; 5. immunosuppressive cytokines to prevent immune cells to penetrate the eye51.  
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In summary, the activity deployed by retinal and RPE cells is tremendous and the retina 

can not run itself. In absence of RPE cells, photoreceptors degenerate in only a few days 

and vision stops shortly after53.  

 

1.3.1.2 AMD in its wet and dry forms 

 

AMD refers to the degeneration of photoreceptors in the macular area. This region being 

in charge of the central vision, symptoms are visible by the patient in a manner much 

more appreciable that in the rest of the retina54, 55. As the disease progresses, visual 

disturbances appear with straight lines looking curved in the central vision. Then, some 

holes in the vision rise and extend where the AMD progress. Two clinical forms exist: the 

wet/exudative form and the dry/geographic atrophy one.  

The wet/exudative AMD: 

The wet/exudative form is characterised by the vascularisation of the subretinal space of 

the posterior chamber. In a physiological situation, endothelia undergo a low proliferation 

to maintain their homeostasis and efficient blood supply. This is balanced by the secretion 

of pro-angiogenic factors by the RPE, and the secretion of anti-angiogenic ones, such as 

the PEDF56. In the case of exudative AMD, such balance is disrupted with an emphasis on 

the pro-angiogenic factors57. The generated vessels and increased blood flux favour 

micro-haemorrhages, which subsequently disrupt the homeostasis over the Bruch’s 

membrane and in the subretinal space. In absence of treatments, oedemas form, the 

retina detaches from the RPE, which suffers fibrosis while photoreceptors degenerate58. 

If treated, this situation can be reversed to a certain degree that depends about the 

damages the RPE and the retina experienced58. 

The dry AMD/geographic atrophy: 

On the contrary, the dry/geographic atrophy form, the one of interest in this PhD project, 

does not involve blood vessels but the delamination of the Bruch’s membrane (see Figure 

1.11-B.). Physiologically, this highly organised basal lamina polarises the RPE and filters 

blood exchanges between the RPE and the choroid59. Over development of the dry 

AMD/geographic atrophy, the Bruch membrane is progressively disbalanced by the 

growth and spread of drusens within it60 (see Figure 1.11-C.). These elements are 

aggregates of lipids, proteins and metabolic wastes61 originating from: 1. the POS RPE-
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based phagocytosis; 2. the blood supply and immune system; 3. The choroid; 4. the Bruch 

membrane itself62. To exemplify this diversity, Bergen et al. found in the literature at least 

89 proteins in human drusens. Further, their progressive oxidation could solidify them as 

their proteolytic cleavage sites would be masked, so inactivated, by the ROS generated 

from the POS supramolecular elements63. To note, oxidation is not limited to protein-

based proteolytic sites as ROS-based oxidation of lipids, also called lipoxidation64, and 

generation of advanced glycation end-products, the oxidation of protein amine 

functions65, have been observed in AMD63. 

The slow delamination of the Bruch membrane depolarises progressively the RPE, putting 

more stress on the thin organisation of its cytoskeleton66 and its intracellular work. Over 

pathophysiological development, the delayed POS phagocytosis leads to the 

accumulation of lipofuscin granules in this region. Also named the “age pigment”, it is 

mostly composed of lipids and proteins of phagocosomal, lysosomal and POS origin56, 61. 

Its slow accumulation in the Bruch membrane combines with an increased sensitivity to 

UVA light and high level of oxygen in the eye67, and this combination results in a micro but 

chronic inflammation56. Ultimately, as drusens increase in number and size, they 

increasingly disrupt the exchanges between the RPE and the choroid56.  

Another major factor in geographic atrophy-based AMD is the single genetic 

polymorphism in an allele of the factor H, a component of the complement system68. 

Physiologically, the complement is an immune protein cascade involved in dead cell and 

waste cleaning, and pathogens removal60. In this process, factor H works to inhibit the 

activation of C3b and the subsequent alternative pathway of the complement69. At the 

physiological level in the eye, factor H has been observed from the baso-lateral side of 

RPE cells to the choroid68 with other proteins from the complement system60. In 2005, 

Klein et al. identified a single genetic polymorphism in the sequence changing the 

tyrosine-histidine change at amino acid 40268. This change would be responsible of a 

lower affinity of the factor H for heparan sulfate-binding domains, decreasing its ability to 

bind to cell surface glycoaminoglycans70. This would ultimately result in a lower content 

of factor H in the Bruch membrane, favouring the risk of activation of alternative 

complement pathway, then the apparition of micro-inflammation in this region60, 70. To 

note, factor H plasma level is lowered in smokers, increasing the susceptibility of tissue to 

complement alternative pathway activation69. 
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The deregulation of homeostasis from the choroid to the subretinal space, the growth of 

drusens amplified by metabolic disorders, the disorganisation of the Bruch membrane, 

combined with other risk factors (see Table 1-2) lead to the chronic degeneration of the 

retina and the atrophy of the RPE, resulting over time in vision loss71.  
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Figure 1.11: Representation of the human RPE and retina from a physiological situation 
to a late AMD one. A. RPE and retina in their physiological state. On the top of the retina 
is the optic nerve “in formation” and result from the assembly of ganglion cell axones4. 
Ganglion cells receive the influx from the bipolar cells below and bipolar cells receive the 
influx from the photoreceptors. Photoreceptors, where the phototransduction runs, are 
in direct contact with RPE cells, which set on the Bruch membrane. To phagocytose the 
POS, RPE cells use apical microvillosities, which participate the recognition and binding 
step, the first one of the phagocytosis followed by the internalization and finally the 
digestion72. At the junction between the photoreceptors and the bipolar cells are the 
horizontal cells, which modulate the influx transmission there by inhibitory feedbacks to 
the photoreceptors73. At the junction between bipolar cells and ganglion cells are the 
amacrine cells, which interact with bipolar cells, ganglions and between each other. By 
doing so, they create contextual effects, vertical integration and tasks more specific to 
each subtype of amacrine cells73. B. RPE and retina in early stage of AMD, with early 
drusens appearing in the Bruch membrane. Progressively, their mass lift the RPE and the 
retina, while them under homeostatic stress. C. RPE and retina in late stage of AMD. At 
this stage, the homeostatic stress is significant and led to retinal cell degeneration due to 
unsufficient supply from the RPE and deficient POS phagocytosis. The RPE cells exposed 
to a drusen-induced disruption of Bruch membrane plus suffering inflammatory 
conditions and homeostatic disbalances, suffer from atrophy. The representations are 
based on original draws from the open source Smart Servier Medical art (cf. 
https://smart.servier.com; 2023-08). 

 

Table 1-2: Summary of AMD-associated risk factors74 

Strength and 

association 

consistency 

Risk factors Description 

Strong and 

consistent 

Aging AMD starts on a common basis after 55 years of 

age; prevalence increases exponentially with 

increasing age; incidence quadruples per 

decade75, 76, 77  

Cigarette Risk is increased from 2 to 4-fold; smoking 

decreases the levels of high-density lipoproteins 

or the anti-oxidant in plasma; it increases 

oxidative stress, lipid peroxidation and 

inflammation75, 78, 79 

Cataract  Mostly associated with the exudative AMD, it 

increases retina susceptibility to light damage 

and favours post-operation inflammation80, 81  

Genetic Development of AMD by heritability is 

estimated to 71% with two major loci on 

chromosome 1 and 1075, 82, 83, 84  

https://smart.servier.com/
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Moderate and 

consistent 

High body 

mass index 

Due to increased pro-inflammatory factors in 

obese individuals, that favours AMD, especially 

the geographic atrophic form85, 86  

Cardiovascular 

disease 

In a similar manner than atherosclerosis, lipid 

deposits in the choroid leads to reduce blood 

flow, increased hydrostatic pressure and 

potential leakages87 

Hypertension As a systemic disease, hypertension decreases 

blood circulation in the choroid, thus disturbing 

the local homeostasis88, 89  

Weak and 

inconsistent 

Diabetes Also a systemic disease, hyperglycemia and 

dyslipidemia would disturb retinal homeostasis 

by inducing inflammatory responses90  

Gender Uncertain, the rate of progression of the 

disease would be higher in women than in 

men91  

Iris colour A higher content in melanin in the iris could 

better protect the retina overtime92  

 

 

1.3.2 Classification and techniques of diagnosis of AMD 
 

The generic clinical classification of AMD is defined in three stages: the early, the 

intermediate and the late AMD93. The first one includes the presence of intermediate 

sized drusens from 63 to 125 μm. The presence of smaller drusens, called drupelets, is 

considered there as a normal sign of ageing. Presence of changes in the RPE can also be a 

part of the diagnosis94. Early AMD is finally described as asymptomatic at this stage. The 

intermediate stage is based on drusens bigger than 125 μm with pigmentation changes in 

the RPE, either increased or reduced95. Late AMD defines the geographic atropic or 

exudative form. It affects central vision and its rate of progression is important, effects 

being measurable over months in the exudative form, in years for the geographic atrophic 

one93. 

To diagnose AMD, optometrists and ophthalmologists image the back of the eye with four 

techniques96. The first one is a visual examination in an optometric office or an 

ophthalmologist one, where practitioners use an ophthalmoscope to observe the 

intraocular structures96, 97. The second technique is called Optical Coherence Tomography 
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Scan. This tool sends light waves into the patient eye to image at a high resolution the 

back of the eye in a cross-sectional manner over a few millimeters 96, 98. The third 

technique, the fluorescein angiography, relies on an intravenous injection of fluorescein 

into the patient blood circulation prior to a rapid and intense serial photograph. This gives 

a consistent “picture” of the retinal blood circulation and surrounding tissues96, 99.  

 

1.3.3 Few words about the therapeutic arsenal against AMD 
 

The form AMD takes impacts the panel of therapies that practitioners can use and the 

potential clinical outcome for the patient. So far, the wet form can be slowed with a large 

panel going from intraocular injections of anti-VEGF antibodies (see Table 1-3) to 

adenoviral vector-based therapies increasing production of PEDF and so, reducing the 

intra-ocular VEGF content100.  

The dry AMD is much more difficult to treat as the pathological epicentres, the drusens, 

are hard to reach by intra-ocular injections, while significant side effects can be induced 

if the treatment is not specific enough. An example of that were the initial Thermal laser 

photocoagulation therapy with continuous wave and the Nanosecond pulsed laser. 

Developed in the 90s, the first one used a subvisible laser energy and converted it into 

heat through the adsorption of the melanin in the RPE and choroid101. If that method 

proved to reduce drusen load, it impacted with various degrees the retina102, 103. Using the 

basis of the thermal laser photocoagulation therapy, the Nanosecond pulsed laser 

introduced a 3 nanosecond break between each pulse101; that proved beneficial as the 

therapeutic impact was more specific to pathological RPE cells with a lower thermal 

conductivity toward retinal cells plus an increased release of matrix metalloproteinase in 

the following week104, 105. With proved beneficial effects, these therapies remained still 

limited by the induced damages on the neighbouring cells and tissues103.  

A different strategy was developed by Dr Wong from St Pauls Eye Unit at the Royal 

Liverpool University Hospital in 2000. To counter choroidal neovascularisation secondary 

to AMD, Dr Lois and him redistributed the fovea out of the pathological region by inducing 

a retinal detachment106, a retinotomy in medical term. To ensure the retina would then 

stabilise, perfluorocarbon and silicone oil were used. For 9 patients operated, 8 had 

successful reattachment of the retina and 2 experienced improved visual acuity. Later 

development saw improvements of the technique and its integration with the thermal 



32 
 

laser photocoagulation therapy in case of redundant foveal neovascularisation107. A broad 

investigation done the following year demonstrated that it was possible to select patients 

likely to experience improved visual acuity when operated by the macular relocation 

surgery protocol108. These publications demonstrate, with respect to the methods, their 

specifications and limitations, that the replacement of a pathological tissue by a healthy 

one can delay, block and even reverse in some cases the overall physiopathology with 

beneficial outcomes for the patient.  

The therapeutic arsenal against AMD being vast, the reader is invited to consult the 

following reviews to get a broader but non-exhaustive clinical and scientific perspective:  

- Lien et al. 2008109 & Parravano et al. 2021110 for their description of anti-VEGF-

based therapies; 

- Sarao et al. 2014 for their description of intravitreal steroids in the treatment of 

retinal diseases111; 

- Mozetic et al. 2019 for their broad analysis on many therapeutic options112; 

- Ammar et al. 2020 for their summarised description of the AMD clinical 

landscape113; 

- Khanani et al. 2022 for their description of gene therapies for AMD114; 

- Rizzolo et al. 2022 for their review of biomaterials for AMD115. 

 

Table 1-3: Antibodies-based anti-exudative AMD drugs summary116, 117, 118, 119 

Drug Format Molecular 

weight (kDa) 

Dose (mg) Molecules per 

injection 

Aflibercept VEGFR1/2-Fc 

fusion protein 

97-115 2.0 1.0 

Bevacizumab Full antibody 149 1.25 0.4-0.5 

Brolucizumab Single-chain 

antibody 

fragment 

26 6.0 11.2-13.3 

Faricimab Full antibody 150 6.0  

Pegaptanib Aptamer > 40 0.3  

Ranibizumab Fab fragment 48 0.5 0.5-0.6 
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1.3.4 Stem cells-based therapies against AMD 
 

1.3.4.1 Prior to stem cells, cell lines-based cellular grafts 

 

In the 1980s, clinicians and biologists worked to characterise human RPE cells with the 

aim to use them for RPE-related diseases120, 121. Quickly after, transplantations with 

primary cultivated RPE cells were conducted in animal models. In 1993, He et al grafted 

human primary RPE cells grown in vitro for 4-5 weeks into the subretinal space of albino 

rabbits122. Over the next 3 months, investigations revealed no signs of degenerations and 

low signs of inflammation only. Four years later, Castillo et al cultivated human RPE cells 

to observe potential protection of photoreceptors in the Royal college surgeon rat (RCS 

rat), an animal model of retinal degeneration, its immature RPE being unable to 

phagocytose the POS123. Compared with a sham control, the grafted RPE cells were able 

to phagocytose the rat POS, while photoreceptor cell number was three times superior 

30 days after the process.  

Trials on AMD-affected patients faced numerous ethical and technical barriers, among 

them the low knowledge of cell behaviour after graft and the limited autologous cell 

number prior to the graft124, 125. So, biologists started to develop cell lines. In 2001, Lund 

et al genetically modified RPE cells from a human donor to extend its in vitro lifespan and 

compare its performances with aRPE19 cell line into the RCS rat eye125. Both cell types 

developed and favoured local photoreceptors survival over 20 weeks without 

inflammatory or tumoral reactions. Still, the effects were limited in space and total 

preservation of the retina was not achieved125. Consequently, a larger view was developed 

with the aim to replace the defective RPE cells with competent RPE ones differentiated in 

vitro from pluri- and multipotent stem cells126.  

 

1.3.4.2 Stem cells in clinic 

 

In a generic epithelium, replenishment of the cell pool requires a well-balanced system 

where cell proliferation is controlled and balanced with the needs of the tissue127. In that 

model, cell proliferation can be subdivided into transient amplifying cell population (TAC) 

and adult stem cells, the firsts originating from the seconds128. Adult stem cells are the 

primary source of the tissue cell pool, their state define the tissue life-span, except in 

wound healings129, 130. Related to that function, stem cells are classified according to their 



34 
 

plasticity (see Table 1-4), which is the first feature to consider in stem cells therapies 

development. 

 

Table 1-4: Classification of stem cell according to their plasticity 

Grade Definition 

Totipotent Cell able to differentiate into the three germ layers and the 

embryonic annexes 

Pluripotent Cell able to differentiate into the three germ layers 

Multipotent Cell able to differentiate into multiple tissues from one germ layer 

Oligopotent Cell able to differentiate into two or more close/associated tissues 

Unipotent cell able to differentiate into one tissue 

 

Adult stem cells: 

Able to generate a range of cells belonging to their tissue of origin, or closely related with, 

adult stem cells reside in the organism over life-span where they maintain cell 

homeostasis127, 131, 132. The first stem cells therapy was the blood transplantation, already 

used in the end of the 50s to counter the aplasia that followed radiation-based 

incidents133. Haematopoietic stem cells from the bone marrow niche were then identified 

in the 1960s by Mrs McCulloch and Till131. The diversity of adult stem cells comes from 

their tissue of origin and their potency. So, generic names have been given to simplify 

their classification prior to detail them in-depth. Here is a non-exhaustive list of the most 

common stem cells: 1. Mesenchymal stem cells, which can differentiate into bone cells, 

cartilage cells and adipogenic cells132; 2. Neural stem cells are able to generate neurons, 

oligodendrocytes or astrocytes132; 3. Haematopoietic stem cells form the various bloods 

cells132; 4. Epithelial stem cells generating cells for epithelia and their annexes if present134, 

135, 136.  

 

The RPE on its own is a post-mitotic epithelium, meaning that it does not undergo 

proliferation over its life-span and so, suffers the associated downside effects such as 

morphological changes, loss of melanosomes137, cell number decreasing138, 139 and so on. 

No stem cells were believed to reside in the human RPE until Salero et al. developed a 

protocol, from which were generated various in vitro sub-phenotypes from human post-
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mortem RPE cells140. One particular sub-type was able to generate cobblestone 

monolayers in a clonal manner. The authors then experienced the potency these cells had 

and discovered that neural, adipogenic, chondrogenic and osteogenic profils could be 

generated from clonal cells140. No specific markers was identified by the authors but 

neural crest-associated and mesenchymal markers STRO-1, CD90 and CD105 were absent 

in the initial sub-populations. Later in 2020, Chen et al. used a different protocol based on 

3D cell culture. Over the 3D culture of mouse RPE cells, the authors were able to generate 

both RPE cells and photoreceptors141. Then, the authors tagged these cells by an enhanced 

green fluorescent protein to follow their evolution in grafted mice with retinal 

degeneration. These cells disappear over 7 weeks, the authors suspecting an immune 

rejection from the host. However, they integrated the RPE, re-synthesize melanin, and in 

3 of the 7 grafted mice, stabilised the vision141. 

Other cell sources for the RPE were identified in the adult ciliary body of various species142. 

However, despite their potential, no clinical try with autologous RPE stem cells seems to 

have been run so far. 

 

Embryonic stem cells: 

First major cell source suitable for in vitro manipulations, embryonic stem cells and their 

technologies arose from nearly 50 years of research on murine and human 

teratocarcinomas143. In the 2000s, cell culture methods to grow and derive human 

embryonic stem cells arose proportionally as the prospect to use them for clinical 

application144, 145.  

Quickly, protocols to drive ESC toward the RPE phenotype followed. In 2004, Haruta et al 

proved the principle by injecting primate ESC-derived RPE cells into the subretinal space 

of four weeks-aged RCS rats146. In vitro, the RPE cells demonstrated a hexagonal shape, a 

strong pigmentation and expressed RPE specific markers. In vivo, the injected cells 

preserved the retinal ones where they sat. In parallel, ESCs were used to study the 

developmental molecular mechanisms. As an example, Aoki et al generated eye-like 

bodies from primate ESC and grafted them in chick embryos to assess the role of the 

Wnt/β-catenin canonical pathway in the RPE specification147. These fundamental 

investigations feed the differentiation processes, which used Wnt agonists later to drive 

the RPE specification148, 149. Not alone to play a role in the ESC-derived RPE protocols, 
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many other factors were proved to be potent if added at the right time of the 

differentiation150, 151.  

With growing efficiencies in derivation processes, first clinical studies emerged. In 2014, 

a phase I/II clinical study measured the impact of ESC-derived RPE grafts in nine patients 

suffering from Stargardt’s macular dystrophy and nine patients suffering from dry AMD 

over 37 months152. In AMD-treated patients, no adverse proliferation, rejection, ocular or 

systemic issues were detected and an improvement of visual acuity for 8 out of 9 patients 

was observed. In 2018, da Cruz et al observed the improvement of visual acuity in two 

patients affected by exudative AMD following the graft of human ESC-derived RPE sheets 

on fluocinolone supports153. A similar phase I/II clinical trial was performed on five dry 

AMD-affected patients with human ESC-derived RPE cells set on a parylene substrate with 

improvements or stabilisation of the visual acuity observed over the first four months154. 

However, ESCs face serious ethical limitations due to their origin, the human embryo, and 

potential immunological limitations on the side if the source is allogeneic155.  

 

Induced pluripotent stem cells: 

Such barriers are released by the discovery of the pluripotency induction process by 

Takahashi et al in 2006 on murine fibroblasts and in 2007 on human ones156, 157. Allowing 

the reconversion of generic somatic cells toward pluripotent one, the cell source was not 

more limited to a very specific cell population in an organ at a specific time during 

development. The corollary is that the cell number available is much more substantial. 

One of the main concerns was the different gene expression profiles between the iPSCs 

and the ESCs, with studies reporting the presence of epigenetic traces in the induced 

cells158, 159, 160. With following reports demonstrating that these variations could be 

generated for a part of them by the lab protocols themselves, the sum of investigations 

finally showed both cells types to be similar in their gene expression and DNA 

methylation161. The number of clones used to define potential differences was the key 

feature: with a substantial number of clones for both types, no notable differences could 

be seen while on the opposite, with a low clone number, differences were notable160.  

With questions on the nature of iPSC wearing still traces of their origin, first protocols to 

generate RPE cells arose quickly. In 2009, Buchholz et al published a report about 

spontaneous differentiation of iPSCs into RPE cells162. Cells not exposed to FGF2 

demonstrated melanin presence after the first month of culture. Later analysis 
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demonstrated specific RPE gene expression, production of proteins related to RPE 

functions and POS phagocytosis facilities at levels comparable with RPE-derived ESCs.  

With improving protocols, the generation of iPSC-derived RPE cells aimed to reach clinical 

grade suitable for clinical implants, with success163, 164. These efforts led to pre-clinical and 

clinical studies over the last years. In 2021, Zhang et al demonstrated an efficient process 

of differentiation with cells able to rescue photoreceptors in RCS rats 6 weeks after 

subretinal injection165. No tumour formation was observed neither in immuno-deficient 

mice. Earlier in 2017, Mandai et al. published a clinical study with a graft-based iPSC-

derived RPE surgery and the follow-up over one year in a patient with exudative AMD166. 

The cells were autologous and transformed from skin fibroblasts. No worsened or 

improved visual acuity was noticed except a brighter vision due to neovascular 

membranes removal.  

Overall, iPSC and potentially ESC demonstrated great potential to replace degenerated 

RPE in AMD patients with initial clinical trials having demonstrated the safety of the 

process over the first post-surgery years. More significant, some measurable benefits 

could be already observed.  

 

1.3.5 The IPE’s plasticity and its potential to replace the RPE  
 

Already known and studied before for its transformation facilities, the initial IPE 

investigations were conducted by Eguchi et al in 1971167. They observed the distribution 

of 3H-thymidine in newt IPE cells after a lensectomy. Four days later after surgery, the 

authors observed a significant DNA synthesis from the dorsal section, a location 

comparable to the half-superior portion in mammals. Over the following 14 days, cell 

number increased gradually and formed a visible cell clump filling the pupil. More 

recently, Sousounis et al proved that the IPE ability to regenerate the newt lens was 

associated with an enriched content of ECM proteins, proteins involved in cell 

proliferation, migration and nuclear transcription factors168. 

Later, iris pigmented epithelial cells were regarded as a potential cell source to regenerate 

the RPE as these cells demonstrated potential to support RPE functions in AMD animal 

models. In the RCS rat, IPE grafts from seven to ten days old Long Evans rats transplanted 

into the subretinal space proved viable over three months while delaying photoreceptor 

degeneration169. These results were later confirmed by Schraermeyer et al who injected 
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Long Evans rat IPE cells into the subretinal space170. Still in 1997, another group 

demonstrated that in vitro porcine IPE cells can phagocytose POS at 64% of their RPE 

counterpart171. Later, Thumann et al used autologous grafts obtained by iridectomy to 

straightforward transplant them into the subretinal space172. The transplants attached to 

the underlying RPE and supported photoreceptor survival without immunological issues 

noticed by the authors. A similar investigation done on rabbits by Crafoord et al led to the 

same conclusion173. Finally, Abe et al demonstrated that monkey IPE cells cultivated in 

autoserum and injected into the subretinal space led to the same results than the previous 

ones cited before174. 

Another interesting point was made by the same group a year later with the injection of 

Long Evans rat IPE cells into the choroid of fourteen to eighteen days old RCS rats175. Six 

months later, retinal cells were numerous with a clear distinction between the different 

retinal layers in the transplanted eyes, while the control ones demonstrated nearly no 

surviving retinal cells. The authors supported that in absence of direct contact between 

retinal cells and injected IPE cells, the latter secreted factors favouring retinal cell survival. 

On the same trend, Arnhold et al observed that rat as human IPE and RPE cells produced 

at similar levels brain-neurotrophic factor, neurotrophin-3 and glial-derived neurotrophic 

factor, associated with neural growth176.  

All together, these investigations demonstrated that mammal IPE cells were able to work 

as RPE supports in cases of retinal degeneration. As suggested by Thumann et al, the close 

developmental link between the RPE and the IPE could be partly responsible for these 

results177. A point of view supported later by Bennis et al who investigated a significant 

portion of genes expressed in human IPE and RPE178. With stringent features, the group 

demonstrated that both tissues had close expression regarding pathways associated with 

epithelial functions. Oppositely, the authors observed that the phototransduction 

pathway related to the retinol metabolism was the most expressed pathway by the RPE 

on its own. Interestingly, the IPE counted a couple of pathways associated with human 

embryonic stem cell pluripotency or the Wnt/β-catenin pathway in its highest expressed 

pathways.   

By the time at Bennis et al published their study, first clinical investigations had already 

started. In 1999, Abe et al injected autologous IPE cells cultivated for 27 to 60 days in the 

subretinal space of 8 patients suffering exudative AMD after removal of neovascular 

membranes179. Over the initial observation phase running from 1.5 to 8 months, visual 
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acuity improved for 6 patients and remained stable for the 2 others. The group published 

a year later observations on the same patient group, confirming their previous results180. 

A similar study was conducted by Lappas et al, who injected autologous IPE cells on 12 

exudative AMD-affected patients181. With observations lasting over 6 months, the group 

did not observe increases in visual acuity. A broader study performed by the same group 

led to the conclusion that the injection of autologous IPE helps to preserve visual acuity 

in exudative AMD but do not improve it182. A three-year follow-up on 20 patients with 

exudative AMD confirmed that finding183. The IPE suspension was injected in the 

subretinal space straightforward after the iridectomy and the removal of neovascular 

membranes. Over the three years follow-up, stable vision was the main finding, the 

improvement and degradation of visual acuity being rare183.  

 

1.3.6 In vitro 2D versus 3D cell culture 
 

Over the course of this project, primary porcine IPE cell culture has been an extended and 

evolving part with the use of 2D and 3D cell cultures. Both have advantages and 

disadvantages to consider prior to their use in primary stem cells culture. 

 In vitro, primary stem cells tend to lose their original features on generic adherent (= 2D) 

systems due to the loss of physical constraints, lack of specific factors present in the 

extracellular environment, specific cell-cell contacts and cell-basal lamina ones134, 184, 185. 

On a broader perspective, the 2D cell culture of primary cells often result in activities and 

observations irrelevant compared to the in vivo physiology186. The generic support 

consists in a flat surface of glass or polystyrene, which favours the adhesion of cells186. As 

cells form a monolayer, nutrients and growth factors distribution is homogeneous, 

favouring global cell proliferation to the expanse of the original (and potential) cell 

heterogenity187. Also, largely dependent of the medium used, the cell number or the 

surface coating, the flat and stretch surface has mechanical impact on cells188, which adapt 

their gene expression and protein production187.  

So, different approaches have been developed to specifically grow primary stem cells 

from theirs differentiated counterparts, including 3D sphere cultures, ECM proteins-

encapsulated hydrogels or decellularised native ECM187, 189. In this project aiming to 

identify porcine IPE stem cells, spheroid 3D cultures inspired from neurosphere assays 

were used190.  
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In theory, cells in suspension are forced to adapt by forming spheres, otherwise they die. 

Once in culture, two patterns are possible. Firstly, all/most of the cells aggregate and 

establish new cell-cell contacts. By doing so, they reorganise around a core of 

differentiated cells, while peripheral cells in contact with growth factors tend to express 

stem cell markers190. In practice, that approach generates a great number of spheres 

despite important heterogeneity inside them. This heterogeneity is increased by the easy 

access to nutrient, growth factor and oxygen supply at the surface, while metabolic 

wastes and carbon dioxide accumulate at the core191. Secondly, cells plastic enough 

proliferate in a clonal manner to re-establish cell-cell contacts, while cells not able to 

survive without a basal-lamina anchor die190, a phenomenon also called anoikis192. In this 

case, the potency cells demonstrate depends about the medium they are exposed to plus 

their original phenotype190. By doing so, spheres are highly homogeneous but their 

number depend of the original stem cell proliferation facilities190, 193.  

Despite the low sphere number generated or the low homogeneity between aggregates, 

3D sphere assays have the advantage of a low number of intrinsic variables. Spheres are 

conditioned by the initial cell density seeded, the type of plate, the media used and cell 

movements induced over manipulations. This explains in part their successful use in the 

identification of primary stem cells from several tissues, including cancers194, 195, 196, 197, 198, 

199, 200.  

 

1.4 In summary 
 

Compared to the RPE, investigations to characterise the IPE are limited. The tissue is 

poorly characterised, its daily functional pathways being characterised by Bennis et al in 

2017 only. The lack of mechanistic data made it also difficult to consider for a cell therapy 

prospect. Moreover, the rise of iPSC from human sources shifted the interest towards 

them.  

Despite this, the clinical results demonstrated that autologous IPE transplantation was 

safe for the host immune system. The injection of generic autologous IPE cells without 

upstream selective cell culture processes further proved their suitability for RPE 

replacements. This view is completed by previous work done on the chick IPE by Asami et 

al, who proved that in specific cell culture conditions, mammalian IPE cells were able to 

generate photoreceptors, neurons and neuronal stem cells201, 202. The rise of 
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photoreceptor cells supports that at least some IPE cells, if appropriately monitored, can 

generate cells closely related from a developmental point of view. In vitro partial 

transformation of IPE cells toward lens ones further supports that IPE cells have 

regenerative potential203.  

Physiologically, the IPE conducts in vivo three functions: the control of the pupil diameter, 

the blockade of photons not in line with the pupil, and a permeability barrier with the 

posterior chamber. To do so, it is structured into two layers: 1. the anterior one which 

includes a smaller content of melanosomes than the posterior one and smooth muscular 

fibres organised in a radial manner from the pupil to the iris root; 2. the posterior one 

which is highly pigmented and forms a serrated layer to absorb the mechanical forces149. 

Developmentally linked to the RPE and the retina as it arises from the ciliary margin zone, 

IPE cells have been able in vitro to differentiate into neurons and perform critical functions 

conducted daily by the RPE. The various surgical experiments done so far demonstrated 

that these facilities were not limited to in vitro conditions as IPE-grafted/injected cells 

were able to conduct in vivo the RPE functions without generating physiological issues.  

Thus, more fundamental knowledge about the IPE are required in first instance. This work 

is essential to then improve the outcome of IPE cell culture, characterisation, selection of 

IPE subpopulations and finally the identification of IPE stem cells. From there, future 

perspectives could be opened and IPE stem cells differentiated into functional RPE cells 

with the prospect to be added in the future in the anti-AMD arsenal. 

 

1.5 Aim & objectives of the thesis 
 

1.5.1 Aim 
 

The aim of this project is to identify IPE stem cells, if they exist, from porcine tissue.  

 

1.5.2 Objectives 
 

To do so, the project is organised into three objectives: 

1. To investigate fundamental features of the IPE in vivo by histological and 

immunohistochemical means.  
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2. To observe cell behaviour from porcine IPE cells in vitro with a neural stem cell-

based protocol developed by the Kearns Group.  

 

3. To observe and compare cell behaviour from porcine IPE cells in vitro with 

different medium-term protocols. 
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2 Chapter 2: materials and methods 
 

2.1 Materials 
 

Cell culture-related: 

Amphotericin B solution (Sigma-Aldrich; A2942); Animal-free recombinant human 

epithelium growth factor (Peprotech; AF-100-15); Animal-free recombinant human basic 

fibroblast growth factor (Peprotech; AF-100-18B); aRPE19 cells (ATCC; CRL-2302); B27 

supplement 50X (ThermoFisher; 17504044); 96-well plates (Corning; CC780); Costar® 12-

/24-well TC-treated well plates (Corning; 3512; 3524); Culture flasks 75 cm2 (Sigma-

Aldrich; C7231); DMEM-F12 (ThermoFisher; 31331); BioFloatTM 96-well cell culture plate 

(FaCellitate; F202003); Heat-inactivated foetal bovine serum (LabTech; FB-100-500); Low 

attachment Nunclon Sphera 24-well plate (ThermoFisher; 174930); OxoidTM Phosphate 

buffered saline tablets (ThermoFisher; BR0014G); Dulbecco’s phosphate buffered saline 

solution (Sigma-Aldrich; D5773); Penicillin-Streptomycin (Sigma-Aldrich; P4333); 

Resazurin salts (ThermoFisher; R12204); Hydrophobic surface-based suspension plate 

(Greiner; 662102); TrypLE express enzyme (ThermoFisher; 12604021). 

Embedding-cutting: 

Microtome (Leica; RM2245); paraffin (Leica; 39601006); paraffin embedding station 

(Leica; EG1150H); Tissue processor (Leica; ASP-300); Superfrost® microscope slides 

(Sigma-Aldrich; Z692255). 

FICC-related: 

Bovine serum albumin (Sigma-Aldrich; A2153); CFSE cell labelling kit (Abcam; ab113853); 

DAPI (ThermoFisher; D1306); Cryostat (Leica; CM1900); Goat serum (Sigma-Aldrich; 

G9023); Neutral buffered formalin solution (Sigma-Aldrich; HT501128); OxoidTM 

Phosphate buffered saline tablets (ThermoFisher; BR0014G); Superfrost Plus slides, 

ground edges (Epredia; J1800AMNZ); Tissue culture glass coverslip 13 mm (Sarstedt; 

83.1840.002); Tissue freezing medium (Leica; 14020108926); Ultradisposable microtome 

blades, low profile (Epredia; 3053835); Vectashield antifade mounting medium (Vector 

Laboratories; H-1000-10); Multicolor Vybrant TM cell-labelling solutions (ThermoFisher; 

V22889.  
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Histology – immunohistochemistry: 

Acetone (Fisher Scientific; A/0600/PC17); acid alcoholic (Leica; 3803651E); avidin/biotin 

blocking kit (Vectorlabs; SP-2001); bovine serum albumin (Sigma-Aldrich; A2153); 4’, 6-

diamidino-2-phenylindole dihydrochloride (DAPI)(ThermoFisher; D1306); Goat serum 

(Sigma-Aldrich; G9023); Eosin Y (Leica; 3801600BBE); Ethanol 100% (Honeywell; 24194); 

ImmPACT® VIP peroxidase (HRP) substrate (Vectorlabs; SK-4605); Harris Haematoxylin 

(Leica; 3801560BBE); Histological coverslips (Leica; 3800141); 35% hydrogen peroxide 

(Sigma-Aldrich; 1086001000); methyl green (Vectorlabs; H-3402); Pertex Mounting 

medium (VWR; LEIC811); Neutral buffered formalin solution (Sigma-Aldrich; HT501128); 

OxoidTM Phosphate buffered saline tablets (ThermoFisher; BR0014G); PAP pen for 

immunostaining (Sigma-Aldrich; Z377821-1EA); Sodium citrate tribasic dihydrate (Sigma-

Aldrich; C8532); Triton –X100 (Sigma-Aldrich; 23472-9); Unitrieve (Innovex; NB325-500); 

Vectashield antifade mounting medium (Vector Laboratories; H-1000-10); Xylene (Fisher 

Scientific; X/0250/17). 

Reverse transcription quantitative real-time PCR-related: 

1kb DNA ladder (Sigma-Aldrich; D0428); 96 well plates for Roche Lightcycler 480 (Primer 

Design; BW-96480); Agarose (Sigma-Aldrich; A4718); DNA colorant for electrophoresis 6X 

(ThermoFisher; R0611); MicroAmp TM optical adhesive film (4360954; Thermofisher); 

Personalised transcripts (Eurogentec); Precision nanoscript2 reverse transcription kit 

(Primer Design; RT-nanoscript2); PrecisionPLUS qPCR master mix (Primer Design; PPLUS-

machine type-10ML-SY); RNase/DNase free water (Primer Design); RNeasy mini kit 

(Qiagen; 74104); RNAse- & DNAse-free water (Primer Design; RNase/DNase free water), 

Safe SYBR green solution (ThermoFisher; S33102); Tris-acetate – EDTA (Sigma-Aldrich; 

93295). 

Tissue dissection-fixation: 

Binocular microscope (Olympus; SZX12); Neutral buffered formalin solution (Sigma-

Aldrich; HT501128); OxoidTM Phosphate buffered saline tablets (ThermoFisher; BR0014G). 

Western-blot: 

β-mercapto-ethanol (Sigma-Aldrich; M3148); Acrylamide (Sigma-Aldrich; A4058); APS 

(Sigma-Aldrich; A3678); bromophenol blue (Sigma-Aldrich; B8026); Ethanol 100% 

(Honeywell; 24194); Glycerol (Sigma-Aldrich; G5516); Milk powder (Tesco); NaCl (Sigma-

Aldrich; S3014); Nitrocellulose (Fisher Scientific; 10773485 & Cytiva; 10600047); PierceTM 

BCA protein assay kit (ThermoFisher; 23227); Precision plus proteinTM dual color 
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standards (BioRad; 1610374); protease inhibitor cocktail (Sigma-Aldrich; P8340); Red 

ponceau (Sigma-Aldrich; P7170); RIPA lysis buffer 10X (Sigma-Aldrich; 20-188); SDS 

(Sigma-Aldrich; T3771); SupersignalTM west pico PLUS chemiluminescent (ThermoFisher; 

34577); TEMED (Sigma-Aldrich; T22500); Transblot turbo 5X transfer buffer (BioRad; 

10026938); Trizma (Sigma-Aldrich; T6066); Tween-20 (Sigma-Aldrich; P1379); Whatman 

paper 3MM (Fisher Scientific; 11935104 & Cytiva; 3030-704). 

Human sample donors: 

For histological investigations, post-mortem human eyes were provided by the Liverpool 

Royal Eye Bank and used according to the Liverpool Ethical Approval Statements (see 

Table 2-1). 

Table 2-1: Human samples from the Liverpool Royal Eye Bank  

Sample number Sex Age 

LREB011 Female 86 

LREB052 Male 60 

LREB055 Female 85 

 

 

2.2 Methods 
 

2.2.1 Porcine eye dissection: from their reception to the eye opening 
 

Prior to the contamination explained in part 4.4.1, porcine eyes were processed as 

follows. The globes were isolated by abattoir staff (Morphets; Widnes, UK) from porcine 

bodies on the day of slaughter and transported to the laboratory on ice a couple of hours 

later. In the laboratory, further manipulations were done in a class I hood. Extra-ocular 

muscles were removed with scissors (see figure 2.1-A). Eyes were opened with a scalpel 

on the back of the iris (see figure 2.1-B). Anterior and posterior parts were separated. 

Anterior parts were placed in PBS until next step. Then, either the iris was detached from 

the sclera by using a scalpel as a rake (see figure 2.1-C). Iris were placed in PBS until next 

step or the anterior chamber was processed without further manipulation. This protocol 

was used on a routine basis for all porcine eye dissections. Methods for both histological 

– immunohistochemistry and cell culture are indicated in sections 2.2.2 and 2.2.5 

respectively.
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Figure 2.1: Diagram of the porcine eye generic dissection. All eyes were processed by steps A to D. Samples dedicated to cell culture were then processed by 
steps E to H. A.  After reception in the dissection lab, extra-ocular muscles are removed using scissors. B. Once sclera cleaned of extra-ocular muscles, eyes 
are opened on the back of the iris with a scalpel. C. The iris is detached from the sclera by using the scalpel like a rake. D. Using a binocular loop, the ciliary 
body is separated from the iris by using micro-scissors. E. Iris are then incubated in pre-heated TrypLE for 40 min at 37°C. F. Iris are transferred into medium 
(DMEM-F12 20% FBS) to block the enzymatic reaction. G. IPE cells are gently detached from the iris  by using an inoculation loop. H. IPE cell suspensions are 
seeded in 24 well plates with DMEM-F12 10% FBS prior to incubation at 37°C. Grey arrows indicate the pattern.
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2.2.2 Histology & immunohistochemistry 
 

2.2.2.1 Porcine eye dissection  

 

In early investigations, the iris and other tissues such as the cornea were separated from 

each other and processed independently; process started passed figure 2.1-C (see Figure 

2.1). Over the course of investigations, the anterior chamber (from the cornea to the iris) 

was kept together; process started passed figure 2.1-B (see Figure 2.1).  

Tissues were then placed in formalin for 10 min in the first investigations only, then 24 

hours the later ones. Following fixation, tissues were cleaned twice in PBS for 20 min each, 

then placed in the embedding machine. Embedding program is defined in Table 2-2.  

Table 2-2: Cornea embedding program 

Step Component Temperature (⁰C) Duration (min) 

1 Ethanol 70% Room temperature 40 

2 Ethanol 90% Room temperature 40 

3 Ethanol absolute Room temperature 40 

4 Ethanol absolute Room temperature 40 

5 Ethanol absolute Room temperature 90 

6 Ethanol absolute Room temperature 120 

7 Xylene Room temperature 60 

8 Xylene Room temperature 60 

9 Xylene 40 120 

10 Paraffin wax 62 75 

11 Paraffin wax 62 60 

12 Paraffin wax 62 180 

 

Tissues were embedded in paraffin block with attention to not create air bubbles, and left 

to cool for half an hour. Sections were cut for 5 μm of thickness with a microtome and 

mounted into Superfrost ® slides. Slides were finally dried for the following 24 hours at 

37⁰C, then stored or used immediately. 
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2.2.2.2 H&E staining 

 

Sections were deparaffinised in xylene for 5 min twice. Rehydration was then processed 

by pouring slides into 100%, 90% and 70% ethanol jars for 5 min each. Slides were rinsed 

for 1 min in running tap water. To stain nuclei, slides were incubated into haematoxylin 

for 4 min, then cleaned quickly in running tap water. To differentiate nuclei, slides were 

poured 10 times in acid alcoholic then cleaned in running tap water for 1 min. Slides were 

then incubated in eosin for 4 min to stain the mesenchyme and other cell components. A 

quick cleaning in running tap water followed. To complete the process, slides were 

dehydrated in progressive 70%, 90% and 100% ethanol gradients. Slides were finally 

mounted and sealed with nail polish. 

 

2.2.2.3 Fluorescent/immunohistochemistry  

 

Sections were deparaffinised in xylene for 5 min twice. Rehydration was then processed 

by pouring slides into 100%, 90% and 70% ethanol jar for 5 min each. Slides were cleaned 

for 1 min in running tap water.  

Slides were then submitted to antigen retrieval either by sodium citrate solutions or by 

Unitrieve. The first solution was heated to 95⁰C and slides were immersed in for 20 min. 

The second solution was heated at 60⁰C and slides immersed from 30 to 60 min depending 

their targets according to the manufacturer instructions. Sections were then cleaned 

twice in PBS and permeabilised for 15 min by 1% Triton-X100 prior to be cleaned twice 

again in PBS.  

Fluorescent method: 

Sections were blocked for more than an hour in 10% normal goat blocking serum. Primary 

antibodies (see Table 2-3) were then applied overnight at 4⁰C or at room temperature for 

1 h only. Sections were then cleaned twice in PBS, incubated with secondary antibodies 

for 1 h and cleaned twice in PBS. Sections were incubated with DAPI at 1:10,000, then 

cleaned twice in PBS prior to be mounted in Vectashield medium and sealed with polish 

nail.  
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Colorimetric method: 

Sections were then blocked with a 3% hydrogen peroxide – PBS solution, a biotin solution 

and an avidin one, each of them for 10 min. To complete the blocking, sections were 

incubated for more than an hour in horse blocking serum. Primary antibodies were then 

applied overnight at 4⁰C. Sections were then cleaned twice in PBS, incubated with a pan-

species secondary antibody and cleaned again twice in PBS. An HRP solution was then 

poured onto each section for 20 min, sections were cleaned twice in PBS. A specific 

attention was payed to remove any liquid at that point. Sections were then incubated 

with the ImmPACT VIP peroxidase substrate for 2 min then quickly cleaned in running tap 

water. To label nuclei, sections were incubated with an 80% methyl green solution for 5 

min at 60⁰C. Sections were then immersed for 15s into acetone, and finally incubated into 

xylene for 1 min. Slides were then mounted with mounting medium.  

Table 2-3: Antibody list 

Primary antibodies 

Target Product code; company Host Concentration* 

A-smooth actin ab7817 - Abcam Mouse 5 μg/ml 

Desmin MA5-13259 - ThermoFisher Mouse 1/200 

Vimentin ab8069; Abcam Mouse 5 μg/ml 

Nestin NBP1-02419; Novus 

Biologicals 

Rabbit 5 μg/ml 

Pan-cytokeratin MNF-

116 

ab756; Abcam Mouse 1/200 

Pan-cytokeratin C-2931 C2931; Sigma-Aldrich Mouse 1/200 

PAX6 ab5790; Abcam Rabbit 20 μg/ml 

SOX2 ab97959; Abcam Rabbit 4.5 μg/ml 

N-cadherin ab18203; Abcam Rabbit 4 μg/ml 

E-cadherin ab15148; Abcam Rabbit 0.6 μg/ml 

ZO-1 61-7300; ThermoFisher Rabbit 2.5 μg/ml 

Collagen type IV ab6586; Abcam Rabbit 5 μg/ml 

Pan-laminin L-8271; Sigma-Aldrich Mouse 1/200 

Laminin-α4 SAB4501719; Sigma-Aldrich Rabbit 5 μg/ml 
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Laminin-β1 PA5-27271; ThermoFisher Rabbit 1 μg/ml 

Laminin-β2 ab210956; Abcam Mouse 1/600 

GNL3 LS-C465526; LSBio  Rabbit 1/200 

βIII-tubulin ab7751; Abcam  Mouse 1/200 

Tyrosinase ab112231; Abcam  Rabbit 1/200 

SNAIL/SLUG ab180714; Abcam Rabbit 1/200 

Ki67 ab8191; Abcam Mouse 1/100 

PCNA 8580S; Cell Signalling  Mouse 1/100 

ΔN-p63 ab172731 ; Abcam Mouse 1/100 

Secondary antibodies 

Target Product code ; company Dilution 

Alexa fluor 488 anti-mouse A-11029; Invitrogen pAb concentration / 2 

Alexa fluor 514 anti-mouse A-31555; Invitrogen pAb concentration / 2 

Alexa fluor 594 anti-mouse A-11005; Invitrogen pAb concentration / 2 

Alexa fluor 488 anti-rabbit A-11008; Invitrogen pAb concentration / 2 

Alexa fluor 594 anti-rabbit A-11012; Invitrogen pAb concentration / 2 

*Dilutions are indicated in place of concentration when the original concentration was 

not provided by the manufacturer. 

 

2.2.3 Western-Blot – samples preparation 
 

2.2.3.1 Cell lysis 

 

Cell lysis was carried out on samples at: 1. day 6 DMEM-F12 with 10% FBS; 2. day 14 

DMEM-F12 with 10% FBS; 3. day 14 DMEM-F12 with 1X B27; 4. day 14 DMEM-F12 with 

2X B27. To lyse cells, 10X RIPA lysis buffer was diluted in distilled water at 1X and placed 

at 4⁰C for a minimum of 2 hours prior to use. Lysis solution was completed at the last 

minute to 1% with phosphatase inhibitors. 

Prior to extraction, adherent cells were washed in PBS and incubated in TryplE for 10 min 

at 37⁰C. Cell suspension was then centrifuged and cell pellet resuspended in RIPA-based 

lysis solution. To note, no more than 200 μl was used per sample to concentrate the 
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protein extract as much as possible. In addition, eyes being collected in pairs, IPE cells 

were processed by pair as well. Solutions were vigorously pipetted but care was taken to 

not induce bubbles in solutions. Solutions were then transferred into sterile 1.5 ml 

Eppendorfs. Tubes were then slowly agitated on a wheel for at least 90 mins at 4⁰C. 

Finally, Eppendorfs were centrifuged at 12,000 rpm for 10 min at 4⁰C. Supernatant were 

transferred into new tubes and stored at -20⁰C until quantification. 

 

2.2.3.2 Protein quantification 

 

Protein quantification was assessed using the Pierce BCA Protein assay kit. Prior to use, 

RIPA buffer was constituted as indicated in the previous section. A dilution series was then 

produced to constitute the standard curve. BSA (Sigma-Aldrich) was diluted in the 1X RIPA 

in distilled water by a dilution series ranging from 4 mg/ml to 0.03125 mg/ml. Next steps 

were processed as indicated by manufacturer’s instructions. Two repeats per sample 

were analysed, 3 per standards. All samples were loaded into a 96 well plate. Absorbance 

was measured at 562 nm. Subsequent data were analysed and plates stored at 4⁰C. 

 

2.2.4 Western-Blot - process 
 

The day before processing, solutions were prepared as described below. 

Resolving gel buffer : 

• Trizma : 36.33 g 

• Distilled water : 100 mL 

• PH: 8.85. 

Stacking gel buffer : 

• Trizma : 3.028 g 

• Distilled water : 100 mL 

• PH : 6.8. 

10% SDS :  

• SDS : 10 g 

• Distilled water : 100 mL. 

5X running buffer : 

• Trizma : 15.1 g 

• Glycine : 94 g  
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• 10% SDS : 50 mL 

• Distilled water : 1 L qsp. 

10X TBS : 

• Trizma : 24.2 g 

• NaCl : 80 g 

• Distilled water : 1 L qsp 

• PH : 7.6. 

Wash buffer: 

• 10X TBS : 100 mL 

• Tween-20 : 1 mL 

• Distilled water : 899 mL. 

Loading Laemmli buffer: 

• Glycerol : 0.8 mL 

• Distilled water : 3 mL 

• Stacking gel : 2 mL 

• Β-mercapto-ethanol : 0.4 mL 

• Bromophenol blue : one tip. 

Stripping solution : 

• Resolving gel buffer : 10.4 mL 

• 10% SDS : 100 mL 

• Distilled water : 500 mL 

• PH : 6.7. 

Transblot-turbo transfer 1X : 

• Trans-blot turbo 5X transfer buffer : 200 mL 

• Distilled water : 600 mL 

• Ethanol 100% : 200 mL. 

Milk blocking solution : 

• Milk powder : 10 g 

• Wash buffer : 200 mL. 

 

2.2.4.1 Electrophoresis - gel preparation 

 

Gels were prepared as follow. Two electrophoresis glass plates were placed into a clamp 

on a plastic support. To prevent leaks, a malleable plastic support was placed below the 

glasses and water was pipetted inside the gap as a leak test. Water was subsequently 

removed and glasses placed back vertically.  
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Resolving gels were first prepared by mixing 7 ml of distilled water, 5 ml of resolving gel 

buffer, 8 ml of acrylamide, 200 μl of 10% SDS solution, 200 μl of 10% APS solution and 20 

μl of TEMED. The two last agents being polymerisers, 7 to 8 ml of the final mix were quickly 

poured into the glasses. To prevent bubbles formation and guarantee a horizontal level, 

300 to 400 μl of isopropanol was added on the top of resolving gel buffers. Polymerisation 

then occurred for 1 hour at room temperature.  

Stacking gels were obtained by mixing 3.7 ml of distilled water, 5 ml of stacking gel buffer, 

1.3 ml of acrylamide, 100 μl of 10% SDS, 100 μl of 10% APS and 20 μl of TEMED. Prior to 

the addition of the polymerisers, isopropanol was removed from the glasses. Subsequent 

cleaning occurred with distilled water and a small piece tunnel paper ensured walls 

dryness. Once stacking gels were loaded, combs were added carefully to not introduce air 

bubbles. Polymerisation occurred over one hour. Finally, glasses and combs were placed 

in 1X running buffer overnight at 4⁰C.  

 

2.2.4.2 Electrophoresis run 

 

The day of processing, samples were prepared for loading 10-20 μg protein per well. A 

volume of loading buffer representing one quarter of the sample volume was poured into 

each sample. When necessary, the total volume was adjusted with 1X RIPA buffer 

prepared at least 90 minutes in advance. Samples were then incubated at 95⁰C for 5-10 

min and stored on ice until use.  

Gels were placed into electrophoresis tanks with the combs in. Tanks were filled with 1X 

running buffer to submerge the entire gel. Once this was completed, combs were carefully 

removed. Samples and ladders were finally loaded with attention to prevent 

contamination of neighbouring wells. When a well remained empty, loading buffer was 

added without any sample. Once gels were ready, tanks were closed and electrophoresis 

ran at 100 V until bromophenol blue reached the opposite side. 

 

2.2.4.3 Protein transfer 

 

Proteins were transferred from the polyacrylamide gel to a nitrocellulose membrane by 

semi-dry transfer or wet transfer. While electrophoresis was running, nitrocellulose 
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membranes, Whatman papers and sponge pads were soaked into Transblot turbo buffer 

1X. Carefully, electrophoresis cassettes were removed from the tank with a specific 

attention to the distribution of samples within. After removal of the glasses, the right 

corner of each gel was cut for that purpose.  

When transferred by the semi-dry method, polyacrylamide gels were then sandwiched in 

transfer cassettes as follows:  

1. Sponge pad 

2. Whatmam 3MM paper 

3. Nitrocellulose paper 

4. Polyacrylamide gel 

5. Whatmam 3MM paper 

6. Sponge pad 

 

A roller was used at each new layer to remove air bubbles. Once sandwiches were 

prepared, they were placed in a Trans-blot Turbo transfer system (BioRad). Cassettes 

were closed and transfer ran at 100V for 7 min.  

When transferred by the wet method, polyacrylamide gels were then sandwiched in 

transfer cassettes as follows: 

1. Toward the positive electrode  

2. White cassette wall 

3. Sponge pad 

4. Whatman 3MM paper 

5. Nitrocellulose paper 

6. Polyacrylamide gel 

7. Whatman 3MM paper 

8. Sponge pad 

9. Black cassette wall 

10. Toward the negative electrode. 

A roller was used after each new layer to remove air bubbles. Once sandwiches were 

prepared, they were placed in a new tank toward the positive electrode. Tank was filled 

with transfer buffer and an ice pack was finally added. Tanks were closed and transfer ran 

at 100V for 1 hour 30 mins – 2 hours depending on the protein size. 
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2.2.4.4 Immunodetection 

 

After transfers, cassettes were opened and membranes cleaned in TBS tween 20 buffer 

twice for 5 min. To ensure that transfer worked, a Ponceau S staining was performed with 

a ready-to-use Ponceau S solution. Membranes were incubated for 5 min and quickly 

imaged. When bands were observed, the process continued. Ponceau removal was 

processed by cleaning the membranes in TBS tween 20 buffer three times for 5 min each.  

Once membranes were cleaned, they were blocked in blocking solutions according to 

manufacturers and previous investigator’s instructions (see Table 2-4). Primary 

antibodies were applied overnight at 4⁰C. Primary antibody dilution used was 1/5,000 for 

all. 

Once overnight incubations were done, membranes were cleaned three times in TBS 

tween 20 for 5 min each. Membranes were subsequently incubated with a secondary 

antibody in 0.5% milk/BSA according to the primary antibody’s species – TBS tween 20 for 

1 hour at room temperature. Membranes were washed three times for 5 min each in TBS 

tween 20. Finally, they were incubated with Supersignal TM west pico PLUS 

chemiluminescent buffers mixed as a 1;1 solution for 2 min. Membranes were finally 

imaged using a BioRad Gel Doc XR+ System. Antibody solutions were used three times, 

then discarded. 

Table 2-4: Blocking and antibody buffers 

Antibody Company Concentration Blocking Antibody 

incubation 

buffer Buffer Time 

Vimentin Abcam – 

ab8069 

5 μg/ml 5% milk – TBS 

tween 20 

1 hour 0.5% milk – 

TBS tween 20 

PAX6 Abcam – 

ab5790 

20 μg/ml 5% BSA – TBS 

tween 20 

1 hour 0.5% BSA – 

TBS tween 20 

SOX2 Abcam – 

ab97959 

4.5 μg/ml 5% milk – TBS 

tween 20 

1 hour 0.5% milk – 

TBS tween 20 

SNAIL/SLUG Abcam – 

ab180714 

1/200* 4% milk – TBS 

tween 20 

1 hour 0.5% milk – 

TBS tween 20 

GAPDH Abcam – 

ab8245 

2 mg/ml 5% BSA – TBS 

tween 20 

1 hour 0.5% BSA – 

TBS tween 20 
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*Dilution are indicated in place of concentration when the original concentration was not 

provided by the manufacturer. 

 

2.2.4.5 Stripping  

 

To label the loading control GAPDH, membranes were stripped after imaging. Stripping 

buffers were heat prior to the imaging process to 55⁰C. Once membranes were imaged, 

they were quickly placed in TBS tween 20 and washed twice for 5 min. Prior to the 

stripping, 175 μl of β-mercaptoethanol was added to 25 ml of the stripping solution. 

Membranes were then immersed in the stripping solution and incubated at 55⁰C from 5 

to 10 min maximum. Membranes were then washed three times in TBS tween 20 for 10 

min each. Following processes restarted at the blocking stage as described in the previous 

section. Each membrane was stripped once only. 

 

2.2.5 Cell culture 
 

2.2.5.1 Primary IPE cell extraction – early protocol 

 

Prior to contaminations explained in section 4.3.1, porcine eyes were processed for the 

first steps as explained in section 2.2.1.  

Once iris were detached from the sclera by using the scalpel to separate the tissue (see 

Figure 2.1-C), they were placed in PBS until next step. If required by other users, posterior 

parts could be placed in PBS at 4⁰C.  

In-house PBS was prepared upstream by mixing 1 PBS tablet in 500 ml distilled water. 

Mixture was then sterilised in the lab autoclave. Using a binocular loop and with the help 

of micro-scissors, iris were separated from surrounding epithelia and ciliary bodies (see 

Figure 2.1-D), then placed in in-house PBS at room temperature until next step. To detach 

the IPE from the stroma, each iris was incubated in 2ml of TryplE for 40 min at 37⁰C (see 

Figure 2.1-E). Tissues were placed back in DMEM-F12 20% FBS 1% P/S/F (see Figure 2.1-

F). Separation between the iris stroma and the IPE was done under a binocular loupe with 

the help of an inoculation cove (see Figure 2.1-G). Stroma were removed and IPE 

suspensions kept in their respective wells in DMEM-F12 20% FBS 1% P/S/F until next step. 
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Samples were transferred into a class II hood. IPE suspensions were transferred into 

Falcon 15 ml containing 5 ml of PBS. Centrifugation was run for 5 min at 1,000 rpm in a 

Sigma 2-6E centrifuge. Pellets were resuspended in 1 ml of DMEM-F12 10% FBS 

completed with antibiotics at 1% for initial cultures, then at 2%. IPE suspensions were 

finally seeded in 24 well plates with one IPE suspension for one well (see Figure 2.1-H). 

Plates were placed in incubation at 37⁰C with 5% CO2. 

To note, in initial cultures, the 24 wells of a 24-well plate were fulfilled with IPE 

suspensions. That resulted in poor cell adhesion, proliferation or medium quick 

acidification visualised by the DMEM colouring in yellow. Quickly, the protocol was 

adapted and only 12 wells on 24 were used, which resulted in much more cell adhesion 

and proliferation (see Figure 2.1-H).  

 

2.2.5.2 Primary IPE cell extraction – late protocol 

 

This protocol results from investigations led in section 4.3.1.  

The late protocol followed the same pattern than the early protocol (described in the 

previous section) but focused on improving the asepsis and reducing the microbial load. 

In-house PBS was prepared upstream by mixing 1 PBS tablet in 500 ml distilled water. 

Mixture was then sterilised in the lab autoclave. 

Porcine eyes were processed as followed. The globes were isolated by the abattoir staff 

from dead pigs on the day of slaughter and transported to the lab on ice in the following 

hours. Further manipulations were done in a class I hood. Extra-ocular muscles were 

removed with scissors. Eyes were then cleaned in PBS 2% P/S/F, PBS 10% Iodine and PBS 

alone for 2 min each. Eyes were opened with a scalpel on the back of the ora serata. 

Anterior and posterior parts were separated. If required by other users, posterior part 

could be placed in PBS at 4⁰C. Anterior parts were placed in PBS until next step. Using the 

scalpel as a scraper, epithelia and iris were detached from the sclera and placed in in-

house PBS until next step.  

Using a binocular loop and with the help of micro-scissors, iris were separated from 

surrounding epithelia and ciliary bodies, then placed in DMEM-F12 20% FBS 1% P/S/F until 

next step. To detach the IPE from the stroma, each iris was incubated in 2ml of TryplE for 

40 min at 37⁰C. Tissues were placed back in DMEM-F12 20% FBS 1% P/S/F. Separation 
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between the iris stroma and the IPE was done under a binocular loop with the help of an 

inoculation cove. Stroma were removed and IPE suspensions kept in their respective wells 

in DMEM-F12 20% FBS 1% P/S/F until next step. 

Samples were transferred into a class II hood. IPE suspensions were transferred into 15 

ml Falcon containing 5 ml of PBS 2% P/S 2% F for 10 to 15 min. Centrifugation was run for 

5 min at 1,000 rpm in a Sigma 2-6E centrifuge. Pellets were resuspended in 1 ml of DMEM-

F12 10% FBS 2% P/S 2% F and finally seeded in 12 well plates with one IPE suspension for 

one well. Plates were placed in incubation at 37⁰C with 5% CO2.  

 

2.2.5.3 Adherent and suspended cultures used in Chapter 4 

 

Cells were grown for 8 days on adherent plates in DMEM-F12 10% FBS 2% P/S 2% F. 

Medium was refreshed at day 3 and day 6. At day 8, cells were incubated in TryplE for 15 

to 20 min at 37⁰C to detach them from the bottom surface. Each IPE suspension was then 

transferred in a dedicated Falcon 15 ml containing 5 ml sterile PBS. Tubes were 

centrifuged at 1,000 rpm in a Sigma 2-6E centrifuge and pellet resuspended in 1 ml 

DMEM-F12 20 ng/ml EGF, 40 ng/ml bFGF and 1X B27 2% P/S 2% F. Cell number was 

counted with a haemocytometer to adjust cell concentration to 15 cells/μl. Cells were 

seeded in 24 wells Nunclon Sphera plates, medium was added to give a total volume of 

800 μl. To ensure the cells had sufficient amounts of growth factors, 100 μl of the medium 

was replaced on daily basis. Spheres were grown for 8 days. 

Pictures were taken prior to each medium change by an Axiovert S100 microscope and 

processed with the open-source FIJI software53. 

 

2.2.5.4 Adherent cell culture used in Chapter 5 

 

Cells were grown for 14 days in total in the adherent plates they were seeded in. Medium 

changes occurred at day 3 and 6 after the extraction. At day 6, specific media were used 

and changed every two days until the end of the process. Media were prepared in 50 ml 

Falcon tubes by adding 1 ml or 2 ml of 50X B27 in 49 ml and 48 ml of DMEM-F12 with 2% 

P/S 2% F, or 5 ml of FBS into 45 ml of DMEM-F12 with 2% P/S 2% F.  
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Pictures were taken prior to each medium change by an Axiovert S100 microscope and 

processed with the FIJI software. 

 

2.2.6 Reverse transcription-quantitative real time PCR 
 

2.2.6.1 Transcript design 

 

Porcine reference and investigated transcripts were designed on Pubmed primer design 

Primer-BLAST. Gene sequences were selected with the following features: 1. transcripts 

must span an exon-exon junction; 2. annealing temperature difference between the 

forward and the reverse transcripts must be lower than 1⁰C; 3. the total annealing 

temperature must turn around 60⁰C; 4. GC content must be between 40 to 60%; 5. avoid 

complementary regions between the two primers. Two to three transcript pairs were 

finally ordered to ensure that one works. They were assessed on RNA samples from IPE 

adherent cells and/or IPE spheres. Compositions are indicated in Table 2-6. 

 

2.2.6.2 RNA extraction 

 

Prior to extraction, adherent cells were washed in sterile PBS and incubated in TryplE for 

10 min at 37⁰C. Cell suspension was then centrifuged and cell pellet resuspended in 350 

μl of RLT lysis buffer from RNeasy kit. IPE agrgegates were directly centrifuged and cell 

pellet resuspended as indicated above. 350 μl of ethanol 70% were then added. Samples 

were placed on ice until next step.  

Once ready, 700 μl of the RNA extract were placed in RNeasy spin columns from the 

RNeasy kit and tubes were centrifuged at 8,000 g for 15 s. Supernatant from the collection 

tube was discarded and 700 μl of RW1 buffer from RNeasy kit were poured into each 

column. Centrifugation was run at 8,000 g for 15 s. Again, supernatant from collection 

tubes were discarded and 500 μl of RPE1 buffer from RNeasy kit poured into each column. 

Tubes were centrifuged at 8,000 g for 15 s, 500 μl of RPE1 buffer poured again and 

columns centrifuged at 8,000 g for 2 min. Supernatants from collection tubes were 

discarded again and a final centrifugation at 8,000g for 1 min was done to remove the 

remnant buffer.  
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Spin columns were then transferred into 1.5 ml Eppendorf tubes. 30 μl of RNase- and 

DNase-free water from RNeasy kit was poured into the column and samples were 

centrifuged at 8,000 g for 1 min. Eppendorfs were then placed on ice and spin columns 

placed into new eppendorfs. 20 μl of RNase- and DNase-free water from RNeasy kit was 

added into each column, then tubes were centrifuged at 8,000g for 1 min. Eppendorfs 

were finally placed on ice. Samples were finally quantified by Nanodrop 2000 and stored 

at -80⁰C to conserve RNA integrity.  

 

2.2.6.3 Reverse transcription 

 

Complementary DNA (cDNA) were generated with the Precision nanoScript2 Reverse 

transcription kit and RNAse- & DNAse-free water from Primer design. RNA solutions were 

mixed with 1 μl of retro-transcription random nonamer and oligo-dT primers completed 

to 10 μl with RNAse- & DNAse-free water in a PCR tube. Samples were heated to 65⁰C for 

five minutes in a Bio-Rad Thermal cycler T100 for the binding step. Solutions were 

completed with 5 μl of Nanoscript2 4X buffer, 1 μl of a dNTP mix, 3 μl of RNAse- & DNAse-

free water and 1 μl of nanoscript2 enzyme. Solutions were quickly mixed, spinned and 

processed as followed for the cDNA extension: 1. 5 minutes at 25⁰C; 2. 20 minutes at 42⁰C; 

3. 10 minutes at 72⁰C. CDNA generated was measured by Nanodrop 2000 and stored on 

ice or at -20⁰C to conserve DNA structure. 

 

2.2.6.4 Quantitative real-time PCR 

 

Samples were prepared using the PrecisionPLUS qPCR SYBR green master mix  

Quantitative real-time and RNAse- & DNAse-free water from Primer Design, and 

transcripts from Eurogentec. PCR was processed by diluting cDNA samples in RNAse- & 

DNAse-free water. Initial assessments started at 1/3, 1/9, 1/27 and 1/81 mixing, later ones 

at 1/20, 1/40, 1/80, 1/160 and 1/320. QPCR mix was composed as followed: 5 μl of 

PrecisionPLUS qPCR SYBR green master mix, 0.12 μl of the forward and reverse 

transcripts, 2.5 μl of the cDNA sample and 2.44 μl of RNAse- & DNAse-free water. 

Solutions were placed in 96 well plates, closed by MicroAmp TM optical adhesive film and 

plates placed in Roche LightCycler 96. Features of the PCR process are summarised in 

Table 2-5. Measures of fluorescent transcripts generated were done at the annealing-

polymerisation step.  
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Table 2-5: qPCR features 

 

Table 2-6: Porcine transcripts 

Gene targeted Sequences Annealing 

temperature 

Efficiency 

Reference transcripts 

HPRT1 F: CCCAGCGTCGTGATTAGTG Tested at 60⁰C 91% 

R: GGCCTCCCATCTCTTTCATC 

β2-microglobulin F: AACCACTTTTCACACCGCTC Tested at 60⁰C 99% 

R: TGGCGTGAGTAAACCTGAAC 

β-tubulin F: ACTCAGACACAAAGCAAGGA Tested at 60⁰C 70% 

R: GCACGTATTTCTTACCGTGG 

TBP F: GCCAGGAGTTCTGTAGGGTC Tested at 60⁰C 138% 

R: GCAAGAAAGAGTGATGCTGGAG 

UBC F: TGGCTATATAAGGAAGCACCG Tested at 60⁰C  

R: AAGATCTGCATTGTCAGGTGG 

Pigmentation transcripts 

Tyrosinase F: CTTCTCCTCTTGGCAGATCAT Tested at 60⁰C 88% 

R: CTGGATTTGTCGTGGTTTCC 

Step N cycles Temperature (⁰C) Time (seconds) 

Preincubation 1 95 120 

Annealing 45 Specific to the 

transcripts (see 

Table 2-6) 

10 

Polymerisation 45 60 30 

Denaturation 45 95 10 

Melting 1 95 10 

1 60 60 

1 97 1 

Cooling 45 37 30 
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TYRP-1 F: AAGGTTCTCACAGTCAGGAG Tested at 60⁰C 138% 

R: AAATTGTGGTGTGTTGCCAT 

TYRP-2 F: ATCCTGTTTTCGTGGTCCTT Tested at 60⁰C 125% 

R: CATTCGATTGTGACCGATGG 

Recombinant transcripts 

C-Myc F: GGATAGTGGAAAACCCGGCTG Tested at 60⁰C 101% 

R: GAAGTTCTCCTCCTCGTCGC 

GNL3 F: GCACGCAGCATACAAGCTATC Tested at 60⁰C 113% 

R: TGTCAACACTTTCTTGGTCGGT 

WNT/β-catenin canonical & non-canonical pathways-associated transcripts 

WNT2B F: ACACGTCCTGGTGGTACATC Optimised at 

62⁰C 

98% 

R: GAGCGCATGATGTCTGGGTA 

WNT5A F: GACTGACCCAACCGAGTCTG Tested at 60⁰C 108% 

R: ATTCCAATCGACTTCTCCTCCG 

β-catenin F: TAAGCCTCTCGGTCTGTGGC Tested at 60⁰C 77% 

R: TGTACTTCAGAGATCCTCAGGGG 

Ocular developmental transcripts 

PAX6 F: GTAGAACGCGGCTGTCAGAT Tested at 60⁰C 99% 

R: GAGAGCAATTCTCAGATCCCTGG 

SOX2 F: ACAGCTACGCGCACATGAAT Optimised at 

59⁰C 

94% 

R: CGAGCTGGTCATGGAGTTGT 

Nestin F: TCTCTCAGCATCTTGGACCCTA Tested at 60⁰C 95% 

R: GGTGTGTCAAGGGTATCGGG 

Retinal pigmented epithelial transcripts 

MITF F: ATGGCGAATACGTTACCCGT Optimised at 

52⁰C 

84% 

R: TGTGAGCTCCCTTTTGATGTTG 

OTX1 F: CTACCTTCACGCGCTCTCAG Optimised at 

62⁰C 

106% 

R: GGTTCTTGAACCAGACCTGGAC 

MAFB F: CCGAACAGAAGACCCACCTC Tested at 60⁰C 87% 

R: GTAGTTGCTCGCCATCCAGT 
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2.2.6.5 DNA electrophoresis  

 

To ensure that the quantitative real-time PCR generated only targeted sequences, PCR 

products were run on agarose gel. Features to observe were the number of bands 

generated and their size. If multiple bands were observed, the reaction was not specific. 

If bands were not equivalents in size, the reaction was not specific neither. 

Gels were prepared by mixing 4 mg of agarose in 200 ml of 1X TAE buffer: 40 mM Tris-

acetate 1 mM EDTA. Solutions were mixed and melted in the micro-wave until dissolution 

of the powder was achieved. 10 ul of Safe SYBR green solution was added to the solution, 

which was then versed into a container for electrophoresis gel. A comb was finally placed 

in the liquid gel prior to its solidification.  

After solidification, 100 ml of 1X TAE buffer was placed into the cast. DNA samples were 

then prepared by adding 3 ul of DNA coloured loading dye for each cDNA sample. The 

comb was removed and samples loaded into the gel, completed with a DNA ladder. Once 

lid was placed, the electrophoresis was started. The process was stopped once an 

appropriate distance was reached by the samples, around 3 cm. Gels were finally imaged 

under UV light in a BioRad Gel Doc XR+ System.  

 

2.2.6.6 Analysis by computer 

 

Measures of fluorescent transcripts were processed by the Roche LightCycler 96. Once 

the reaction was over, data were transferred and processed on computer by the 

LightCycler® 96 software. Fluorescence developed in each well was summarised by a CT 

value. Each sample was assessed in three wells for one transcript. From these three CT 

values was calculated a mean of expression. Then, investigated transcript means were 

plotted against the reference transcript means. The difference was finally set by the 

following equation: 2-ΔCT. 

 

2.2.6.7 Statistics 

 

Results were summarised by conditions in GraphPad Prism 8 and analysed by the Student 

paired T-test for initial reference transcript validation, and a Welch ANOVA test for 

investigated transcripts.  
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2.2.7 Adherent IPE cell staining on 13 mm glass slides 
 

2.2.7.1 Cell extraction and culture 

 

To label adherent cells, cells were seeded on 13 mm glass slides after their extraction from 

porcine eye. 13 mm glass slides were sterilised under UV light for 15 min, then placed in 

24 well plates.  

Cells were extracted from porcine eyes as indicated in section 2.2.5.2. However, to 

improve the imaging quality, cells were seeded on sterile 13 mm glass coverslips instead 

of 12 well plates. During dissection, once IPE cells were detached from the iris stroma, IPE 

suspensions were transferred into Falcon 15 ml completed with 5 ml PBS. Tubes were 

centrifuged for 5 min at 1,000 rpm in a Sigma 2-6E centrifuge. Then, pellets were 

resuspended in 200 μl of DMEM-F12 10 % FBS instead of 1 ml. Glass coverslips were then 

placed into 12 well plates prior to the cell seeding. The seeding was carefully processed 

by pipetting 100 μl of IPE suspension on one glass. IPE suspensions rested in that state for 

30 min. Finally, 900 μl was slowly carefully added in each well.  

ARPE19204 cells were grown following the same process. The only difference between the 

two cell types was the medium which contained 1% of antibiotics for ARPE19 cells and 2% 

for IPE cells. 

Medium was changed at day 3 and day 6. At day 8, plates were brought into a chemical 

hood. Medium was removed and cells were fixed with Formalin 4% for 10 min. Cells were 

then washed with PBS twice. A final volume of 500 μl PBS was added in each well until 

use, plates were conserved at 4⁰C. 

 

2.2.7.2 Staining and imaging 

 

Cell labelling started with a PBS wash and a permeabilisation in Triton X100 1% for 10 min. 

Normal goat blocking serum 10% was then used for more than an hour prior to primary 

antibody incubation overnight at 4⁰C. The following day, cells were incubated in a 

secondary antibodies solution for one hour and counterstained by DAPI for 20 min. 

Finally, glasses were mounted on Superfrost® microscope slides with Vectashield antifade 

media and sealed with nail vanish. Images were acquired using a Zeiss confocal laser 
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scanning microscope 800 and the Zen Lite 3.1 blue edition (Zeiss) software. FIJI was finally 

used to process the images, reduce the background and increase the contrast. 

 

2.2.8 Adherent IPE cell staining on 24 well plates 
 

2.2.8.1 Cell extraction and culture 

 

Cells were extracted from porcine eyes as indicated in section 2.2.5.2. Once IPE samples 

were detached from their stroma, cell suspensions were transferred into 15 ml 

centrifuged tubes containing with 5 ml 2% P/S/F PBS. Tubes were centrifuged for 5 min at 

1,000 rpm in a Sigma 2-6E centrifuge. Then, pellets were resuspended in 1 ml of DMEM-

F12 10 % FBS. Cell solutions were then seeded into 24 well plates with 2 wells for each IPE 

extraction. Volumes were made up to 1 ml.  

Media were changed according to the process described in section 2.2.5.4. At day 14, 

plates were brought into a fume hood. Medium was removed and cells were fixed with 

10% formalin for 10 min. Cells were then washed twice with PBS. A final volume of PBS 

was added to cover the samples until use, plates were stored at 4⁰C. 

 

2.2.8.2 Staining and imaging 

 

Cell labelling started with a PBS wash and a permeabilisation step in Triton X100 1% for 

10 min. 10% normal goat blocking serum was then used for more than an hour prior to 

primary antibody incubation overnight at 4⁰C. The following day, cells were incubated in 

a secondary antibody solution for one hour and counterstained with DAPI for 20 min. 

Finally, 200 μl of PBS was added to each well. Samples were then stored at 4⁰C protected 

from light and imaged in the following 24 hours.  

 

2.2.9 IPE aggregates staining 
 

2.2.9.1 Cell culture 

 

To label IPE spheres, cells were cultivated as indicated in section 2.2.5.3. After 8 days of 

culture in suspension, spheres were transferred into Falcon 15 ml completed with 2 ml of 
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PBS. Tubes were centrifuged for 3 min at 1,000 rpm in a Sigma 2-6E centrifuge, then 

brought in a chemical hood. There, supernatant was removed and pellet resuspended in 

Formalin 4% for 15 min. Then, 5 ml of PBS was added to dilute the fixative. Tubes were 

centrifuged for 3 min at 1,000 min in a Sigma 2-6E centrifuge and pellet resuspended in 5 

ml of PBS. The manipulation was repeated again.  

To prepare spheres to the OCT embedding, pellets were resuspended in a 15% glucose-

PBS solution for 2 hours at 4⁰C. Spheres were then conserved in a 30% glucose-PBS 

solution at 4⁰C. Samples were embedded in Tissue freezing medium in a slurry containing 

dry ice. Blocks were then sectioned at 5 μm and collected onto Superfrost Plus slides. They 

were immediately placed at -20⁰C until use. 

 

2.2.9.2 Staining and imaging 

 

Prior to label, slides were placed at room temperature for 30 min in a covered slide racker 

with wet paper towel. Once ready, sections were incubated in Triton X100 1% for 15 min 

followed by an incubation in normal goat blocking serum 10% for at least an hour. Sections 

were then incubated overnight at 4⁰C with primary antibody solution. The following day, 

sections were incubated with secondary antibody solutions for 1 hour and counterstained 

with DAPI for 20 min. Slides were mounted with VectaShield antifade media and sealed 

with nail polish. Images were acquired using a Zeiss confocal laser scanning microscope 

800 and the Zen Lite 3.1 blue edition (Zeiss) software. FIJI was finally used to process the 

images, reduce the background and increase the contrast. 

 

2.2.9.3 CFSE and DiD-/DiI Vybrant staining and imaging 

 

IPE cells were cultivated as indicated in section 2.2.5.3. At day 8 prior to be seeded on 

suspension plates, they were incubated in 10nM CFDA-SE-sterile PBS for CFSE staining or 

in DiD- or DiI- sterile PBS, prepared at 5 μl for 1 ml for Dies Vybrant staining. Incubations 

lasted from 15 to 20 min at 37⁰C in a sterilised Eppendorf 1.5 ml. Cells were then 

transferred into a Falcon 15 ml with 5 ml of sterile PBS and centrifuged at 1,000 rpm in a  

Sigma 2-6E centrifuge for 5 min. Pellets were resuspended in 5 ml sterile PBS and 

centrifuged again with the same settings. Cells were counted with a haemacytometer, 

seeded and cultivated according to the protocol detailed in section 2.2.5.3. Spheres were 
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grown for eight more days. They were then fixed and processed according to the protocol 

detailed in section 2.2.9. The day of imaging, sections were placed at room temperature 

for 30 min in a closed slide racker with wet paper towel. Once ready, sections were 

incubated in Triton X100 1% for 15 min and cleaned twice in in-house PBS. Sections were 

then incubated in DAPI for 20 min, cleaned twice in in-house PBS and mounted in 

Vectashield medium. Images were acquired using a Zeiss confocal laser scanning 

microscope 800 and the Zen Lite 3.1 blue edition (Zeiss) software. FIJI was finally used to 

process the images, reduce the background and increase the contrast. Sections were 

conserved at -20⁰C after imaging. Table 2-7 summarises the dyes used. 

Table 2-7: Summary of dyes used 

Name Description Purposes 

Carboxyfluorescein 

succinimidyl ester 

(CFSE) 

Product of the cleavage of CFDA-SE by 

intracellular esterases, CFSE covalently 

binds to protein free amines and remains 

in the cytoplasm.  

Excitation: 492 nm – Emission: 517 nm 

To assess cell 

proliferation 

Vybrant® DiD Lipophilic, this compound diffuses and 

stick to the plasma membranes. 

Excitation: 649 nm – Emission: 671 nm 

To assess cell 

aggregation in 

couple with 

Vybrant DiI® 

Vybrant® DiI Lipophilic, this compound diffuses and 

stick to the plasma membranes. 

Excitation: 552 nm – Emission: 569 nm 

To assess cell 

aggregation in 

couple with 

Vybrant DiD® 

 

 

2.2.10 Resazurin-based metabolic assessment 
 

Resazurin stock solution was prepared from resazurin sodium salt in sterile 2% P/S/F PBS 

to reach a 0.1 mg/ml concentration. This solution was then filtered twice through 0.22 μm 

filters and stored at 4⁰C protected from light.  

Measurements were undertaken at time points when media was changed. Prior to 

assessment, stock solution was diluted in the three media types (see Figure 5.1) at a ratio 

of 1:10. Cell media were replaced by resazurin-containing media. Plates were returned to 

the incubator for 2 hours. Media were then transferred into sterile eppendorfs and the 
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latter were placed on ice immediately. Cells were carefully washed three times in PBS and 

2 ml of fresh media was then added in each well. Plates were replaced in the incubator at 

37⁰C 5% CO2. 

Once cell culture was completed, 200 μl of each sample were placed into black 96 well 

plates. Plates were then read for their fluorescence at 560 nm in a BMG Labtech 

FLUOROstar Optima plate reader. To get a complete view, gains were read from 1,000 to 

1,700-1,800. Numerical data were processed using Excel. 

 

2.2.11 Statistics 
 

Statistics for cell culture  

For section 4.3.1, the aim was: to compare the two cell culture processes. So, raw data 

from 36 cell counts were reproduced in Excel, 18 cells concerned 18 independent IPE cells 

samples grown by the original process (see Table 4-1), the 18 others were grown by the 

condition 4 (see table 18 – condition 4). Data were then plotted together by the GraphPad 

Prism 8 software. As each IPE sample was independent, only the mean from all samples 

in one condition was considered. So, the T-test was set up as unpaired. The number of 

samples per conditions being low, data were test positive for Normality at p value = 0.05 

by the Shapiro-Wilk test. A gaussian distribution being assumable but the standard 

deviations between the two conditions being different, the parametric unpaired T-test 

with Welch correction was set up.  

For section 4.3.2, the aims were:  

1. To compare the means of spheres generated per plate types: 6 independent 

samples grown on Greiner suspension plate were plotted against 6 independent 

samples grown on Nunclon sphere plates; the process run was the same than the 

one in section 4.3.1; 

2. To compare the sphere size per plate type: for both Greiner suspension plates and 

Nunclon Sphera plates, 3 independent samples grown for three days plus 3 grown 

for six days were used. Sphere sizes were measured from pictures with FIJI for an 

arbitrary unit (a.u.). Samples were of unequal size with more spheres measured 

in Nunclon Sphera plates. Data were then collected in Graphpad Prism and a one-

way ANOVA was selected. Due to data sets being different, a “no matching or 

pairing” analysis was set up. Shapiro-Wilk test resulted negative, so a gaussian 
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distribution could not be assumed. So, a non-parametric Kruskal-Wallis test was 

selected. 

3. To compare the number of spheres attached versus spheres in suspension for 

Greiner suspension plates only: 2 independent samples were imaged at day 4 and 

day 8 after being seeded in Greiner suspension plates. 12 wells per samples were 

run and count was taken distinguishing suspended spheres and attached ones. 

Data were plotted in Graphpad Prism and a one-way ANOVA was selected. Due 

to data sets being different, a “no matching or pairing” analysis was set up. 

Shapiro-Wilk test resulted negative, so a gaussian distribution could not be 

assumed. So, a non-parametric Kruskal-Wallis test was selected. 

Statistics for CFSE-labelled IPE cells: 

For section 4.4.1, the aim was: to measure the fluorescence intensity from CFSE-labelled 

aggregates. Data were summarised as pixel number and colour value over a scale of 256 

shades of green by the software. Data were then transformed into graphs by GraphPad 

Prism8. Means and standard deviations per pixel value were obtained from the five 

sections investigated.  
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3 Chapter 3: Characterisation of the porcine IPE tissue 
 

3.1 Overview 
 

The IPE lies on the back of the iris stroma, taking the form of a thin pigmented layer. From 

there, it participates in mydriasis, the opening of the pupil, while its pigmentation absorbs 

scattering light not in line with the pupil-lens axis. So far, few investigations only 

investigated the IPE protein content in vivo and none were related to stem cells. One the 

reason being the IPE intrinsic pigmentation, making it difficult to observe by histology and 

immunohistochemistry. Therefore, that work was dedicated: 1. to fulfil that knowledge 

gap by integrating a melanin-removal step in H&E and IHC protocols; 2. to observe 

fundamental proteins related to: the cytoskeleton, the basal lamina, the cell-cell junction 

and the proliferation. 3. To observe the presence of generic stem cells markers and 

proteins associated with development. The summary of this work helped to distinguish 

specific compartments in the porcine IPE, including cell proliferation. However, none of 

the markers used for stem cells was observed, on the contrary of those associated with 

the development of the eye.  

 

3.2 Aim & objectives of the chapter 
 

The aim of this chapter was to distinguish different regions in the IPE in vivo and focus 

on the area(s) involved in proliferation. 

The objectives were: 

• To establish a robust method to remove the melanin from formalin-fixed paraffin-

embedded (FFPE) porcine IPE sections; 

• To investigate the components of porcine IPE cytoskeleton, basal lamina and cell-

cell junctions;  

• To assess proliferation in native IPE;  

• To identify areas of stem cell and development-related proteins expression. 
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3.3 Depigmentation of the porcine IPE 
 

3.3.1 H2O2-based depigmentation runs well into a haematoxylin and 

eosin staining protocol  
 

The first objective was to integrate the process from Manicam et al205 into the institute’s 

in-house H&E protocol on porcine ocular sections (see Figure 3.1-A). To depigment, a 10% 

H2O2 PBS solution was heated at 60⁰C in which formalin-fixed paraffin-embedded tissue 

sections were incubated after their rehydration. Sections were cleaned in running tap 

water prior and after the depigmentation. Several time points were studied to observe 

how the hydrogen peroxide would: 1. remove the melanin; 2. damage the tissue (see 

Figure 3.1-B). Tissue sections used there were among the first processed by the writer, 

and so did not reflect on the IPE specifically but on porcine ocular pigmented tissues in 

general. Investigations coming after this one will focus on the IPE specifically. 

All sections were stained as expected: haematoxylin marked cell nuclei, eosin marked 

cytoplasm and mesenchyme. Melanin was progressively removed, the first nuclei in the 

pigmented epithelia appearing after 20 minutes of incubation. That was the minimum 

time required to observe an intracellular structure.  

It was also observed that the longer the incubation, the more damaged the sections. 

Distinction between tissues in a single section was easy to do with a short (10 min) to 

medium incubation (30 min; see Figure 3.1-B). Incubations longer than that suffered 

damages from excess oxidation. Cytoplasmic and stromal elements could be observed but 

demonstrated a loss in consistency compared to the controls. Only nuclei seemed to 

remain consistent. Overall, the depigmentation was easily integrated into the H&E 

protocol, the optimal window being between 20 and 30 minutes of incubation.  
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Figure 3.1: H&E analysis of porcine ocular pigmented epithelial sections depigmented 
by a 10% H2O2-based solution. A. Diagram representing the different steps of the 
processed H&E with the depigmentation included in. B. Representative images of porcine 
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ocular sections depigmented by a 10% H2O2-based solution for times indicated on the left. 
Melanin in epithelia has been progressively removed with cell nuclei being visible at T = 
20 min. However, in the meantime, tissues demonstrated damages. The Blue boxes on 
left pictures indicate higher magnifications on right pictures. On the left pictures, SB = 200 
μm. On the right pictures, scale bars = 100 μm. 

 

3.3.2 H2O2-based depigmentation requires optimisation to run into 

fluorescent immunohistochemistry  
 

The second objective was to assess the compatibility between the depigmentation and 

fluorescent immunohistochemistry. To get a signal throughout the assessment, a robust 

protein present in the IPE was necessary. So, desmin, a type III intermediate cytoskeleton 

protein206, was selected. Desmin has the advantage to be present through the dilator 

muscle, the non-pigmented part of the IPE207. So, it is not masked by melanin and non-

depigmented sections could be used as positive controls.  

Depigmented sections were processed in a similar fashion than the assessment done in 

section 3.3.1. Briefly, tissue sections were de-waxed in xylene, rehydrated in progressive 

diluted ethanol solutions and depigmented in 10% H2O2 solution at 60°C. They were then 

processed for fluorescent immunohistochemistry (see section 2.2.2.3). 

The first desmin-based investigation in the porcine eye correlated with observations done 

in the human eye206. Non-depigmented sections demonstrated desmin along the IPE 

anterior layer, which shaped as fibres (see Figure 3.2-D). No fluorescence from the green 

channel was detected from the pigmented layer. Conversely, DAPI-labelled nuclei were 

observed in both layers. Other fibres in the iris stroma were labelled, which shall 

correspond to the sphincter muscle. 

In depigmented sections, only DAPI-stained nuclei were observed (see Figure 3.2-E). 

Nuclei were labelled in the iris stroma, the IPE and the ciliary body. Background from the 

green channel was observed in the stroma. The depigmentation made the IPE cell nuclei 

much more observable than those from the pigmented sections. That proves that the 

process for fluorescent investigation worked but required adjustments depending of the 

cell structure to stain and its chemical composition. 
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Figure 3.2: Representative pictures of desmin in porcine iris sections depigmented by a 
10% H2O2 solution. A. Diagram representing the different steps of the processed FIHC 
with the depigmentation included in. B. Porcine extra-ocular muscle section used as 
positive control for the anti-desmin antibody. Muscle fibers reacted well with the anti-
desmin antibody, revealed by an AF 488 secondary antibody. C. H&E of pigmented & 
depigmented porcine iris sections. Black arrows indicate the IPE. SB = 100 μm. D. & E. 
Porcine iris sections non-depigmented and depigmented respectively. Desmin was 
labelled in the IPE anterior layer and revealed by an AF 488 secondary antibody on the 
non-depigmented section (= yellow arrows). No signals were observed on the 
depigmented section. Orange arrows indicate the IPE. Yellow boxes show higher 
magnifications below. Tissues are labelled by the white and italic writing. DAPI is in blue, 
desmin in green. Small scale bars = 100 μm, tall scale bars = 50 μm.  

 

3.3.3 Desmin was labelled on depigmented section with an appropriate 

fixation of the original tissue 
 

To label desmin on depigmented sections, several experiments were done to identify one 

or more parameter(s) to adjust. Changes were implemented in the process described 

earlier (see section 2.2.2.3) with the same anti-desmin antibody. Results are summarised 

in the following Table 3-1. Experiment A is shown in the Appendices (see section 7) as an 

example of negative result (see Figure 7.1). 

Table 3-1: Scheme of optimisation 

Original process: Chemicals Incubation time Temperature 

10% H2O2 in PBS 20 min 60⁰C 

Experiment: H2O2 

(in %) 

Tissue 

depigmented for 

Tissue 

fixed for 

Temperature 

(⁰C) 

Desmin label 

A. 10% 5, 10 & 15 min 10 min 60⁰C No 

B. 5% 20 min 10 min 60⁰C No 

C. 10% 20, 25 & 30 min 10 min 45⁰C No 

D. 15% 5, 10 & 15 min 10 min 60⁰C No 

E. 20% 5, 10 & 15 min 10 min 60⁰C No 

F. 10% 10, 20, 30, 40, 50 & 

60 min 

25 min 60⁰C No 

G. 10% 30 & 60 min 24 

hours 

60⁰C Yes 
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Experiment G was designed to give long time to the formalin to fix the tissue in a deeper 

manner. That was thought to be large enough to protect desmin from the hydrogen 

peroxide but could also severely reduce the depigmentation efficiency. The following 

protocol did not vary, H2O2 incubations were done over 30 and 60 minutes. As a result, 

desmin was labelled on depigmented sections incubated for 30 minutes (see Figure 3.3-

A). A dotted line was observed, which followed the invaginations of the posterior side of 

the iris. IPE nuclei were clearly labelled by the DAPI, on the opposite of the iris stromal 

ones. For sections incubated for 60 minutes, some desmin signals were observed but no 

DAPI remained in the IPE (see Figure 3.3-B). Two experiments were done from other 

tissues fixed for 24 hours in 4% formalin and confirmed that result.  

 

 

Figure 3.3: Representative pictures of the experiment G. Porcine iris tissue was fixed in 
4% formalin for 24 hours prior to the tissue embedding. Sections were then labelled with 
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an anti-desmin antibody and an AF 488 secondary antibody. A. Sections depigmented for 
30 min. Desmin (= yellow arrows) is labelled in the IPE anterior layer. Orange arrows 
indicate the IPE.  B. Sections depigmented for 60 min. No signals, both DAPI and desmin, 
were observed in the IPE. Yellow boxes show higher magnifications below. Tissues are 
labelled by the white and italic writings. DAPI is represented in blue, desmin in green. 
Small scale bars = 100 μm, tall scale bars = 50 μm. 

 

3.3.4 Investigation of the chemicals, the time of the process and the pH  
 

Despite having successfully depigmented porcine IPE sections and labelled desmin on 

them, fluorescent and H&E sections showed extensive damages from the 

depigmentation. To get an efficient depigmentation with preserved sections, the reaction 

required optimisation. Results were categorised according to: 1. the presence of desmin 

and DAPI labelled over the tissue; 2. the signals observed; 3. the quality of the 

depigmentation assessed by H&E staining; 4. the observed H&E staining.  

Four solutions were experimented with features showed in Table 3-2. Disodium 

phosphate (Na2PO4) has been successfully combined as a diluent with H2O2 to depigment 

tissue sections, including the human IPE206, 207. Therefore, its suitability in the developed 

protocol was experimented. Sections were processed in different conditions: 20 min, at 

60⁰C; 18 hours, at room temperature. Sections were finally labelled for desmin and 

counter-labelled by DAPI. Results are summarised in Table 3-3.  

This section shows the results from the selected composition, process and pH selected: 

3% H2O2 at 60°C for 20 min & at pH9. Result from the short depigmentation with a 10% 

H2O2-1% Na2Po4 solution is shown in the Appendices as an example of non-selected 

protocol (see Figure 7.2). 

Table 3-2: Hydrogen peroxide solutions 

Components Composition 

Hydrogen peroxide only 3% H2O2 in PBS (v/v) 

10% H2O2 in PBS (v/v) 

Hydrogen peroxide and disodium 
phosphate 

3% H2O2 1% Na2Po4 in PBS (v/v; w/v) 

10% H2O2 1% Na2Po4 in PBS (v/v; w/v) 
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Table 3-3: Summary of short and long depigmentations with different H2O2 solutions  

Short depigmentation: 60⁰C; 20 minutes 

Solution 3% H2O2 in 

PBS 

10% H2O2 in 

PBS 

3% H2O2 1% 

Na2Po4 in PBS 

10% H2O2 1% 

Na2Po4 in PBS 

Desmin & DAPI  Positive Positive Positive Positive 

Signals 

observed  

Desmin: fibres  

DAPI: nuclei 

Desmin: dots  

DAPI: nuclei  

Desmin: dots  

DAPI: Nuclei  

Desmin: dots  

DAPI: nuclei  

Depigmented Partly Fully Fully Fully 

H&E quality Good Good Non-usable Non-usable 

Long depigmentation: room temperature; 18 hours 

Solution 3% H2O2 in 

PBS 

10% H2O2 in 

PBS 

3% H2O2 1% 

Na2Po4 in PBS 

10% H2O2 1% 

Na2Po4 in PBS 

Desmin & DAPI Desmin: 

negative 

DAPI: positive 

Desmin: 

positive 

DAPI: positive 

Desmin: 

negative 

DAPI: positive 

Desmin: 

negative 

DAPI: negative 

Signals 

observed 

Desmin: 

background  

DAPI: nuclei 

Desmin: 

remnants of 

fibres 

DAPI: 

remnants of 

nuclei  

Desmin: 

nothing 

DAPI: 

remnants of 

nuclei  

Desmin: 

background 

DAPI: 

background 

Depigmented Fully Fully Fully Fully 

H&E quality Non-usable Non-usable Non-usable Non-usable 

 
At 3% at 60°C and for 20 min, H2O2 removed only a part of the melanin, the IPE remaining 

strongly brown. The overall H&E staining was good with iris stromal fibres, cells and 

vessels being clearly differentiated by eosin. Moreover, haematoxylin labelled clearly cell 

nuclei, except in the IPE due to the melanin (see Figure 3.4-A). The anti-desmin antibody 

gave a consistent signal starting from the ciliary body and going all along the IPE. The DAPI 

labelled more cells from the ciliary body and few from the IPE, none from the iris stroma 

(see Figure 3.4-B). As both the H&E and fluorophore labels were at an appreciable quality, 

a fair balance between section quality and melanin removal seemed to be reached. Thus, 

further histological and FIHC-based investigations would rely on a 3% H2O2 solution, with 

the depigmentation run at 60⁰C for 20 min. 
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Figure 3.4: Porcine iris sections depigmented by 3% H2O2 at 60⁰C for 20 min. A. H&E-
stained sections. Black arrows indicate the IPE. The black box indicates higher 
magnification on the right. SB are indicated in the right bottom corner. B. Anti-desmin 
FIH. Desmin was labelled with an AF 514 and is indicated in the IPE anterior layer (= yellow 
arrows). Orange arrows indicate the IPE. Boxes show higher magnifications below. 
Tissues are labelled by the black (H&E) / white (FIHC) and italic writings. DAPI is 
represented in blue, desmin in green. Small scale bars = 100 μm, tall scale bars = 50 μm.  
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In 1995, Shi et al. investigated the pH of antigen retrieval solutions to label different 

proteins208. With the same spirit, H2O2-based depigmentations were performed with 

three different pHs. The aim was to observe potential benefits on the process efficiency 

or/and the staining quality. The original 3% H2O2 solution pH was ≈6.9, so the spectrum 

was sprayed from 5 to 9 using chlorhydric acid (HCl) and sodium hydroxide (NaOH). Three 

factors were set to analyse the pictures: the melanin content; the H&E quality; the desmin 

and the DNA quality staining. Results are summarised in Table 3-4. 

Table 3-4: Summary of pH-based depigmentation 

PH 5 7 9 

Melanin content High Null Null 

Desmin labelling  Low Low High 

Desoxyribonucleic 

acid labelling 

Null Null Null 

 

3% H2O2 at pH 9 depigmented the iris, the IPE and the CBPE (see Figure 3.5-A). No melanin 

remained visible. That said, sections on the H&E were bleached at a high level. Iris stromal 

fibres were each distinguishable from the others and eosin-stained cytoplasms were 

absent or nearly from the IPE. Red blood cells and dense area of CB stroma and epithelia 

were properly labelled. Hematoxylin-stained nuclei were well visible, differentiating the 

epithelia from the stroma. On the fluorescent assessment (see Figure 3.5-B), desmin was 

clearly labelled from the ciliary bodies – iris junction to the pupillary extension with dilator 

fibers properly labelled. Again, the blue channel did not show nuclei-based DNA but an 

important background over the entire section. So, higher pH increased the efficiency as 

sections were nearly or completely melanin-free, participating to make brighter signals 

from the anti-desmin labelling. Thus, more structures could or would be marked in later 

investigations by using 3% H2O2 at pH 9.  
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Figure 3.5: Porcine iris sections depigmented by 3% H2O2 at pH 9. A. H&E-stained 
sections. Black arrows indicate the IPE. The black box indicates higher magnification on 
the right. SB are indicated in the right bottom corner. B. Anti-desmin FIH. Desmin was 
labelled with an AF 514 and is indicated in the IPE anterior layer (= yellow arrows). Boxes 
show higher magnifications below. Tissues are labelled by the black (H&E) / white (FIHC) 
and italic writings. DAPI is represented in blue, desmin in green. Small SB = 100 μm, tall 
SB = 50 μm. 
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3.4 Porcine IPE cytoskeleton assessment 
 

3.4.1 Intermediate filaments 
 

3.4.1.1 Vimentin is present in human and porcine irises 

 

Originally discovered in murine 3T3 fibroblasts, vimentin was described as a wickerwork 

network, vimentum in Latin, which distinguished itself from cytokeratins type I and II209. 

Its fibrous structure is based on a set of three coil domains holding together by 

hydrophobic and ionic charges. This allows quick filaments formation and dynamic 

rearrangements, comparable to those of actin and microtubules filaments210. In line with 

iris movements, vimentin has been found as the main intermediate filament in the human 

IPE207. So, investigations were run on porcine iris pigmented and depigmented sections 

and with human ones as positive controls. 

On human pigmented sections, IgG control pictures show a certain background in the 

ciliary and the IPE regions (see Figure 3.6-A). When incubated with anti-vimentin 

antibody, this background is still present but specific marks taking the form of fibres are 

labelled as going along a posterior-to-anterior axis and from a central-to-peripheral 

direction. Some cells from the stroma were labelled as well. 

On human depigmented sections (see Figure 3.6-B), vimentin fibres were labelled all 

along the IPE, mostly in its anterior part. A nearly empty space seemed to remain 

vimentin-free and what might be plasma membrane are visible as well. The iris stroma 

was strongly labelled on the opposite of what was observed earlier, especially in its 

anterior part. DAPI was observed in the IPE only.  

On porcine pigmented sections (see Figure 3.6-C), no vimentin was observed along the 

IPE. Similarly to what was observed on human pigmented sections, a background was 

observable on both IPE and CBPE, showing them by contrast in grey. No stromal or 

endothelial cells were labelled. The same statement applied for the porcine depigmented 

sections with no observed vimentin but an important background instead (see Figure 3.6-

D).  
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Figure 3.6: Representative pictures of vimentin in human and porcine iris sections. A. 
Human pigmented iris sections. B. Human depigmented iris sections. C. Porcine 
pigmented iris sections. D. Porcine depigmented iris sections. Vimentin (= yellow arrows) 
was labelled in all human sections but remained absent from all the porcine ones. Orange 
arrows indicate the IPE. Yellow boxes indicate higher magnifications below. Anti-vimentin 
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primary antibodies were labelled with an AF 488 secondary antibody. Tissues are labelled 
by the white and italic writings. DAPI is represented in blue, vimentin in green. Small scale 
bars = 100 μm, tall scale bars = 50 μm. 

 

As vimentin detected on both human and porcine sections was low and absent 

respectively, two different methods were used. The objectives were to assess the 

suitability of the antibody to mark vimentin and check its polyvalence on different species 

as indicated by the manufacturer. So, vimentin in human sections was assessed by 

colorimetric IHC using the ImmPACT® VIP peroxidase (HRP) substrate, which generates a 

purple signal. Vimentin from porcine IPE was assessed by Western-Blot. 

On IHC-processed human sections (see Figure 3.7-A), not depigmented, vimentin bands 

were detected in the iris stromal anterior part, the stromal posterior one and in the IPE 

anterior layer. The use of a purple colorimetric dye allowed a better distinction with the 

pigment than a DAB-based. Methyl green was used as nuclear staining. So, the suitability 

of the anti-vimentin antibody was confirmed and vimentin in the IPE well observed.  

On WB-processed porcine tissue samples (see Figure 3.7-B), vimentin was detected at a 

high degree in the IPE sample considering the low GAPDH band corresponding. However, 

further postulates about the vimentin content in the IPE are technically impossible due to 

the difference between the GAPDH contents. Different bands were observed running 

from 50 kDa to 38 kDa, which shall correspond to the different forms vimentin filaments 

can take210. That result was reproduced with these little bands always labelled. 
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Figure 3.7: Representative pictures of vimentin in human iris section and on porcine 
ocular protein extract. A. Human iris section. Vimentin is in purple, nuclei in methyl green. 
Vimentin is present over the main body of the iris and in the IPE anterior layer (= yellow 
arrows). Black arrows indicate the IPE. Boxes show higher magnifications on the right. 
Anti-vimentin primary antibodies were labelled by solutions of the ImmPACT® VIP 
peroxidase (HRP) substrate kit. Tissues are labelled by the black and italic writing. Scale 
bars = 100 μm (left pictures) and 20 μm (right pictures). B. Vimentin content in proteins 
extracted from pig eyes. 20 μg of proteins were loaded per well. GAPDH was used as a 
loading control. Anti-vimentin antibodies were bind to Numbers indicate the samples 
loaded and described above.  

Thus, vimentin was properly labelled on human sections as done before207. Its presence 

on porcine sections was not possible to detect by IHC means but a high content was 

present in protein samples assessed by WB. 

 

3.4.1.2 Cytokeratins type I and II are absent  

 

According to previous unpublished investigations from the Kearns group, IPE cells grown 

in vitro expressed cytokeratins type I and II, which were assessed by a pan-cytokeratin 

antibodies211. So, investigations were done to assess the presence of cytokeratins in the 

tissue with two pan-cytokeratins antibodies (see Table 2-3 and Table 3-5). That 

investigation was run concomitantly with the depigmentation optimisation. Tissues were 

fixed in formalin for 24 hours and sections were depigmented in 10% H2O2 for 30 min 

without further adjustments.  
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Table 3-5: Pan-cytokeratin antibodies targets 

Pan-cytokeratin antibodies Cytokeratins recognized 

Clone C-11 2931 4, 5, 6, 8, 10, 13 & 18 

MNF-116 5, 6, 8, 17 & 19 

 

Control pigmented iris sections revealed no cytokeratins labelled by C-11 (see Figure 3.8-

A). Few dots were observed in the iris stroma, potentially around capillaries to confirm 

with specific antibodies. Depigmented iris sections also demonstrated the absence of 

targeted cytokeratins in the IPE (see Figure 3.8-B). Surprisingly, on control pigmented iris 

section (see Figure 3.9-A), MNF-116 marked the anterior layer of the IPE and several other 

structures in the iris stroma: vessels, capillaries and stromal cells. No fibres were 

observed, marks taking a dotty form instead. These marks were not found on 

depigmented iris sections (see Figure 3.9-B). 

As the IPE was positive for the first MNF-116 investigation, the IPE would produce 

cytokeratins type I and II, desmin and vimentin. So, the IPE would have cytoskeletal 

proteins running opposite functions. This statement being contradictory, the experiment 

was reproduced on pigmented iris sections processed from different eyes and new 

solutions (see Figure 3.10-A). To ensure the rightness of the result, adult porcine corneal 

sections were added as control tissue (see Figure 3.10-B). Expressing cytokeratins 3 and 

12212, not targeted by MNF-116 (see Table 3-5), that control was expected to be negative. 

As a result, no cytokeratins were labelled in the iris stroma, in the IPE anterior layer or in 

the corneal epithelium.  
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Figure 3.8: Representative images of C-11 2931-labelled porcine iris sections. A. 
Pigmented iris section. B. Depigmented iris section. No signals were observed in both 
types of sections. Orange arrows indicate the IPE. Anti-C-2931 primary antibodies were 
labelled with an AF 488 secondary antibody. Tissues are labelled by the white and italic 
writings. DAPI is represented in blue, C-2931 in green. Small scale bars = 100 μm, tall scale 
bars = 50 μm.  
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Figure 3.9: Representative images of MNF-116-labelled porcine iris sections. A. 
Pigmented iris section. B. Depigmented iris section. MNF-116 (= yellow arrows) signals 
were observed in the pigmented sections in the iris and in the IPE anterior layer. No signals 
were observed on the depigmented sections. Orange arrows indicate the IPE. Boxes show 
higher magnifications below. Anti-MNF-116 primary antibodies were labelled with an AF 
488 secondary antibody. DAPI is in blue, MNF-116 is in green. Tissues are labelled by the 
white and italic writings. Small scale bars = 100 μm, tall scale bars = 50 μm.  
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Figure 3.10: Second assessment of MNF-116-labelled porcine cornea and iris sections. 
A. Cornea section. No signals were observed on the green channel. B. Pigmented iris 
section. No MNF-116 signals were observed in both tissues. Boxes show higher 
magnifications below. Orange arrows indicate the IPE. Anti-MNF-116 primary antibodies 
were labelled with an AF 488 secondary antibody. DAPI is represented in blue, MNF-116 
in green. Tissues are labelled by the white and italic writings. Small scale bars = 100 μm, 
tall scale bars = 50 μm.  



91 
 

Thus, absence of cytokeratins was confirmed in iris sections. Further investigations using 

MNF-11- confirmed the second results, so the probable reason to these variations shall 

lie in the solutions used.  

 

3.4.1.3 Nestin is present in the ciliary bodies – IPE junction  

 

Nestin is a type IV intermediate filament found in neuronal stem cells of the developing 

and adult brains213. Its structure looking to both type III and type IV, it makes it difficult to 

definitely classify it214, 215. As this project aims to identify cells with a certain degree of 

plasticity, nestin was deemed appropriate. It has been found in murine post-natal IPE 

tissue with expression being detected 21 days after birth. In vitro, its expression was 

restored when cells were subjected to neurospheres conditions201. Thus, nestin was 

assessed in adult porcine IPE sections.  

On pigmented iris sections, nestin was not observed, except in the iris - ciliary body 

junction, where a small part of the IPE was labelled (see Figure 3.11-A). Specifically, 

marked cells were part of the IPE posterior layer, which has probably detached from the 

stroma during the sectioning. Some signals were observed in the IPE – iris stroma region 

marking either IPE cells or stromal ones. Stromal structures reacted as well such as 

capillary vessels in the middle of the stroma or stromal cells with fibres surrounding 

nuclei.  

On depigmented section, most of the tissues reacted to the antibody except the IPE (see 

Figure 3.11-B). Few signals were gained from the posterior layer while the anterior layer 

as stromal structures strongly reacted. In absence of a positive control for the antibody, 

the observed brightness in these sections seemed irrelevant, potentially resulting from 

random binding following the depigmentation.  
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Figure 3.11: Representative images of nestin-labelled porcine iris sections and nestin-
labelled porcine ocular protein samples. A. Pigmented iris sections. Nestin (= yellow 
arrows) is present in the ciliary body – IPE junction B. Depigmented iris sections. 
Unspecific signals were observed over the section. Orange arrows indicate the IPE. Anti-
nestin primary antibodies were labelled with an AF 594 secondary antibody. Boxes show 
higher magnifications below. DAPI is represented in blue, nestin in purple. Tissues are 
labelled by the white and italic writings. Small scale bars = 100 μm, tall scale bars = 50 μm.  

 

Thus, nestin was found in IPE cells near the IPE – CB junction only. The antibody marked 

a small, limited area and mostly in the posterior layer. 

 

3.4.2 Micro-filaments are linked to smooth muscle activities 
 

Also called “stress fibres”, micro-filaments are polymerised networks of different actin 

isoforms mixed with actin-cross-linking proteins. Some networks last for few seconds 

only, this is the case for lamellipodia where depolymerisation releases actin monomers. 

Other last longer such as myofibrils which are observables for days216. Three major classes 

have been identified: α-, β- and γ-. Each have their own specificities with the α-one being 

present in muscles only (α-cardiac, α-skeletal and α-smooth). Previous investigations 

discovered that α-smooth actin (α-SMA) was present in the human IPE anterior layer from 

which the pupil dilator muscle takes its roofs206, 207. Thus, α-SMA was investigated in the 

porcine IPE. 

On pigmented iris sections (see Figure 3.12-A), α-SMA was labelled over the length of the 

IPE anterior layer. Fibres were clearly marked and easy to dissociate from each other. In 

the same manner than observed in Figure 3.6-A, fibres demonstrated an orientation going 

toward the iris periphery along a posterior-to-anterior axis. On higher magnification, 

some were running from the posterior pigmented layer and signals were coming from the 

posterior layer itself. Stromal iris vessels were marked by the antibody. 

On depigmented iris section (see Figure 3.12-B), α-SMA was marked again along the IPE 

anterior layer. The IPE posterior layer seemed absent as no DAPI was observed there. As 

for previous investigation of this chapter, it is possible that the IPE detached during the 

sectioning. That issue concerned all sections harvested in that investigation. A-SMA was 

labelled as well in iris vessels with several small capillaries visible. As seen before, no or 

few stromal nuclei only were marked by DAPI.  
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Figure 3.12: Representative images of α-SMA-labelled porcine iris sections. A. 
Pigmented iris sections. B. Depigmented iris sections. A-SMA (= yellow arrows) was 
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labelled in both types of sections over the IPE length. Boxes show higher magnifications 
below. Orange arrows indicate the IPE. DAPI is represented in blue, α-SMA in green. 
Tissues are labelled by the white and italic writings. Anti-A-SMA primary antibodies were 
labelled with an AF 514 secondary antibody. Small scale bars = 100 μm, tall scale bars = 
50 μm.  

 

Thus, α-SMA was found in the anterior layer along the length of the dilator fibres in a 

fashion similar to desmin. Its presence in the posterior layer is also probable. 

 

3.5 Porcine IPE basal lamina assessment 
 

3.5.1 Collagen type IV 
 

Ubiquitous components of basal lamina with laminins, collagen type IV is defined as a non-

fibrillar collagen217. It is encoded by 6 different genes and so forms 6 different chains more 

or less specific of the tissue they support. Structurally, collagen type IV chains associate in 

trimers to form a helix with multiple breaks inside it. This gives to the molecule multiple 

curved shapes217. Once polymerised with other collagen type IV, the network absorbs 

mechanical pressures and helps supporting the tissue it associates with127. Previous work 

showed that collagen type IV surrounds the IPE on its anterior and posterior side32. 

Investigations were run here to assess that statement in the porcine IPE basal lamina.  

Here, human cornea was used as positive control (see Figure 3.13-A). Marks were 

observed on the basal side of the corneal epithelium to the limbus. Some background in 

the stroma were observed. Still, the intensity of the purple signals and their localisation 

at the basal side were good.  

Porcine cornea section was then used to demonstrate that the anti-collagen type IV 

antibody worked on porcine section (see Figure 3.13-B). The antibody marked the basal 

lamina along the corneal epithelium. Marks went progressively less intense in the limbal 

region where methyl green-stained nuclei are much more visible. Background intensity 

was lower except in one stromal area and along the corneal epithelium, despite the 

hydrogen peroxide-based blocking. 

Porcine pigmented iris sections demonstrated much stronger collagen type IV content 

(see Figure 3.13-C). The IPE anterior basal lamina was intensely marked along its length. 

Multiple vessel-based basal lamina were marked as an important number of stromal 
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fibres. No marks could be observed on the posterior side of the IPE due to the pigment or 

potentially the absence of collagen type IV there.  

Porcine depigmented iris sections showed a similar picture (see Figure 3.13-D). Collagen 

type IV was again marked along IPE length on its anterior side. Moreover, where the IPE 

was present, collagen type IV was labelled on its posterior side at lower degree. Other iris 

stromal structures were clearly marked with vessels and capillaries easy to distinguish. 

Some fibres were labelled on the iris stromal anterior side. Methyl green-stained stromal 

nuclei were not distinguished on the contrary of IPE ones.  
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Figure 3.13: Representative images of collagen type IV-labelled human and porcine 
ocular sections. A. Human cornea section. B. Porcine cornea section. C. Porcine 
pigmented iris section. D. Porcine depigmented iris section. Collagen type IV (= black 
arrows) was labelled in all sections in the basal lamina of epithelia, iris endothelia and in 
iris stromal fibres. Orange arrows indicate the IPE. Black boxes represent higher 
magnifications on the right. Anti-collagen type IV antibody were labelled by solutions from 
the ImmPACT® VIP peroxidase (HRP) substrate kit. Tissues are labelled by the black and 
italic writings. Cell nuclei are in methyl green. Collagen type IV is in purple. Black scale 
bars = 100 μm, red scale bars = 20 μm.  
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So, the porcine IPE is surrounded anteriorly and posteriorly by a collagen type IV basal 

lamina.  

 

3.5.2 Laminins 
 

Another major component of the basal lamina, laminins are triple chains-based proteins. 

The core α chain defines the N- and C- terminals. β- and γ-chains associate with the α- one 

on its C-terminal and dissociate near the N-terminal, giving to the protein a cross-based 

form127. The C-terminus connects with integrins from the cells, N-terminus with other 

proteins from the basal lamina such as nidogens or heparan sulfate proteoglycans. To 

note, these two proteins are key binders between laminins and collagen type IV127, 218, 219. 

Five α chains, four β ones and three γ ones exist and assemble specifically depending the 

nature of the tissue and the cells they connect with. Laminin 111 for example, α1-β1-γ1, 

appears early during the development to then be replaced by more specific ones220. So, 

laminin composition are indicative of the cell functions, an epithelial stem cell requiring 

specific laminin 511 for example221, 222. 

Laminins have not been identified in the IPE basal lamina to our knowledge. So, 

investigations were run with a range of anti-laminin antibodies. 

 

3.5.2.1 Porcine ocular sections did not react to the pan-laminin antibody 

 

A general investigation was run over porcine tissues with a pan-laminin antibody (see 

Table 2-3) to assess the general laminin repartition in porcine cornea and iris (see Figure 

3.14). As a result, no staining were observed on the cornea section, neither on the 

pigmented iris one. Instead, background was observed through the green channel 

corresponding to the anti-pan-laminin antibody. As no background was observed on IgG 

controls, that phenomenon did not result from random binding from the secondary 

antibodies used. A second investigation with a different pan-laminin antibody is advisable 

prior to further conclusions. 
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Figure 3.14: Representative images of pan-laminin-labelled porcine sections. A. Corneal 
sections. B. Pigmented iris section. Not laminins were observed on both tissues. Orange 
arrows indicate the IPE. DAPI is represented in blue. Laminins are in green. Tissues are 
labelled by the white and italic writing. Scale bars = 100 μm.  
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3.5.2.2 Laminin α4 was marked on human sections only 

 

Laminin-α4 chain is associated with smooth muscles and endothelial basal lamina223. So, 

it was expected to observe it over the IPE anterior basal lamina where lies the dilator 

fibres. Laminin α4 could also stop when approaching the ciliary body – IPE junction, 

suggesting that cells would run functions different than the smooth muscular ones. 

On human iris section (see Figure 3.15), the anti-laminin α4 antibody marked basal lamina 

over a precise area. Laminin α4 was absent in IPE areas close from the ciliary body. 

Oppositely, it was marked over the rest of the IPE basal lamina on its anterior side in 

contact with iris stroma (see Figure 3.15-C.). None were detected on the posterior side. 

Small stromal vessels were marked as well.  

Oppositely on porcine sections (see Figure 3.16), no staining was observed over the 

anterior basal lamina. Instead, several stromal cells were marked, dots corresponding 

with DAPI nuclear staining. Higher magnifications revealed multiple dots co-localising on 

cell structures. Several staining were also present in stromal regions without cells around 

them as showed by the lack of DAPI.  

The overall “dotty” distribution of signals on porcine sections contrasts with the human 

ones. So, if laminin-α4 is present in the human IPE anterior basal lamina, its place in 

porcine iris remains to confirm and would require a different anti-laminin α4 antibody. 
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Figure 3.15: Representative images of laminin-α4--labelled human sections. A. Control 
sections labelled with IgG antibodies. B. Ciliary body – iris junctions. C. Iris intermediate 
region. Laminin α4 (= yellow arrows) is present in the IPE anterior basal lamina in area far 
from the ciliary body-IPE junction. Orange arrows indicate the IPE. Yellow boxes indicate 
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higher magnifications below. Tissues are labelled by the white and italic writings. DAPI is 
in blue, laminin α4 is in green. Small scale bars = 100 μm. Tall scale bars = 50 μm. 
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Figure 3.16: Representative images of laminin-4-labelled porcine sections. A. Control 
sections labelled with IgG antibodies. B. Ciliary body – iris junctions. C. Iris intermediate 
region. Sections remained free of anti-laminin α4 antibodies. Orange arrows indicate the 
IPE. Yellow boxes indicate higher magnifications below. Tissues are labelled by the white 
and italic writings. DAPI is in blue, laminin α4 is in green. Small scale bars = 100 μm. Tall 
scale bars = 50 μm. 

 

3.5.2.3 Laminin-β1 & laminin-β2 

 

Laminin-β1 and –β2 have been found in the limbus where they support limbal stem cell 

niches221. So, their presence in a specific part of the IPE would be an element in favour of 

the existence of stem cells in the IPE. Human limbus sections were used as positive 

controls (see Figure 7.3). None sections exhibited positive staining; background staining 

was present in the subjacent scleral region and corneal stromal one. So, results being 

potentially invalids (see Figure 7.3), further statements would be inconsistent. As a quick 

summary, no signals were observed from the anti-laminin-β1 labelled iris. For anti-

laminin-β2 labelled iris sections, signals were observed on the top of the ciliary body non-

pigmented epithelium, facing the lens. No other tissues reacted with the antibody.  

 

3.6 Cell-cell junctions in the IPE 
 

3.6.1 Cadherins 
 

Porcine cornea was used as positive controls for N- and E-cadherins224. Specifically, the 

limbal basal layer was expected to be positive to N-cadherin and upper layers from both 

limbal and corneal epithelium positive to E-cadherin. N- and E-cadherins were 

investigated on porcine pigmented and depigmented iris sections.  

 

3.6.1.1 N-cadherin was the major cadherin used in the IPE 

 

On porcine cornea sections, the epithelial basal layers from the scleral epithelium, the 

limbal one and the corneal one stained positively for N-cadherin (see Figure 3.17-A). 

Signals were also observed in superior limbal epithelial layers with a lower fluorescence 

intensity.  
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On pigmented iris sections, N-cadherin was observed in the IPE despite the pigment (see 

Figure 3.17-B). At higher magnification, cell delimitations are visible in the IPE anterior 

layer. An intense fluorescence is observable at the CB-IPE junction and over the CB non-

pigmented epithelium. Multiple iris stromal cells, iris stromal vessels and the corneal 

endothelium were labelled. 

On depigmented iris sections, anti-N-cadherin staining was observed from the IPE and 

what could be the sphincter muscle (see Figure 3.17-C). However, fluorescence was not 

emitted from specific cell structures but seemed diffused instead. Some elements at the 

surface were labelled with the IPE having a “granular” aspect visible on the higher 

magnification. The sphincter was also labelled in this manner, suggesting that the labelling 

has been labelled in an unspecific manner.   

 

 

Figure 3.17: Representative images of N-cadherin-labelled porcine ocular sections. A. 
Cornea section. B. Pigmented iris section. C. Depigmented iris section. N-cadherin (= 
yellow arrows) is labelled: in the basal layers of the scleral, limbal and corneal epithelia 
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for the positive controls; in the IPE and the both ciliary body epithelia for investigated 
tissues. Orange arrows indicate the IPE. Yellow boxes indicate higher magnifications on 
the right. Tissues names are labelled by the white and italic writings.  N-cadherin is in 
green. Small scale bars = 100 μm, tall scale bars = 50 μm.  

 

3.6.1.2 E-cadherin investigation demonstrated unclear/irrelevant 

distributions 

 

On cornea section, anti-E-cadherin antibody marked as expected cells in limbal superior 

layers over several layers, in scleral basal ones and in corneal epithelial superior layers 

(see Figure 3.18-A).  

On porcine iris sections, some signals were observed close from the IPE (see Figure 3.18-

B). High magnification revealed these marks at the junction with iris the stroma, where 

the dilator fibres set. Melanin prevented observations on the posterior one. Oppositely 

to the IPE, the CBE was marked but epithelial cell shapes were difficult to observe. Signals 

from iris stromal cells and vessels were observed as well. 

Depigmented IPE was labelled along its length and no cell-cell distinctions could be made 

(see Figure 3.18-C). Only methyl green-stained nuclei could be weakly observed at high 

magnification. That observation applied for the CB, pigmented and non-pigmented 

epithelia. Again, what could correspond to the sphincter muscle was labelled. Iris stromal 

cells and vessels reacted as well, suggesting that again the antibody labelled elements in 

an unspecific manner.   

So, E-cadherin observations at the IPE – iris stroma border was unexpected as this specific 

region holds smooth muscular structures and its associated basal lamina. For what has 

been observed from the writer on sections showed here and others, E-cadherin and N-

cadherin localisations did not have the same localisations. Further investigations shall 

confirm or infirm this observation. A search for the partners of N-cadherin and those of 

E-cadherin, then the superposition of these results could help.  
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Figure 3.18: Representative images of E-cadherin-labelled porcine ocular sections. A. 
Cornea section. B. Pigmented iris section. C. Depigmented iris section. E-cadherin (= black 
arrows) was observed in the limbal, the corneal, the scleral and the CB non-pigmented 
epithelia, plus at the border between the IPE and the iris stroma. Orange arrows indicate 
the IPE. E-cadherin is in purple, cell nuclei in methyl green. Orange boxes indicate higher 
magnifications on the right. Tissues are labelled by the black and italic writings. Left and 
middle scale bars = 100 μm, right scale bars = 20 μm.  

 

3.6.2 Tight junctions 
 

Fundamentally, tight junctions control passage of nutrients and ionics between cells plus 

ensure the right position of lipids in plasmic membranes127. As on the back of the IPE lies 

a lumen coming from the aqueous humour secreted by the ciliary body, the IPE shall be 

selectively permeable to the aqueous humour and ensure it does not disperse into the iris 

stroma. So, ZO1, a well-known the tight junction protein expressed in epithelia225, has 

been investigated. 
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On pigmented iris sections, ZO1 signals were observed in the IPE anterior layer, in iris 

stromal vessels and in the CBNPE (see Figure 3.19-A). Higher magnifications revealed its 

presence in IPE posterior pigmented layer as well. The IPE anterior layer was well marked 

but did not shape as plasma membrane proteins. Similar observations can apply to vessels 

structures observed in the iris stroma. Stromal cells were finally marked.  

Depigmented iris sections revealed that ZO1 was present through the IPE on its entire 

width (see Figure 3.19-B). Both IPE and CBE cell shapes were defined and looked similarly, 

taking the form of small epithelial cells continuous between both tissues. Finally, the cell 

number marked there was high.  

Thus, IPE cells use numerous ZO1-based tight junctions through the length of the tissue. 

Cells from the anterior layer looked longitudinal, which could correspond to their muscle 

activity while cells from the posterior one were more round-shaped. 
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Figure 3.19: Representative images of porcine IPE-labelled for ZO-1. A. Pigmented iris 
section. B. Depigmented iris section. ZO1 (= yellow arrows) is labelled in both pigmented 
and depigmented sections and was observed through both anterior and posterior IPE 
layers (= orange arrows). ZO1 is represented in green, DNA in blue. Yellow boxes indicate 
higher magnification below. Tissues are labelled by the white and italic writings. Small 
scale bars = 100 μm, tall scale bars = 50 μm.  
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3.7 Proliferation in the IPE 
 

3.7.1 PCNA labelled few cell cycle S-phase only 
 

To control the anti-PCNA antibody suitability on porcine depigmented tissues, a corneal-

limbal-scleral section was depigmented and used as positive control (see Figure 3.20-B). 

However, the signals intensity was low, making them barely visible and at high 

magnification only. Still, signals came from the limbal basal layer and upper ones. The 

number of nuclei marked by the antibody was low while the absence of DAPI 

counterstaining suggests that the limbus suffered from the depigmentation.  

At the iris-ciliary body region, no signals from nuclei were observed. A-SMA was used 

there to mark specifically the IPE. However, only the α-SMA labelling was observed (see 

Figure 3.20-C). No PCNA signals was observed over the IPE length.  

With few limbal basal cells labelled by the PCNA antibody, plus the low signal observed 

on the green channel, it is possible that the PCNA – AF conjugated antibody shall have 

been used at a higher concentration. That would have generated brighter fluorescence. 

Moreover, the use of limbus sections as positive controls for nuclear targets was 

reconsidered when the depigmentation was required.  
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Figure 3.20: Representative images of PCNA-labelled porcine ocular anterior chamber. 

A. IgG-labelled cornea section. B. PCNA-labelled cornea section. C. IgG-labelled iris 

section. D. PCNA and A-SMA-labelled iris section at the iris-ciliary body region. E. PCNA 

and A-SMA-labelled iris intermediate region. PCNA (= yellow arrows) was observed on 

cornea section in the basal layer of the limbus but not in the IPE. A-SMA (= red arrows) 

was used to distinguish the IPE (= orange arrows) from the iris. Yellow boxes indicate 

higher magnifications below. PCNA was in green, A-SMA in red. Tissues are labelled by the 

white and italic writings. Small scale bars = 100 μm, tall scale bars = 50 μm.  

 

3.7.2 Ki67 marked differentially the IPE depending the location 
 

Investigations were executed on complete anterior chamber sections. No depigmented 

sections were used there as past investigations showed that the limbus, used as a positive 

control here, demonstrated poor resistance to the depigmentation.  

As expected, the limbus was marked from its basal to its fifth or sixth layer. The basal 

corneal epithelial layer was also labelled on most of the corneal epithelium length, 

corresponding with previous investigations226 (see Figure 3.21-B).  

At the iris-ciliary body junction, a strong fluorescence was observed in the IPE and the 

CBE, bypassing the melanin (see Figure 3.21-C). In the IPE, signals came from both anterior 

and posterior layers with different intensities. The closer from the junction, the brighter 

the fluorescence, suggesting a potential higher content of Ki67 in these areas. To note, 

the antibody marked both cytoplasm and nuclei in that region in a similar fashion to the 

limbal basal epithelial cells (see Figure 3.21-B).  

Near the pupil, differences were visible (see Figure 3.21-C). Signals were arising mainly 

from cell cytoplasm in the anterior layer surrounding nuclei. On the posterior layer, signals 

were arising from cell nuclei where the pigment was less important or absent. Several 

stromal structures reacted as well.   

Thus, a strong content of Ki67 was observed near and at the IPE-CBE junction, suggesting 

that several cells in this area are running through mitosis. It is then observed over the IPE 

length at a lower intensity. Finally, Ki67 and DAPI signals were observed deep into the 

stroma.  
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Figure 3.21: Representative images of Ki67-labelled porcine ocular anterior chamber. A. 

IgG-labelled cornea section. B. Ki76-labelled cornea section. C. IgG-labelled iris section. D. 

Ki76-labelled iris – ciliary body region section. E. Ki67-labelled iris - pupil region. Ki67 (= 

yellow arrows) was observed in multiple layers of the limbus, in the corneal epithelium 

and in the IPE (= orange arrows). In the IPE, Ki67 fluorescence intensity was higher in the 

iris – ciliary body region than in the iris – pupil region. Yellow boxes indicate higher 

magnifications below. DAPI is in blue, Ki67 in red. Tissues are labelled by the white and 

italic writings. Small scale bars = 100 μm, tall scale bars = 50 μm. 

 

 

 



114 
 

3.8 No IPE cells expressed the stem cell marker ΔN-p63 in vivo 
 

That investigation was among the firsts done over that PhD. So, protocols related to the 

depigmentation were not optimised at that time.  

To assess the anti-ΔN-p63 antibody suitability, human and porcine limbii were 

investigated as positive control227, 228 (see Figure 7.4 and Figure 3.22-A). Nuclei from the 

limbal basal layer and some from the upper ones were labelled by the antibody. So, the 

antibody was proved to work on porcine tissue and was assessed on the CBE-IPE junction. 

Investigations were run only on depigmented iris sections (see Figure 3.22-B). As a result, 

no marks were observed in the CBE-IPE junction. Instead, the background from the IPE 

contrasted with the iris, making it visible over its length. Thus, no ΔN-p63-positive cells 

were detected in the IPE. 
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Figure 3.22: Representative pictures of porcine ocular sections labelled for ΔN-p63. A. 
Cornea section. B. Iris section. ΔN-p63 (= yellow arrow) was labelled in the basal layer of 
the limbus but not in the IPE at its junction with the ciliary body epithelia. Yellow boxes 
indicate higher magnifications below. Orange arrows indicate the IPE. DAPI is in blue. ΔN-
p63 is in green. Tissues are labelled by the white and italic writing. Small scale bars = 100 
μm, tall scale bars = 50 μm.  

 

3.9 Developmental markers in the IPE 
 

3.9.1 PAX6 is present in the IPE and the iris 
 

Human and porcine iris sections showed similar PAX6 distributions. On the human section 

(see Figure 3.23-A), a strong brightness emerged from the IPE anterior layer in a location 

close to the CBE-IPE junction and going to the pupil. Some cells from the posterior layer 

were also stained by the antibody, plus some areas of the CBE. Several structures in the 

iris stroma were marked as well, mostly nuclei peripheral regions.  

Porcine pigmented sections demonstrated a lower intensity with both anterior and 

posterior IPE layers being positive (see Figure 3.23-B). Higher magnifications revealed 

several proteins surrounding nuclei again. Other stromal structures, especially vessels, 

also reacted. 

Thus, PAX6 was labelled as expected in both human and porcine IPE at the CBE-IPE 

junction and over the IPE length as well. CBE and iris stromal cells were also labelled. 

Finally, PAX6 was similarly distributed between both species.  
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Figure 3.23: Representative images of PAX6-labelled human and porcine iris sections. A. 
Human pigmented sections. B. Porcine pigmented sections. PAX6 (= yellow arrows) was 
labelled in all sections. Orange arrows indicate the IPE. Yellow boxes indicate higher 
magnifications below. DAPI is represented in blue, PAX6 in green. Tissues are labelled by 
the white and italic writings. DAPI is in blue, PAX6 is in green. Small scale bars = 100 μm, 
tall scale bars = 50 μm. 

 

3.9.2 SOX2 is present in the IPE cell cytoplasm 
 

To assess the anti-SOX2 antibody suitability, cornea sections, and specifically the limbus, 

were used304 (see Figure 7.5). Surprisingly, the antibody labelled the cytoplasm with 

multiple dots but nothing related to nuclei as it shall be229. Brightness also raised from the 

basal lamina. The brightness was stronger in the limbal upper layers than in the basal one. 

As for laminins, results being potentially invalids, further statements would be 

inconsistent. As a quick summary for IPE investigations, the anti-SOX2 antibody also 

marked cytoplasms not in nuclei. Finally, several iris and ciliary body stromal cells were 

marked. 

 

3.10 Discussion 
 

The aim of this chapter was to distinguish different regions in the porcine IPE in vivo and 

focus on the ones involved in proliferation. To do so, the development of a robust 

method to remove the melanin was set up, prior to the investigations of various 

features related to the cytoskeleton, the basal lamina and the cell-cell junction. Finally, 

proteins involved in proliferation, stem cell maintenance and embryogenesis were 

investigated. 

 

3.10.1 Depigmentation, a process to deepen 
 

Melanin, from melanos meaning dark in Greek, is the major pigment of surface tissues 

exposed to the sunlight230. The molecule absorsbs the visible light, wavelengths from 700 

(red) to 400 nm (purple), plus ultra-violets rays of shorter wavelengths. Once molecules 

are packed in organelles, the melanosomes, they surround nuclei shielding the DNA from 

ultra-violet-induced damages231. When a photon is catch by melanin, the energy from the 
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photon transfers to the melanin phenol ring, which then dissipates the energy by 

heating232.  

In that section, the objective was to develop a depigmentation process able to remove 

the melanin from formalin-fixed paraffin-embedded IPE sections as specific fluorescence 

signals would be otherwise unreliable. The two most widely-reported agents are the 

hydrogen peroxide (H2O2) and the permanganate potassium-oxalic acid (KMnO4). 

Previous investigations reported they could be integrated into various protocols fairly 

simply205. However, KMnO4 treatment severely diminishes tissue integrity and antigen 

structures, meaning a large panel of antibodies can no longer be used216. On the other 

hand, H2O2 bleaching has been successfully included in immunostaining protocols, making 

it the choice of preference in this study205. 

Quickly, it appeared that to use H2O2 as a melanin removal required adjustments to 

improve the overall quality of the results. 

 

3.10.1.1 Initially, depigmentation produced the desired result 

 

The first depigmented sections exhibited structures that were easy to distinguish, and a 

melanin content reduced enough to observe nuclei and cytoplasms in pigmented epithelia 

after 20 min of incubation (see Figure 3.1). Longer incubations demonstrated a decrease 

in eosin staining. So, as well as degrading the melanin structure, depigmentation also 

changed progressively the tissue chemistry, potentially the pH. Indeed, eosin is an acidic 

negatively charged dye which targets cytoplasms, mitochondria, collagens or 

intermediate filaments, all major basophilic intra- and extracellular components233, 234. So, 

the decreased eosin staining could result from a progressive acidification of the section.  

On the other hand, haematoxylin is a basophilic dye staining the acids, the 

glycosaminoglycans and the glycoproteins233, 234. However, the purple-blue from 

haematoxylin would be more prominent if section suffered acidification. Thus, it is 

probable that the reduced eosin staining resulted from an increased sensitivity and 

subsequent degradation from basophilic elements exposed to the hydrogen peroxide. 

Those observations were not reported by previous investigations235, 236.  
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3.10.1.2 Initial desmin FIHC being negative, adjustments were required  

 

Initial depigmented sections labelled with the anti-desmin antibody demonstrated 

negative results, while normal sections demonstrated positive results (see Figure 3.2). In 

vitro, assembly experiments demonstrated that with pH lowering, desmin unit length 

filaments formed larger complexes. Sedimentation measurement confirmed then a much 

higher sedimentation facility as pH lowered237. To note, among intermediate filaments, 

only cytokeratins type I and type II are classified as acidic and basic respectively238.  

Desmin clearly changed from its exposure to H2O2 (see Figure 3.2). Either its three-

dimensional structure changed, either it suffered chemical damages by the hydrogen 

peroxide, either both factors ran together. So, the first improvement in the protocol was 

the extension of formalin-based fixation from 10 minutes to 24 hours (see Figure 3.3). As 

explained by Ramos-Vara et al, fixation by formalin occurs in three steps239:  

1. the penetration, the quickest;  

2. the covalent binding to peptide sequences, running twelve times slower than the 

penetration;  

3. the cross-linking between covalent bonds, running four times slower than the 

covalent binding.  

So, with initial fixation lasting 10 min, in an utopic scenario with the iris penetrated by 

formalin at 100%, samples would be covalently bound at 8.3% and cross-linked at 2.75%. 

That was clearly insufficient. In regard of previous publications, positive results obtained 

at the experiment G (see Table 3-1) can be considered as a normal fixation236, 240, 241, 242.  

The second essential adjustment was the selection of appropriate chemical components 

to synchronise with the temperature/time factor. Over investigations, it became clear 

that the most balanced result was reached with 3% H2O2 in PBS only (see Figure 3.4). That 

was considered good for FIHC as melanin did not quench the DAPI signals from the IPE. In 

addition, the temperature and the time of incubation in H2O2 worked together in an 

inverse relationship. As temperature (= energy) increased, the time necessary to break 

melanin reduced. Reciprocally, as temperature lowered, the time increased (see Table 3-2 

& Table 3-3).  

Regarding the pH, desmin only is not enough to justify the pH of H2O2 in the process (see 

Table 3-4). In a similar manner to eosin, some proteins can be sensitive to a certain pH. 

The enhanced GFP for example loses its fluorescence in lysosome, where the pH lies below 
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5242, 243. Thus, that feature could be adjusted depending the location and the intrinsic 

features of the targeted protein.  

In conclusion, the depigmentation developed in this chapter worked well to depigment 

the IPE and label desmin in. However, it could also produce wrong positive results as 

demonstrated with nestin for example (see Figure 3.11). So, the process being subtle to 

balance, it shall be adapted or adjusted to the protein of interest (see Figure 3.24-B) and 

also to the tissue to stain. Melanoma for example could demonstrate opposite reactions 

to the H2O2-depigmentation than the IPE244, 245. Changes in the protocol shall always be 

considered in the equation “melanin removal versus section damages” (see Figure 3.24-

A). Finally, these investigations shall include monoclonal antibodies only as their 

recognition of a single epitope would limit the number of wrong positive results. The 

depigmented sections shall also include all the technical controls routinely used (IgG, no 

primary & secondary antibodies). More features could be experimented to complete the 

panel, such as the light exposure246 and the chemistry of the buffer247. 

 

 

Figure 3.24: Balance of the depigmentation technical investigation. A. Balance 
advantages/disadvantages. B. Layout of the features to adjust. 

 

3.10.2 Features of the IPE tissue 
 

In that section, the objectives were: 1. To define intrinsic features of the porcine IPE in 

vivo, which could be commonly found in IPE cells in later investigations; 2. To investigate 

more specific markers susceptible to be present in some IPE segments only. 
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3.10.2.1 IPE has a mesenchymal cytoskeleton  

 

In vivo, the nature of the cytoskeleton defines partly the phenotype. Those proteins 

ensure multiple functions going from chromosomic separation during mitosis to cell shape 

maintenance and resilience to mechanical pressures127. 

Desmin, vimentin, nestin and α-SMA were found in the porcine IPE. Distributions varied: 

desmin was limited to the IPE anterior layer in contact with the iris stroma; nestin was 

found only at the CBE – IPE junction region in the posterior layer; vimentin and α-SMA 

were found through both layers in the human IPE.  

Desmin was present from the ciliary body – IPE junction to/near: the pupil depending the 

section (see Figure 3.2); the sphincter in the iris stroma. To note, the sphincter is supposed 

to limit the spread of the dilator muscle around the pupil3. Finally, desmin observation 

over the IPE was in line with previous publications stating the IPE anterior layer as the roof 

of the dilator muscle207.  

A-SMA was distributed through both anterior and posterior layers (see Figure 3.12). This 

protein is involved in mechanotransduction in various tissues, including smooth muscles, 

so it demonstrates that the porcine IPE integrates the smooth muscle-based mechanisms 

induced by mydriasis248, 249.  

Nestin was detected on a limited part of the posterior IPE, quite close to the ciliary body-

IPE junction (see Figure 3.11). Its distribution over ontogenesis was not possible to 

establish as Asami et al did, due to the age of samples being unknown201. Nestin presence 

in that region still suggests the following points:  

• Cells in that area shall also use vimentin as nestin requires a different 

intermediate filament to polymerise, which is not desmin in the IPE posterior 

layer250;  

• Cells in that area shall be mechanically resilient as nestin is also associated with 

mechanical flexibility251;  

• Those cells could be phenotypically more plastic/less differentiated than IPE cells 

in other regions252, 253, 254, 255;  

• That distribution correlates with the intense Ki67 distribution in that area and 

PAX6 (see Figure 3.21 & Figure 3.23). 
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Finally, nestin and desmin specific distributions suggest that the IPE is an organised tissue 

not only polarised by the anterior-posterior axis but with potential sections devolved to 

functions other than dilator contractions and pigment synthesis.  

Vimentin being undetected from porcine sections created confusion until WB was used 

(see Figure 3.6 & Figure 3.7). There, the strong content of vimentin detected would 

suggests that vimentin is a major intermediate filament of the IPE. This is correlated by 

the human sections positive for vimentin. Reasons why the FIHC failed remain unknown.  

Indeed, the antibody was predicted to work on porcine tissues; human and porcine 

sequence compositions are similar at 98% (Uniprot entry numbers: P08670 & P02543); 

WB using that antibody labelled vimentin from porcine iris and IPE protein extracts; later 

vimentin-based investigations using that antibody were positive (see Chapter 4). A 

different antibody would be determinant to solve that issue.  

In summary, the presence of smooth muscular and mesenchymal cytoskeletal proteins 

demonstrates a protein content similar between the human and the porcine IPE. 

 

3.10.2.2 Basal lamina contains collagen type IV and laminin-α4 

 

The basis of metazoan biology relies on a set of cells setting on a layer of extracellular 

matrix protein. In mammals, the specialised basal lamina forms on basolateral side of the 

epithelia, endothelia, axons, etc. With a thickness of 40 to 120 nm, it first anchors cells 

and then polarises them. From that arises cell structural support, a modulation of cell 

behaviour, the promotion of tissue healing, maintenance of stem cell niches or the 

filtration of growth factors and nutrients127, 221, 256, 257, 258.  

On the basal side, collagen type IV was present over the IPE length in contact with the iris 

stroma and on the IPE posterior side (see Figure 3.13). That is in line with previous 

observations of the IPE and general metazoan biology32, 259, 260. Collagen type IV presence 

on both sides participates to maintain the bilayered polarity and preserve the IPE integrity 

through mydriasis and myosis, explaining the IPE facilities to pass from a multifolded state 

to a flat one without disturbances261.  

Laminins on the other side were difficult to label (see Figure 3.14). The anti-laminin α4 

was the only antibody to work and only on human sections. In that case, laminin α4 was 

found over the length of the IPE anterior layer except at the ciliary body–IPE junction. As 

that chain is a major component of laminin-associated smooth muscles, its presence 
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further supports that muscular activities are run by the IPE262, 263 (see Figure 3.15). One 

possible reason for the porcine investigated iris sections to be negative could be technical 

as the manufacturers did not mention porcine tissues as suitable for this antibody.  

Considering the complete absence of results on porcine sections, plus the similarities 

between both human and porcine IPE, laminins shall be reinvestigated with appropriate 

antibodies. Furthermore, if laminin-β1 and -β2 chains in the IPE are indeed absent, the 

IPE would lack two major components of stem cell niche basal laminas219, 222, 259 (see Figure 

3.16).  

 

3.10.2.3 N-cadherin was the adherent junction protein detected 

 

Cell-cell junctions and attachments are critical features of epithelia to keep tissue 

integrity. Originally, N-cadherin was found in the retina, the heart and the brain, giving its 

name of Neural-cadherin264. Later, it was found in multiple tissues including skeletal and 

smooth muscles, vascular tissues or conjunctive cells265. Because it allows cells to form 

adherent junctions without the strength of E-cadherin, giving cells a certain mobility, it is 

a major component in the development of several tissues266, 267, 268.  

In light of this, its distribution over the IPE length makes sense (see Figure 3.17). The IPE 

is indeed subjected to muscle contraction from the dilator and relaxation from the 

sphincter. To maintain cell-cell junctions in this mobile environment requires therefore a 

junctional system maintaining structural integrity between cells with a certain flexibility.  

 

3.10.3 So, the IPE exhibits the features of a smooth muscle 
 

Overall, vimentin is an ideal intermediate filament for the IPE as its molecular structure 

allows dynamic rearrangements along the filament210. Indeed, the filament is based on 

the assembly of vimentin polypeptides into dimers then tetramers. Further assembly 

leads to the unit-length filament, composed of eight tetramers. A certain number of these 

unit-length units then interact together to form the vimentin filaments210. As these 

elements hold together by ionic and hydrophobic interactions, their assembly and 

disassembly, observed in vitro but applying potentially in vivo, can be spontaneous210. So, 

the rearrangements occur by the removal or the shift of some polypeptides from the 
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filament. This makes the vimentin filament flexible and adaptable without the need to 

disassemble the entire filament to then reassemble it in a different location.  For these 

reasons, vimentin is found in many motile organs including the lung and the kidney210. 

And so, considering the iris function in the ocular system3, it is logical to find it in the 

porcine IPE, after being observed in the human one207. 

Moreover, vimentin could specifically participate in the dilator activities as it can assemble 

with desmin at the dimer level, the tetramer one, the unit-length filament and the 

filament237. Based on a specific polypeptidic sequence but organised in the same manner 

as vimentin238, desmin connects with the mitochondria, the contractile filaments, the 

desmosomes and the nucleus269. By doing so, it maintains the cell structural integrity, the 

energy supply and the cell-cell connections upon contraction/relaxation of the myosin 

filaments in smooth and skeletal muscles270, 271. So, similar to vimentin, its presence in the 

porcine IPE tissue makes sense in regards to the critical functions its supports.  

A-smooth muscle actin is also critical in this function. On a general basis, actin proteins 

form dynamic filaments from a pool of cytosolic actins toward a specific direction272. The 

polymerisation happens toward the direction of interest, this end being called the 

barbed/plus end248. Meanwhile, on the other side, the pointed/minus end depolymerises 

to recycle actin polypeptides. The actin filaments, also called stress fibres/thin filaments, 

form in a parallel manner to then intercalate with the myosin filaments4. The myosin 

heads attach to the thin filaments, then balance the myosin filament toward the barbed 

end. Six actin isoforms have been identified so far, the amino acid sequence composing 

them is identical at 95%248. One of the major factors of each isoform is the N-terminal 

domain, which is believed to drive the polymerisation rate and the length of the 

filament273. The six isoforms have been identified in distinct tissues, except the α-SMA, 

identified in smooth muscles, vascular endothelial walls and myofibroblasts248, 274. The 

reason is that the α-SMA would increase the cell traction forces as demonstrated by Chen 

et al275. So, the α-SMA in the IPE would integrate the dilator muscular system there by 

favouring the contraction of the iris toward its periphery. 

Not detected in the porcine sections but in the human ones only, likely due to the non-

suitability of the antibody on porcine tissues, the laminin-α4 was present in the basal 

lamina from the anterior layer only. This chain associates with cardiac and smooth muscle 

fibres, plus vascular endothelial vessels in various tissues262. The presence of a single 

laminin-α chain over the length of the IPE seems few in regard of the various laminins 
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found over smooth muscles in general223, 276. However, its unusual structure makes it 

relevant there. Indeed, its N-terminal is trunked, making the subsequent laminin network 

flexible compared with other laminins277. As the iris contracts and relax, multiple folds 

appear on its posterior side, as demonstrated by Freddo et al32. So, the flexibility of the 

basal lamina there is probably a key factor to support the integrity of the tissue in the 

multi-folded configuration. Another example of flexible tissue suffering different 

configurations are the endothelial vessels, which also use laminin-α4 as their major 

laminin-α chain219. 

In regard of the general structure of the iris and the eye, the presence of a smooth muscle 

lengthening the iris posterior side makes sense. The dilator, as a smooth muscle, can 

contract the iris within half a single cell layer over a large surface in a synchronous and 

autonomous manner without highly specific needs with the exception of its neural 

regulation, on the contrary of skeletal and cardiac muscles3, 4.  

Skeletal muscles are called voluntary muscles and compose with the skeleton to move the 

organism or the eye in the case of extraocular muscles4. Muscle fibers there are organised 

in a cylindric and longitudinal manner containing multiple nuclei, glycogen-containing 

granules and pools of myogloblines, the oxygen reservoir of these muscles4. Taking 

together, skeletal muscle fibers form a proper syncytium contracting and relaxing around 

their myosin and actin contractile filaments. Dimensions of skeletal muscles are also one 

of their specificities as their diameter range between 10 and 100 µm over distances going 

to 35 cm4. Physiologically, skeletal fibers are under the control of the somatic nervous 

system which decides the movements4. Its fibers distribute over the organism and 

connect in the cortex of the frontal lobe, the most anterior part of the brain4. If such 

system was applied to the iris, the pupil movements would not necessarily match with the 

environmental light intensity. And so, the intra-ocular light intensity would not necessarily 

match the physiological requirements of retinal cells4.  

The second system is the cardiac one, a striated muscle as the skeletal muscles, but under 

the control of the autonomous nervous system4. Cardiac fibers contract around myosine 

and actin filaments, which are structured in a striated manner to generate the tissue 

contraction. The anatomy of the cardiac muscle fibers differs from the skeletal ones by 

their shorter spread and a higher number of desmosomes and GAP junctions thanks to 

their plasmic membranes, which spouse the form of their facing counterpart4. This cell 

organisation favours the muscle fibers to contract and relax in a highly synchronised 
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manner, some authors describing it as well as a syncytium-based muscular system4. The 

main specificity of the cardiac system is its depolarisation and contraction capacity, 

autonomous of any neural regulations despite the significant number of neural-to-cardiac 

terminations4. The cardiac independent activity, also called intrinsic activity, relies on the 

fibers structures and the presence of the cardionector system, composed of non-

contractile cell. The autonomous nervous system “regulates” the intrinsic system by 

accelerating or braking it4. This thin regulation makes the cardiac muscle a very specific 

system devolved only to the appropriate blood circulation4.   

So, the sum of proteins identified in that work supports that the porcine IPE anterior layer 

can be rightly compared with a smooth muscle as each cytoskeletal protein, plus the 

laminin-α4, supports the functions of the others. The probability to identify further 

proteins involved in mechanotransduction, smooth muscle regulation and smooth muscle 

activities in the human and porcine IPE anterior layers is therefore high.  

 

3.10.4 Proliferation could occur at/near the ciliary body–IPE junction 
 

In a tissue, two strategies exist to keep homeostasis. Either new cells arise to replace 

apoptotic ones, or the same cells remain over the life time.  

In the first strategy, proliferating cells are generally specifically distributed to control their 

activity. The limitation of proliferation to specific areas is related to the function of 

epithelia. To form specialised barriers requires specialised cells that cannot maintain cell 

cycle activities at the same time127. So, special areas dedicated to the proliferation and its 

control are common. In the limbus, stem cells generate transient amplifying cells (TAC) on 

the basal layer, from which more cells arise and move toward the cornea centre278. A 

similar strategy is used by epidermal stem cells located on the top of dermal papillary. 

While they move toward the bottom of it, they transform into TAC to then leave the basal 

lamina and integrate the upper layers279. 

Less common are tissues which develop over embryogenesis and remain in that state over 

life. The RPE is a good example of such a tissue. It maintains its homeostasis by a long-

term cell survival strategy, so without stem cells and without cell cycles. Instead, cells 

become hypertrophic to keep an epithelial continuum as RPE cell number decreases with 

ageing138, 139.  
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So, it was originally expected that cell proliferation would localise at/near the ciliary body–

IPE junction as a result of original stem or progenitor cell proliferation starting from the 

bottom of the ciliary body–IPE junction. Indeed, this region has the structural features of 

a stem cell niche. By comparison, the intestinal stem cell niche localises at the bottom of 

intestinal villi in a similar structural complex, which protects them from external 

environment issues, filters the nutrient supply and maintain their homeostasis through 

ontogenesis280, 281, 282, 283. In regard of the architecture of the eye, the ciliary body-IPE 

junction seemed ideal for that purpose.  

As a result, the proliferation marker Ki-67 was observed in cells at and near the ciliary 

body–IPE junction over both layers (see Figure 3.21). This can be translated as a cell pool 

in reserve maintaining the IPE from there. As fluorescence intensity reduced with 

increasing distance from that region, Ki67 proportion diminished and potentially the 

proliferation with284. It is tempting to hypothesise that a certain number of cells, close to 

the ciliary body-IPE junction and demonstrating intense Ki-67 fluorescence would 

correspond to transient amplifying cells (TACs) from which rise new IPE cells. These new 

cells would then move progressively toward the pupil to finally degenerate, as already 

suggested for the human IPE3.  

 

3.10.5 Developmental markers: PAX6 present, SOX2 absent? 
 

3.10.5.1 PAX6 distributed over the IPE length, for what purpose? 

 

PAX6 is a protein playing important functions during development. This transcription 

factor is involved in the RPE proliferation and maturation, the iris development, the 

production of crystalline in the lens, the retinal specification, the development of the 

forebrain, the cerebellum, the pancreatic islets, the lens, the cornea285, 286, 287, 288, 289, 290, 290, 

291. Finely regulated with multiple regulatory sequences at the genetic level, PAX6 is often 

dependant of the form used and the amount present in an area. Its mutations can lead to 

severe pathological phenotypes due to abnormal development, such as the aniridia292, 293. 

So, as PAX6 was present in the IPE, the question of its use was asked (see Figure 3.23). In 

the iris, periocular mesenchymal cells migrate along the iris epithelium and differentiate 

into the iris stroma48. Iris continues to mature during postnatal time and a PAX6 gradient 

appears with high levels observed in non-neuronal cells destined for iris specification294.  
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Developmental studies revealed that PAX6 haploinsufficiency would be the cause of 

aniridia. The inactivation of one of its alleles decreases the size of iris progenitor pool. 

With less progenitor cells, less tissue is generated and delays in formation of subjacent 

tissues appear294, 295. An example of consequent inactivation of PAX6 is the subsequent 

inactivation of BMP4, involved in the IPE polarisation296, 297. Following its inactivation, the 

IPE posterior IPE layer is thinner, the anterior one disorganised and the ciliary bodies 

absent.  

So, in that investigation, PAX6 was found in both human and porcine sections from the 

ciliary body-IPE junction to a point close from the pupil (see Figure 3.23). A potential 

reason for adult IPE cells to use PAX6 at/near the ciliary body–IPE junction could be that 

it participates to the cell proliferation. Moreover, its spread over most of the IPE suggest 

that it could also participate to maintain several IPE functions. Next investigations could 

focus on its specific downstream targets involved in more specialised functions298.  

 

3.10.5.2 Further investigations are required for SOX2 

 

SOX2 is another critical developmental regulator, identified in its mutated form in several 

anophthalmia and microphthalmia cases299. During development, SOX2 is associated with 

the lens formation and the retinal development300, 301, 302. In retinal progenitors, SOX2 

plays the opposite function to PAX6, as ablation of the first drives an immediate 

upregulation of the second in progenitor cells, which transform toward non-neurogenic 

cells. When SOX2 expression is investigated on foetal mouse eye, it is found in the retina 

but not in the RPE, the CBE and the IPE. However, RPE cells exposed in vitro and in vivo to 

SOX2 convert into retinal cells303, 304, 305.  

In regards of the general literature, results from SOX2 investigation were at least 

unexpected (see Figure 7.5). In the limbus, SOX2 associates with ΔN-p63 to help the stem 

cell proliferation and prevent their differentiation229. On a general prospect, stem cells 

maintain SOX2 in the nucleus to interact with heterogeneous nuclear ribonucleoproteins, 

DNA repair proteins and helicases when it is not with other transcription factors such as 

OCT4229, 306, 307, 308. So, a transcription factor present in number in cell cytoplasm of a stem 

cell niche as observed there could reflect a sequestration from nuclei. The SOX2 amino 

acid structure contains indeed a nuclear export signal, which leads to its expulsion from 

the nucleus when that sequence is acetylated309.  
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However, it was impossible to assess specifically this post-translational modification. 

Biologically, if limbal stem cells expulsed SOX2 as showed there, they would differentiate 

without renewing their pool leading to degeneration of the corneal epithelium. No event 

like that from porcine limbii has been physiologically observed so far. So, a straight reason 

would be that the antibody, predicted to work on porcine tissues, did not recognise SOX2. 

Thus, it is necessary to reinvestigate porcine tissues with a new anti-SOX2 antibody. 

 

3.11 In conclusion 
 

In total, the sum of proteins found in the porcine IPE is in accordance with the functions 

described in other mammal species, supporting that it physiologically runs as a 

myoepithelium. The porcine IPE seems not only to be polarised along the anterior – 

posterior axis as demonstrated by the distinct muscular and pigmented compartments. 

Cell homeostasis is probably organised along a peripheral-to-central axis with 

proliferation potentially limited at the IPE periphery, while cells at the centre would 

degenerate and be evacuated by the aqueous humour flux. In that regard, the aim of the 

chapter to distinguish different sections inside the porcine IPE could be considered as 

partly completed. Further investigations using other protein targets would bring more 

values to this postulate.  

Furthermore, some elements associated with stem cells were observed in the ciliary body-

IPE junction. In absence of specific markers so far, next investigations shall focus on such 

generic stem cell-associated proteins. Finally, to understand the rationales behind PAX6 

spread in the adult IPE could complete the understanding of the IPE homeostasis. 
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4 Chapter 4: Porcine IPE cells in neurogenic conditions 

develop specific neuronal proteins 
 

4.1 Overview 
 

As explained in section 1.3.6, neurosphere assays were used in this project with the 

expectation that IPE stem cells would arise from them. In the past, IPE-derived spheres 

have been successfully generated from some animal models including chicken, rat and 

pig201, 202, 310. So, the Kearns group developed a protocol to generate spheres from fresh 

pig eyes (unpublished data). That protocol served as the starting point for following 

investigations using Nunclon Sphera© plates. However, quickly after investigations 

began, the COVID outbreak raised and then resulted in a plastic shortage, limiting the 

access to these plates. 

 

4.2 Aim & objectives of the chapter 
 

The aim of that chapter was to investigate the behaviour of IPE cells placed in generic 

neurospheres conditions. 

The objectives were: 

• To investigate protocols and materials able to generate spheres or aggregates 

• To investigate the way IPE spheres or aggregates form 

• To investigate the epithelial and muscular markers initially found in chapter III 

• To investigate potential cell transformations. 

 

4.3 Development of cell culture processes 
 

As investigations were starting, a systematic microbial contamination arised from the IPE 

cultures. Despite the attempts to clean the hoods, the incubators and the materials used, 

microbial contamination persisted. So, the protocol required updates in first instance.  

Moreover, the COVID outbreak resulted in a plastic shortage, limiting the access to the 

Nunclon Sphera© plates. So, other plates were considered. 
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4.3.1 IPE contamination was resolved by an increased antibiotic 

concentration in the cell culture medium  
 

Based on the Institute in-house protocol, steps were included while some solutions 

changed. The final protocol was the addition of the original one plus all changes 

investigated. Protocols investigated are summarised in Table 4-1. 

Table 4-1: Summary of changes included 

Original 

process 

Condition 1 Condition 2 Condition 3 Condition 4 

In dissection hood 

1. Extra-ocular 

muscles 

removed 

1. Extra-ocular 

muscles 

removed 

1. Extra-ocular 

muscles 

removed 

1. Extra-ocular 

muscles 

removed 

1. Extra-ocular 

muscles 

removed 

2. Separation 

between 

anterior and 

posterior 

chambers 

2. Eyes cleaned 

in PBS 1% P/S/F 

+ PBS 10% 

Iodine + PBS 

2. Eyes cleaned 

in PBS 1% P/S/F 

+ PBS 10% 

Iodine + PBS 

2. Eyes cleaned 

in PBS 2% P/S/F 

+ PBS 10% 

Iodine + PBS 

2. Eyes cleaned 

in PBS 2% P/S/F 

+ PBS 10% 

Iodine + PBS 

3. Anterior 

chamber placed 

in PBS 

3. Separation 

between 

anterior and 

posterior 

chambers 

3. Separation 

between 

anterior and 

posterior 

chambers 

3. Separation 

between 

anterior and 

posterior 

chambers 

3. Separation 

between 

anterior and 

posterior 

chambers 

4. Iris detached 

from sclera and 

separated from 

surrounding 

epithelia 

4. Anterior 

chamber placed 

in PBS  

4. Anterior 

chamber placed 

in PBS  

4. Anterior 

chamber placed 

in PBS  

4. Anterior 

chamber placed 

in PBS  

5. Iris placed in 

DMEM-F12 20% 

FBS 1% P/S/F 

until all eyes are 

processed  

5. Iris detached 

from sclera and 

separated from 

surrounding 

epithelia 

5. Iris detached 

from sclera and 

separated from 

surrounding 

epithelia 

5. Iris detached 

from sclera and 

separated from 

surrounding 

epithelia 

5. Iris detached 

from sclera and 

separated from 

surrounding 

epithelia 

6. Incubation in 

TryplE for 40 

min at 37⁰C 

6. Iris placed in 

DMEM-F12 20% 

FBS 1% P/S/F 

until all eyes are 

processed  

6. Iris placed in 

DMEM-F12 20% 

FBS 1% P/S/F 

until all eyes are 

processed  

6. Iris placed in 

DMEM-F12 20% 

FBS 1% P/S/F 

until all eyes are 

processed  

6. Iris placed in 

DMEM-F12 20% 

FBS 1% P/S/F 

until all eyes are 

processed  
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7. Tissues placed 

back into 

DMEM-F12 20% 

FBS 1% P/S/F 

7. Incubation in 

TryplE for 40 

min at 37⁰C 

7. Incubation in 

TryplE for 40 

min at 37⁰C 

7. Incubation in 

TryplE for 40 

min at 37⁰C 

7. Incubation in 

TryplE for 40 

min at 37⁰C 

8. IPE separated 

from the stroma 

8. Tissues placed 

back into 

DMEM-F12 20% 

FBS 1% P/S/F 

8. Tissues placed 

back into 

DMEM-F12 20% 

FBS 1% P/S/F 

8. Tissues placed 

back into 

DMEM-F12 20% 

FBS 1% P/S/F 

8. Tissues placed 

back into 

DMEM-F12 20% 

FBS 1% P/S/F 

9. IPE’s 

suspension 

transfered in 

sterile PBS and 

centrifuged 

9. IPE separated 

from the stroma 

9. IPE separated 

from the stroma 

9. IPE separated 

from the stroma 

9. IPE separated 

from the stroma 

In safety cabinet type 2 

10. IPE’s pellet 

resuspended 

and seeded in 

DMEM-F12 10% 

FBS 1% P/S/F 

10. IPE’s 

suspension 

transfered in 

sterile PBS and 

centrifuged 

10. IPE’s 

suspension 

transfered in 

sterile PBS 1% 

P/S/F for 10-15 

min 

10. IPE’s 

suspension 

transfered in 

sterile PBS 2% 

P/S/F for 10-15 

min 

10. IPE’s 

suspension 

transfered in 

sterile PBS 2% 

P/S/F for 10-15 

min 

 11. IPE’s pellet 

resuspended 

and seeded in 

DMEM-F12 10% 

FBS 1% P/S/F 

11. IPE’s pellet 

resuspended 

and seeded in 

DMEM-F12 10% 

FBS 1% P/S/F 

11. IPE’s pellet 

resuspended 

and seeded in 

DMEM-F12 10% 

FBS 1% P/S/F 

11. IPE’s pellet 

resuspended 

and seeded in 

DMEM-F12 10% 

FBS 2% P/S/F 

 

In IPE cultures cultivated by the original process (see Table 4-1), cells originated from black 

aggregates (see Figure 4.1-A). Over one week, their number grew to pass 100,000 cells 

for most samples (see Figure 4.1-C). Morphologies were filiforms or cuboidal. The high 

content of melanin facilitates the distinction of cells and their nuclei. When contaminated, 

IPE cells look degenerated or atrophied, with a lower cell number and the presence of an 

opaque suspension in the medium (see Figure 4.1-A). 

So, the first change was the cleaning of eye cups after extra-ocular muscles removal (see 

Table 4-1 – Condition 1), with the aim to destroy the microbial load before opening the 

eye cups. Eyes were placed into three PBS solutions containing 1% P/S/F, 10% povidone 

iodine and PBS only respectively. Each step lasted 2 minutes. Still, contamination was 

visible at day 6 (see Figure 4.1-B).  

So, the next change was a cleaning of IPE cell suspensions prior to the cell seeding (see 

Table 4-1– Condition 2). IPE suspensions were incubated for 10-15 min in a PBS 1% P/S/F 
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solution in a 15 ml Falcon© tube with movements to maximise microbe destruction and 

prevent cell suspensions to form a pellet with microbes inside. Tubes were then 

centrifuged, pellets resuspended and cell seeded. Once more, contamination was visible 

at day 3 and no growth was observed (see Figure 4.1-B). 

So, antibiotic concentration was increased. Eye cups were cleaned in a PBS 2% P/S/F 

solution prior to the PBS 10% povidone iodine solution and the PBS cleaning, and IPE cell 

suspensions were incubated in PBS 2% P/S/F prior to cell seeding (see Table 4-1– 

Condition 3). Still, contamination was visible and cell attachment did not occur for most 

IPE samples processed (see Figure 4.1-B).  

Thus, it was accepted that the microbial load would remain over the cell process. On the 

top of all previous changes, the antibiotic concentration in media was increased to 2% 

over the entire cell process (see Table 4-1– Condition 4). No more contaminations were 

observed in IPE culture but cell number counted at day 8 reduced instead (see Figure 4.1-

B & -C).  

 

Figure 4.1: Representative images of primary porcine IPE cells in culture after extraction. 
A. IPE cultures grown by the original process prior to the contamination (= control) and 



134 
 

after it (= contaminated). Pictures show IPE cells 3 and 6 days after their extractions. Scale 
bars = 100 μm. B. IPE cells grown by the conditions exposed in table 18. Pictures show IPE 
cells 3 and 6 days after their extractions.  Scale bars = 100 μm. C. Cell number measured 
at day 8. 18 porcine IPE culture were grown with antibiotics at 1% and 18 with antibiotics 
at 2%. Statistical analysis used an unpaired T-test with Welch’s corrections. No significant 
differences were observed at P value <0.05. 

 

4.3.2 IPE-derived aggregates formed and remained suspended only on 

Nunclon sphere plates 
 

To compensate the lack of low adhesive Nunclon Sphera plates, two alternative plates 

were assessed: 1. Greiner suspension plates with a hydrophobic surface expected to keep 

cells in suspension; 2. Facellilate Bioflat plates with an U-shape and a repellent coating for 

cells.  

The comparison revealed the Nunclon sphera plates to be the most efficient to generate 

and maintain the spheres in suspension. In Facellitate Bioflat plates, no spheres were 

observed over the process. Cells were supposedly forced to aggregate due to the well U-

shape and the chemical compound supposed to repel the cells from the plastic. Instead, 

IPE cells were gathering in the bottom forming a layer (see Figure 4.2-B). Over time, the 

layer increased in density. When the layer was pipetted to observe potential spheres, it 

was disrupted. So, neither cells adhered to the well, nor they formed spheres.  

The Greiner suspension 24 wells plates were used for some time as a replacement 

solution thanks to a gift from Prof. Heather Allison. As expected, spheres were quickly 

observed after 2 days of culture in suspended conditions (see Figure 4.2-C). However, it 

also quickly appeared that a consequent number of them attached to the bottom with 

cells spreading out of the sphere. Over one week of culture, most of the spheres 

generated had adhered (see Figure 4.2-G).  

So, the Nunclon Sphera plates were not only better at generating aggregates (see Figure 

4.2-E), they were also the only one able to maintain them in suspension. It was commonly 

observed that some spheres formed by a slow aggregation process, initial cells binding to 

each other before aggregating to other cell spheres. That resulted in a low number but 

tall cell spheres over 8 days of culture (see Figure 4.2-D & -F). Several small spheres were 

also present in the end of the process.  

Thus, despite the shortage, it was clear that further investigations would require Nunclon 

Sphera 24 wells plates. The issues with adhesion to Greiner suspension 24 wells plates 
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was not remedied despite extensive pipetting of the cell “suspension”, not sufficient. 

Perhaps the use of a rolling machine in the incubator could have prevented attachment 

but it was not possible to implement it due to the lab settings. As no IPE spheres were 

observed on all Facellitate Bioflat 96 wells plates used, those ones were not used in 

further investigations.  
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Figure 4.2: Plates efficiencies to generate aggregates from porcine IPE cells. A. IPE cells 
on adherent plates at day 8. Scale bars = 100 μm. B. IPE cells on Facellitate Bioflat plate 
over 6 days of culture. Scale bars = 100 μm. C. IPE aggregates on Greiner suspension plates 
over 8 days of culture. Scale bars = 100 μm. D. IPE aggregates on Nunclon Sphera plates 
over 8 days of culture. Scale bars = 100 μm. E. IPE aggregates numbers at day 4. Statistics 
were done by an unpaired T-test with Welch’s corrections. No significant differences were 
observed. F. IPE aggregate size at day 4 and day 8 on Greiner and Nunclon Sphera plates. 
Statistical analysis was performed using a one-way ANOVA-based Kruskal Wallis test. No 
significant differences between the medians were observed (P-value <0.05). G. IPE 
aggregates suspended or attached to the Greiner plates at day 4 and day 8. Statistics were 
done using a one-way ANOVA-based Kruskal-Wallis test. Significant differences were 
observed at P-value <0.0001.  

 

4.4 IPE spheres result from the aggregation of original cells 
 

The lack of specific IPE stem cell markers prevented cell selection upstream of the culture 

process. Moreover, previous investigations on plate selection showed that spheres 

passed from the state of a single cell-based element to a massive sphere over 8 days. So, 

CFSE and DiD-DiI spread were investigated in IPE spheres. These dies allow to distinguish 

between a cell aggregate and a sphere generated from cell proliferation (see Figure 4.3). 
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Figure 4.3: Representative scheme of CFSE and Di-dies used. A. CFSE-labelled cells could 
form aggregates. By doing so, they retain the initial CFSE in their cytoplasm190. Or they 
could proliferate and subsequently diluted the original CFSE between the different new 
generated cells311. B. DiD- & DiI-labelled cells could either proliferate in a clonal manner. 
By doing so, they would be coloured by a single dye312. Or they would result from 
aggregation, at least partly. Subsequently, they would be coloured by both DiD and DiI 
dyes. 

 

4.4.1 CFSE-labelled spheres demonstrated heterogeneous cell 

proliferation over eight days 
 

On images, CFSE is present over sections with various distributions (see Figure 4.4-A). The 

CFSE intensity suggested that IPE cells proliferated, but probably not all of them. Intense 

fluorescence areas were indeed observed in core and periphery regions, while lower 

fluorescence areas were present in intermediate regions. In parallel, DAPI labelled more 

cells at the periphery than in the center. So, these results suggest that: 1. proliferation 

occurred in IPE aggregates in a similar fashion between the different sections assessed; 2. 

the CFSE intensities being low in intermediate region, proliferation could have run at its 
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highest rate in that region. To note, some holes were also present where no DAPI or CFSE 

were observed, probably resulting from the cryosectioning.  

Statistical analysis of green pixel numbers per green intensity (see from Figure 4.4-B to -

G) supports the previous analysis. Few regions only demonstrated a high CFSE intensity, 

so those cells conserved a high CFSE content and probably did not proliferate, or slowly 

compared to their counterpart. Oppositely, the large number of green pixels with low 

green intensity suggests that a significant number of cell proliferated.  

It is possible that the proliferation activity for each cells was intrinsically low with on the 

other side a major proportion of cells having proliferated. The opposite reaction would 

have indeed generated aggregates with mostly a low CFSE content, meaning a low green 

intensity. Plus dense DAPI regions.  

In an attempt to assess if cells proliferated in specific areas only, FICC for Ki67 and PCNA 

were run (see Figure 4.5). The S phase marker PCNA was present through the section with 

various densities. Some regions demonstrated a high content of labelled nuclei while 

other remained unlabelled. Ki67 mitosis marker confirmed that observation, with marks 

spread in regions where PCNA was detected. Where PCNA was not observed, Ki67 was 

absent as well.  

Taking together, these results suggest that IPE cells were able to proliferate, probably at 

a low rate. Some cells in the core probably did not proliferated as demonstrated by their 

high CFSE content and the absence of PCNA and Ki67. In total, these results underlined 

that spheres were not generated from homogeneous clonal proliferation but, in line with 

previous observations, from progressive cell aggregation.  
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Figure 4.4: Representative images of CFSE-labelled porcine IPE spheres grown for eight 

days. CFSE intensity is heterogeneous depending the aggregate area: high in some cores 

areas and in periphery; low in between. A. Fluorescent pictures of three CFSE-labelled IPE 

spheres. Sections were counterstained for DAPI. DAPI is in blue, CFSE in green. Scale bars 

= 100 μm. B-G. Fluorescence intensity measured on five CFSE-labelled sections. Means 

and standard deviations per pixel value were obtained from the five sections investigated. 

Images showed in A. are labelled on top of the graphs. 

 

 

Figure 4.5: Fluorescent images of IPE aggregates labelled with anti-PCNA and anti-Ki67 
antibodies.  PCNA and Ki67 were found in similar locations. DAPI is in blue, PCNA in green 
and Ki67 in purple. Small SB = 100 μm, tall Scale bars = 50 μm. 

 

4.4.2 DiD and DiI were mixed in spheres demonstrating an aggregation 

process rather than a proliferation one 
 

Over the seven sections investigated for both dyes, controls not included, all of them 

demonstrated presence of DiD and DiI (see Figure 4.6-B). Dyes were mixed over all the 

sections. No area distinguished itself by the presence of a single colour. Some areas 

distinguished themselves by a lower die-based fluorescence intensity coupled with a 

higher one in DAPI. Cell density marked in these regions was higher as well, pointing that 
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proliferation diluted the dyes. So, aggregate cores demonstrating brighter fluorescence 

for both dyes did not proliferate, or at a lower rate than their counterparts.  

Thus, in line with the data from the previous section (see section 4.4.1), aggregation was 

detected instead of clonal proliferation.  

 

 

Figure 4.6: Representative images of DiD- and DiI-labelled porcine IPE spheres grown 
for 8 days. A. Fluorescent pictures of control aggregates labelled with DiD or DiI only. 
Sections were counter-stained for DAPI. DAPI is in blue, DiI in orange and DiD in red. Scale 
bars = 100 μm. B. Fluorescent pictures of sections labelled for both dies. Both dies were 
found spread over the aggregates. Sections were counter-stained for DAPI. DAPI is in blue, 
DiI in orange and DiD in red. Scale bars = 100 μm.  
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4.5 Epithelial and muscular features found in the tissue are conserved in 

the spheres 
 

4.5.1 A-smooth actin is ubiquitously expressed by adherent cells and 

remained at the aggregate surface 
 

In the tissue, α-SMA was detected in the IPE anterior part where it enters in contact with 

the posterior side of the iris stroma. A-SMA was present over the length of the tissue, 

from the ciliary bodies to the pupil (see Figure 3.12). So, a large cell population could be 

expected to produce α-smooth actin in vitro. 

First, aRPE19 cells were used here as a negative control for mesenchymal proteins (see 

Figure 4.7-A). Despite the short culture time, some cells produced α-SMA and so 

underwent epithelial-mesenchymal transition. This phenomenon was already observed in 

aRPE-19 cell line313, 314. So, its use as a negative control for mesenchymal-based 

assessment would be reconsidered in later investigations.  

In IPE adherent cells, α-SMA was strongly labelled over most of cells observed (see Figure 

4.7-B). A-SMA-based stress fibres could be distinguished clearly in all cells. Cell 

morphology had the features of mesenchymal cells. No region without α-SMA were 

observed.   

In IPE aggregates, α-SMA was detected at the sphere surface where the strongest 

fluorescence could be observed (see Figure 4.7-C). The core demonstrated positive 

staining as well with a lower intensity. It is possible that a part of that fluorescence there 

was due to the background. The IgG control demonstrated indeed a low but persistent 

background on the green channel in the core. Thus, α-SMA was properly labelled in both 

adherent IPE cells and in aggregates.  
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Figure 4.7: Representative images of α-smooth actin-labelled aRPE-19 cells, adherent 
IPE cells and IPE aggregates. A-SMA (= yellow arrows) was found in aRPE19 cells, IPE 
adherent cells and IPE aggregates. A. ARPE-19 cells negative control. B. IPE adherent cells. 
C. IPE aggregates. A-SMA is in green, DAPI in blue. Scale bars = 50 μm.  
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4.5.2 Desmin was observed in both adherent cells and spheres at a lower 

rate 
 

In the porcine iris, desmin works for the dilator muscle. Its distribution arises from the 

ciliary body – IPE junction and finishes before the pupil (see Figure 3.2). In this 

investigation, it was hypothesised that desmin would diminish in adherent culture and 

would be absent in the suspended one. Firstly, the lack of muscle activity may favour a 

reduction of its expression. Secondly, myoblasts and desmin-expressing cells require 

specific media to produce desmin315, 316 that were not used in this study.  

ARPE-19 cells were found to not produce desmin as expected (see Figure 4.8-A). ARPE-19 

derived indeed from a 19 years old human retinal pigmented epithelial cell extraction204, 

and so never experienced muscles activities. IPE adherent cells showed few cases only of 

desmin-positive staining (see Figure 4.8-B). The labelled proteins were sparse and no 

fibres could be observed, the opposite of what was observed in the tissue. It is possible 

that the proteins observed there could be remnants of the tissue. Finally, IPE aggregates 

demonstrated desmin-positive staining at their surface, in the same manner than DAPI 

(see Figure 4.8-C). No background was observed on the IgG control. Thus, desmin was 

present in both stage of the cell process and as expected, the detected content was low. 
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Figure 4.8: Representative images of desmin in aRPE19 cells, adherent IPE ones and IPE 

aggregates. Desmin (= yellow arrows) was found in some IPE adherent cells and in IPE 

aggregates in its periphery. A. ARPE-19 cells. B. IPE adherent cells. C. IPE aggregates. 

Desmin is in green, DAPI in blue. Scale bars = 50 μm.  

 

4.5.3 Vimentin and nestin are major cytoskeletal proteins in both IPE 

adherent cells and IPE aggregates 
 

In the previous chapter, vimentin was detected only by WB, despite several attempts to 

label it by FIHC (see Figure 3.6 & Figure 3.7). So, its distribution remained unknown. On 

the human positive control used, vimentin was present through the IPE length from the 

ciliary bodies to the pupil. So, it is probable that vimentin distributed also in all porcine 

IPE cells. Thus, vimentin was expected to be found in IPE adherent cells and aggregates. 

Oppositely, nestin was found only in rare places near the ciliary bodies – IPE junction (see 

Figure 3.11). So, nestin content from IPE cells in vitro was expected to be similarly low or 

even absent.  

As a result, vimentin was expressed by all IPE cells observed after 8 days in culture (see 

Figure 4.9-A). The pattern of vimentin distribution was characteristic of mesenchymal 

cells. Vimentin was found through the whole body of IPE aggregate as well (see Figure 

4.9-B). These data confirmed vimentin as a major cytoskeletal element of porcine IPE cells.  
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Oppositely, the presence of nestin over all IPE cells was unexpected (see Figure 4.9-A). In 

accordance with its natural heavy weight, preventing it to form filaments by its own214, 

nestin was found colocalising with vimentin. Nestin was also highly present in IPE 

aggregates (see Figure 4.9-B). Repeated investigations revealed that nestin commonly 

appeared in adherent IPE cells and in IPE aggregates. Thus, nestin could be intrinsically 

linked to the IPE on the side of vimentin. 

 

 

Figure 4.9: Representative images of nestin & vimentin-labelled IPE cells and IPE 
aggregates. Nestin (= green arrows) and vimentin (= red arrows) were found in all sample 
types. Green and red arrows are also placed in locations where both proteins were closely 
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labelled, giving a yellowish colour when plans were merged. A. IPE adherent cells. B. IPE 
aggregates. Nestin is in green, Vimentin in red, DAPI in blue. Scale bars = 100 μm. 

 

4.6 Do IPE spheres revert their phenotype in culture? 
 

To evaluate the cell behaviour requires quantitative techniques demonstrating increases, 

decreases and absence of the markers. WB have already been processed on porcine IPE 

samples (see Figure 3.7-B). However, proteins amounts are important for the sake of 

consistent results. Manufacturers recommend to load a minimal protein amount of 20 μg 

per well prior to perform the electrophoresis. However, IPE aggregates-based protein 

extracts showed really low protein contents (see Table 4-2), which made the loading 

technically challenging: right amount impossible to load; limited samples; inability to 

repeat the experiment. It would have generated tremendous cost and time in cell culture 

and materials to solve these issues. It was therefore decided to evaluate cell behaviour by 

retro-transcription quantitative PCR (RT-qPCR). All transcripts proved to work on one or 

more porcine sample are summarised in the Table 2-6. 

Table 4-2: Summary of IPE spheres-based protein samples 

IPE sample IPE spheres 

sample VIII 

IPE spheres 

sample IX  

Total cell number prior to 

seeding 

1,394,100 492,000 

Time point Day 8 Day 8 

Protein amount (in μg/ml) 107.6 132 

Final volume (in μl) 100 100 

 

 

4.6.1 IPE aggregates reduced over time the expression of the transcripts 

of interest 
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Figure 4.10: qPCR analysis of the various transcripts of 
interest in IPE cells and spheres. A. Reference transcripts 
were compared for their Cq values between adherent cells 
(A. day 8) and IPE aggregates (S. day 8). Four samples per 
conditions with three replicate per sample were used and 
plotted together. No significant differences were observed 
between conditions for each reference transcript (p < 
0.05). B. Genes expression of adherent cells (A. day 8) and 
aggregates (S. day 2, day 4 and day 8). Three samples were 
used for the first and second time points, 4 for the two last 
ones. Cq mean was obtained from 3 replicates from each 
sample and plotted against TBP. Y-axis represent the 
subsequent 2-ΔCt, X-axis represent the time points at which 
RNA was extracted. Statistics were done with a Welch’s 

ANOVA test (p < 0.05). C. TBP expression over the four times points described in B. Cq 
mean was obtained from 3 replicates from each sample. Y-axis represent Cq means. No 
significant differences were observed between the time points (p < 0.05). 

 

4.6.1.1 TBP expression is the most stable of the reference transcripts  

 

Once transcripts were validated, optimised when required (see Table 2-6), second 

assessment analysed the reference transcript varying the less between adherent and 

suspended cultures. So, HPRT1, TBP and UBC were assessed for two time points: after 8 

days of adherent culture and after 8 days of suspended culture. As a result, the TBP 

transcripts demonstrated the closest Cq values between the two cultures (see Figure 

4.10-A). HPRT1 demonstrated the lowest Cq values but increased variabilities in samples 

from suspended cultures. UBC demonstrated close Cq values higher than TBP and a larger 

variability. Thus, TBP was selected for being closely expressed by IPE cells in adherent 

culture and in suspended one plus for its low variability between the different samples. 

To evaluate IPE behaviour over the culture, four time points were set up: 1. adherent 

culture day 8; 2. suspended culture day 2; 3. suspended culture day 4; 4. suspended 

culture day 8. To note, Cq values of the TBP reference transcript measured over these four 

time points were close enough to allow such measurements (see Figure 4.10-C). 

 

4.6.1.2 WNT2B expression decreases while β-catenin increases, then 

decreases  

 

Β-catenin and WNT2B were measured due to previous investigations associating IPE cell 

transformation with the WNT/β-catenin canonical pathway317. Moreover, both markers 
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participate to the regulation of MITF, OTX1 and OTX2, crucial players in the RPE 

maturation-pigmentation318, 319. So, it was expected to observe an increased expression 

of these markers with a potential stabilisation in the end of the process. The reading of 

such result would be that aggregates participate to a reconversion/transformation toward 

a potential RPE-IPE progenitor phenotype. 

An increase expression of β-catenin was indeed observed at day 2, followed by a large 

reduction (see Figure 4.10-B). In the end of the two cultures used, β-catenin expression 

was similar. Surprisingly, WNT2B expression dropped off significantly after the adherent 

culture, instead of increasing as originally hypothesised.  Following expressions detected 

remained very low over for the rest of the process. These results suggest that these genes 

were used in different manners in IPE cells in suspension. The high expression of WNT2B 

asks the question of its uses by adherent IPE cells. 

 

4.6.1.3 C-Myc and GNL3 followed β-catenin 

 

To assess potential cell transformations, C-Myc and GNL3/nucleostemin were selected 

(see Figure 4.10-B). Their evolution followed the same trend as β-catenin, with their 

expressions increasing early and decreasing for the rest of the process. Their expressions 

in spheres at day 8 were lower than the ones observed in adherent cells. These results 

suggest that IPE cells in suspension could have transformed over a really short time, or 

have adapted to their environment quickly, and so these factors were not required 

anymore.  

 

4.6.1.4 Nestin increased, SOX2 decreased 

 

Nestin and SOX2 were investigated in regards of their potential neurogenic facilities320. 

Found in neuronal stem cells, they were investigated here to assess a potential 

transformation toward a neuronal phenotype.  

Nestin was already found in adherent IPE cells and in IPE aggregates colocalising with 

vimentin on a broad scale (see Figure 3.10-B). So, the evolution of its expression in 

suspended culture was observed on the side of SOX2, expected to increase to support the 

reconversion of a subpopulation with neuronal facilities as already found in past 

investigations201.  
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What resulted was an increased expression of nestin in early suspended culture followed 

by a stabilisation (see Figure 4.10-B). A longer culture time could have revealed some 

changes still in regard of the higher variability observed in the end of the culture. SOX2 on 

the other side demonstrated a continuous decrease over the process. To note, it was 

expressed in adherent cells. These results taken together suggest that nestin could have 

been needed more to adapt cytoskeletons to suspended culture than to assist a 

transformation toward a neuronal phenotype due to SOX2 decreasing. 

 

4.6.1.5 PAX6 rises then falls, MITF drops off, OTX1 stabilises then falls 

 

PAX6 was expected to play a part in the cell processes that occurred over the suspended 

culture. Similar to WNT2B and β-catenin, an increased expression could suggest that cells 

underdo transformation toward a RPE-IPE progenitor phenotype. 

During development, MITF and OTX1 activate tyrosinase, TYRP-1 and TYRP-2 in the RPE 

after that both retina and RPE have differentiated from each other321. So, it was expected 

that IPE aggregates stably express or decrease MITF – OTX1 expression. In line with the 

idea that cells would transform into a RPE-IPE progenitor cell, such results would 

demonstrate such dedifferentiation. On the opposite, increased expression of MITF – 

OTX1 would rather suggest that cells differentiate, maybe into “In vitro IPE cells”.  

So, IPE aggregates demonstrated reduced expression of MITF and OTX1 in early and mid-

culture time respectively (see Figure 4.10-B). PAX6 expression on the other hand 

increased then decreased continuously passed the day 2 time point, in a similar manner 

with β-catenin, C-Myc and GNL3.  

These results show first that MITF - OTX1 were present in IPE adherent cells rising the 

possibility that IPE cells could also produce melanin in vitro. By extrapolation, they were 

not dedifferentiated. Second, MITF reduction in aggregates demonstrated that changes 

happened after the transfer, confirmed by the later decrease of OTX1. Third, PAX6 

increased. So, potential reconversion toward other phenotypes associated with PAX6 

could be activated. The following decrease suggests that either a certain pool of PAX6 was 

reached in IPE aggregates, or that another process took over control of cell fate decisions.  
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4.6.2 IPE cells and aggregates demonstrated presence of developmental 

markers and neural-associated ones 
 

The impact of the cell transfer from an adherent culture to a suspended one 

demonstrated important changes in IPE expression. It is possible that cell transformation 

has occurred regarding the important expression of GNL3 and C-Myc. The reduction of 

SOX2 would suggest that if such a transformation has started, the neurogenic fate might 

not be prioritised. Moreover, the reduction of MITF and OTX1 might suggest that IPE 

aggregates have not differentiated more into pigmented epithelial cells. In an attempt to 

complete the “IPE aggregates picture” with the actors present in the IPE aggregates, FICC 

were run. 

To assess if neuronal development occurred in cells and aggregates, Nestin, SOX2 and βIII-

tubulin were investigated. To assess the opposite epithelial development, PAX6 was used. 

GNL3 was used to mark a potential transformation.  
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Figure 4.11: Representative images of IPE adherent cells and aggregates labelled for 
GNL3, PAX6, SOX2, vimentin, βIII-tubulin & nestin. A. Adherent IPE cells. Cells were 
labelled for the following combinations: GNL3 – phalloidin; PAX6 – vimentin; SOX2 – 
vimentin. Green arrows indicate structures labelled for GNL3, PAX6 and SOX2.Cells were 
counter-stained for DAPI. DAPI is in blue, IgG R, GNL3, PAX & SOX2 are in green, phalloidin 
in yellow, and IgG 1 M and vimentin in purple. Small scale bars = 100 μm, tall scale bars = 
50 μm. B. IPE aggregates. Sections were labelled for the following combinations: GNL3 – 
vimentin; PAX6 – vimentin; SOX2 – vimentin; ΒIII-tubulin – nestin. Green arrows indicate 
structures labelled for GNL3, PAX6, SOX2 and βIII-tubulin. Sections were counterstained 
with DAPI. IgG R, GNL3, PAX6, SOX2 and βIII-tubulin are in green, IgG 1 M, vimentin and 
nestin are in purple. Small scale bars = 100 μm, tall scale bars = 50 μm. 

 

4.6.2.1 GNL3 present in both adherent cells and aggregates, in both 

cytoplasms and nuclei 

 

Adherent cells contained GNL3, which localised mainly into nuclei (see Figure 4.11-A) and 

perhaps in the cytoplasm, a low background being persistent in both the IgG control and 

the GNL3 samples investigated. GNL3 was also present in aggregates. Some nuclei 

demonstrated an important content in the periphery and several proteins were also 

labelled in cytoplasm (see Figure 4.11-B). 

 

4.6.2.2 PAX6 demonstrated a similar distribution to GNL3 

 

PAX6 was present in adherent cells (see Figure 4.11-A). The fluorescence demonstrated 

presence in nuclei and took a dot form in cytoplasms. Oppositely, IPE aggregates 

demonstrated an important fluorescence, probably in and around nuclei (see Figure 4.11-

B). To note, all pictures of PAX6-labelled aggregates showed desynchronization between 

the channels. Despite different approaches, it was not possible to fix that issue, which 

affected other images as well.  

It was important at that point to assess a technical issue specific of FICC on aggregates. 

Indeed, spheres and aggregates subjected to FICC are known to show a fluorescence halo 
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in their periphery during imaging, and that independently of the antibodies. So, some 

sections were subjected to pan-cytokeratin-based labelling known to be negative on IPE 

cells (see Figure 7.6). Results demonstrated that no halo was observed in aggregates but 

a background instead at low intensity as also observed in IPE adherent cells.  

 

4.6.2.3 SOX2 was labelled, in adherent cells and in spheres 

 

As the qPCR revealed a continuous decrease of SOX2 in suspended culture, it was 

expected to observe it in adherent cells and maybe label a small number of cells in 

aggregates.  

Quite the opposite happened. Firstly, IPE adherent cells demonstrated SOX2 in most of 

IPE cells observed (see Figure 4.11-A). The observed proteins localised in both nuclei and 

cytoplasm taking either a dot shape either an aggregate-like one. Secondly, aggregates 

demonstrated a bright and condensed SOX2 content (see Figure 4.11-B). SOX2 was 

labelled in both nuclei and cytoplasm and demonstrated a large spread over the 

aggregates. It is possible that cells conserved a pool of SOX2 from the adherent culture 

and potentially increased that pool early in suspension.  

 

4.6.2.4 BIII-tubulin appeared in spheres 

 

The increased SOX2 also raised a hypothetic neuronal transformation to assess. To 

analyse that, βIII-tubulin was assessed on IPE aggregates with nestin (see Figure 4.11-B).  

BIII-tubulin was found in a limited number of cells on the contrary of nestin. However, 

when βIII-tubulin was present, both proteins colocalised and surrounded nuclei. Whether 

these two proteins interacted between themselves was not investigated. So, it is possible 

that some cells in IPE aggregates had completed early neuronal transformation. 

Reproduction of that investigation confirmed the presence of βIII-tubulin from IPE 

aggregates more than once but not necessarily from whole aggregates. To note, these 

specific regions were low in melanin.  

Thus, these results demonstrate that one group of cells in the porcine IPE has also 

neurogenic transformation potentials. 
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4.6.3 IPE aggregates conserve markers in suspension found in adherent 

ones 
 

To complete observations from aggregates, N-cadherin, Tyrosinase and SNAIL/SLUG were 

assessed on both adherent cells and spheres.  
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Figure 4.12: Representative images of IPE adherent cells and aggregates labelled for N-
cadherin, tyrosinase, SNAIL/Slug and vimentin. A. ARPE 19 cells used as positive controls 
for N-cadherin and SNAIL. B. IPE adherent cells. Cells were labelled for the following 
combinations: N-cadherin – vimentin; tyrosinase – vimentin; SNAIL/SLUG –vimentin. 
Green arrows indicate N-cadherin, tyrosinase or SNAIL/SLUG.Sections were 
counterstained for DAPI. Small scale bars = 100 μm, tall scale bars = 50 μm. C. IPE 
aggregates. Cells were labelled for the following combinations: N-cadherin – vimentin; 
tyrosinase – vimentin; SNAIL/SLUG –vimentin. Green arrows indicate N-cadherin, 
tyrosinase or SNAIL/SLUG. Sections were counterstained for DAPI. Small scale bars = 100 
μm, tall scale bars = 50 μm.  

 

4.6.3.1 N-cadherin was used by adherent cells and aggregates 

 

N-cadherin was already found in the IPE tissue (see Figure 3.17) in both layers on 

pigmented sections. So, its presence was expected in adherent cells plus aggregates.  

So, adherent cells were labelled (see Figure 4.12-B). The stained pattern did not resemble 

that expected of epithelial cells as observed in the ARPE19 control (see Figure 4.12-A). 

Instead, staining was dispersed, going along some vimentin fibres or where cells 

overlapped each other. Some were also observed colocalising with cell nuclei in both 

aRPE19 and adherent cells. Either it represents hemi-desmosomes below nuclei for 

aRPE19 cells, and hemi-desmosomes/desmosomes for IPE adherent ones. Or, N-cadherin 

was translocated into nuclei, as observed in aggregates (see Figure 4.12-C). Pattern 

observed there took a dot-like form in cytoplasms and in nuclei where it seemed to 

concentrate in.  

Thus, N-cadherin distribution in adherent cells and aggregates was unexpected and could 

demonstrate a function from N-cadherin not anticipated in that investigation 

 

4.6.3.2 Tyrosinase clustered in adherent cells and distributed everywhere 

in aggregates  

 

MITF activates tyrosinase expression over ocular pigmented epithelium development to 

synthetize melanin318. So, the question of melanin synthesis over the culture was asked. 

Tyrosinase was expected to be absent or low in suspended culture compared with the 

adherent cells in regard of the PCR results.  

Adherent cells demonstrated tyrosinase staining, in the form of clusters, not far away 

from the nuclei (see Figure 4.12-B). The observed distribution seemed to be low in 
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quantity. On aggregates, tyrosinase was homogenously distributed in all cells (see Figure 

4.12-C). In a different fashion than the adherent cells, tyrosinase did not formed clusters 

there.  

So, tyrosinase alone is not enough to state about the melanin production. However, its 

presence suggests that it was for IPE cells to synthetise melanin. 

 

4.6.3.3 SNAIL and SLUG were present in all cultures 

 

SNAIL/SLUG play important functions during EMT, favour mesenchymal phenotypes by 

repressing epithelial functions and markers, and associate with vimentin322. So, presence 

of SNAIL/SLUG in both adherent IPE and IPE aggregates was expected due to vimentin 

systematic presence and potential transformations induced by the suspended culture.  

As a result, SNAIL/SLUG were present in adherent cells with clusters detected in several 

nuclei and dots distributed over cytoplasms (see Figure 4.12-B). In aggregates, 

SNAIL/SLUG were observed through their whole bodies (see Figure 4.12-C). In the same 

way than the adherent cells, clusters were observed in nuclei, while multiple dots were 

observed in cytoplasm.  

Thus, the large presence of SNAIL/SLUG over aggregates confirmed that cells conserved 

EMT-associated transformation factors in neurogenic suspended culture. 

 

4.7 Discussion 
 

The aim of that chapter was to investigate the behaviour of IPE cells placed in generic 

neurospheres conditions. 

The objectives were: 

• To investigate protocols and materials able to generate spheres or aggregates; 

• To investigate the way IPE spheres or aggregates form; 

• To investigate the epithelial and muscular markers initially found in chapter I; 

• To investigate potential cell transformations. 
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4.7.1 The origin of the contamination remained unknown 
 

Systematic fungal contamination was resolved by increasing the antibiotics and 

amphotericin B to 2% in cell media (see Figure 4.1). Consequently, a lower cell number 

was observed. That was in accordance with previous investigations stating that antibiotics 

could impact cell proliferation, metabolism, DNA synthesis, cell differentiation, etc321, 323, 

324. Other potential effects on IPE cells were not investigated.  

Following these efforts, a try to reduce the antibiotic concentration from 2 to 1% resulted 

negatively. No clues indicated if the contamination came from the safety cabinet, the 

pipet and pipetboy, the sterilised tips, the plates or was already present in the cell culture 

upstream. Thus, despite the potential negative effects described in the previous 

paragraph, all subsequent cell processes included a cell medium with antibiotics at 2%. 

 

4.7.2 IPE cells in suspension generated aggregates 
 

CFSE investigations demonstrated that various proliferation activities were generated 

over the process. As explained earlier (see Figure 4.3), a homogenous CFSE distribution 

among aggregates would have demonstrated a clonal proliferation. Mother cells would 

have proliferated at similar rates and distributed similar levels of CFSE in daughter cells325.  

What happened instead was various distributions of CFSE (see Figure 4.4-A to -F). Some 

regions demonstrated high CFSE content, other intermediate content and some low 

content. So, the first analysis was that cell proliferation occurred at different rates among 

aggregates. It is indeed known that aggregates are not homogenous structures composed 

of a single type of cells but rather a heterogeneous one with a couple of cell subtypes and 

potentially multiple proliferation facilities190, 326. Moreover, considering the CFSE 

distribution, the number of aggregates and their size per cell seeded, it is also probable 

that generic proliferation did not run at a high rate neither  

To complete these observations, PCNA and Ki67 were investigated on porcine IPE 

aggregate cryosections (see Figure 4.5). Their distributions varied drawing regions with 

both PCNA and Ki67 present in the same cells, while other regions demonstrated a 

complete absence. Both proteins being present in the same cells was originally non-

intuitive, PCNA marking the S-phase while Ki67 doing so for the mitosis327, 328, 329, 330. 

However, some studies determined that these markers had dynamic kinetics over the cell 



161 
 

cycle and that it was more the quantity detected which could be associated with each cell 

cycle phase284, 331.  

So, the lack of these markers in some regions suggests that those cells were either 

quiescent or in G1 phase at the time point. In complement, the lack of CFSE in these 

sections suggest that a probably large proliferation activity has occurred prior to the time 

point. It is conceivable that cells of these regions completed a cell cycle a short time prior 

to the time point.  

Moreover, Vybrant dies used demonstrated that spheres were all resulting from cell 

aggregation. With both dies present in all spheres assessed, the hypothesis of a clonal 

proliferation coming from a potential stem cell had lived.  

Thus, IPE aggregates were the results of progressive cell aggregation with various 

proliferation activities inside, suggesting a heterogeneous cell population inside it.  

 

4.7.3 IPE aggregates conserve their original cytoskeleton, plus nestin 
 

In continuity with results from Chapter 3, IPE cells kept vimentin and α-SMA as 

cytoskeletal proteins (see Figure 4.7 & Figure 4.9). As interesting was the fact that desmin 

was barely found in adherent cells and in the aggregate periphery, while it was found over 

the major part of the IPE anterior layer (see Figure 3.2). 

Oppositely to initial expectations, nestin presence was distributed over large portions of 

IPE cells in both adherent and suspended cultures. In the tissue, nestin was found only at 

the ciliary bodies – IPE junctions (see Figure 3.11). So, it is possible to state that:  

• a change occurred favouring nestin production and desmin reduction 

concomitantly, the decrease of the latter being expected; 

• that change was not specific to a small subset of IPE cells as most of them 

demonstrated nestin presence and desmin absence.  

In the past, investigators observed nestin increasing in primary cell cultures from various 

origins. First example, vascular smooth muscle cells from the rat exhibited nestin 

synthesis and used it under serum conditions. The authors noted that the serum favoured 

the nestin production, and that nestin by itself favoured proliferation332. That assumption 

was not investigated there. Indeed, IPE cultures were already selected based on cell 

proliferation demonstrated over 8 days after extraction. Selection was done by 
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microscope observations and cell count. Samples with poor proliferation activities were 

not used for further investigation.  

A second example comes from skeletal muscle cells cultivated over three weeks. There, a 

subpopulation of satellite cells giving rise to myocytes and myoblasts was generated. 

These satellite cells specifically demonstrated nestin synthesis plus the absence of 

myogenic differentiation markers333. Moreover:  

• nestin has been found in different neuromuscular injuries where its presence is 

associated with morphologically dynamic cells, proliferation and migration334; 

• during development, nestin first appears in the skeletal muscle system and is then 

replaced by desmin335. 

Similar events have been observed in epithelial cells. For example, murine alveolar 

epithelial cells underwent EMT after extraction and synthetised nestin soon after336. 

During the investigations, the authors noted that cells produced nestin in response to 

TGF-β1, the later being secreted in an autocrine/paracrine manner. Another investigation 

using murine oral mucosal keratinocytes demonstrated that cells produced nestin in 

reaction to TGF-β1 in the medium337.  

Finally, nestin is often found as a marker of aggressive cancers. In breast cancer, the nestin 

content correlates with tumour aggressiveness, the more nestin in a breast cancer stem 

cell, the easier the formation of solid tumours338. In pancreatic ductal adenocarcinoma, 

which has a high mortality rate due to rapid metastasis, nestin suppression blocked cell 

migration, invasion and metastasis formation by preventing EMT339, 340.  

So, nestin is often involved in various processes where cells are either in a transformation 

stage, or in a phenotypically plastic state. The transformation stage is in line with 

pathological or non-physiological conditions, the phenotypically plastic state is in line with 

several reports using nestin as a neural stem cell marker341 or indicating a stem 

multipotent facility342. Thus, nestin presence in IPE cells could be a simple reaction where 

cells adapt to in vitro culture.  

On top of that, nestin is also an essential player in eye development. Nestin is found in 

the developing zebrafish eye where its presence is essential to NPC survival, the right 

development and specifications of different ocular tissues343. Closer to the pig, the 

developing murine eye demonstrated presence of nestin in the lens, the retina, the optic 

stalk, the CMZ and some developing extra-ocular muscle344. New-born rat IPE tissue 
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demonstrated presence of nestin201. Finally, investigations on the embryonic human eye 

demonstrated nestin presence as well in the lens, the optic stalk, the neuroepithelial 

layers and the corneal stroma345, 346. To the knowledge of the writer, no investigations on 

the presence of nestin in the developing iris have been done. What is known is that α-

SMA appears at 28th week of gestation, desmin at the 37th and vimentin at 13th 

minimum192. Interestingly, the authors of that investigation also noted the presence of 

cytokeratins type 8 and 18 until 28th week of gestation.  

Concomitantly with these observations, the decreased desmin suggests that IPE cells from 

the anterior layer transformed after their extraction. In opposition to nestin, which can 

be present in several cell types, desmin is commonly found in vitro in cells undergoing 

muscular differentiation347. Moreover, in vitro observations revealed that the muscle 

satellite cells remain desmin-free until they proliferate, expressing on the side MyoD and 

MiF-5348. These cells differentiating more will stop proliferation, express myogenin, form 

myofibers, and start myosin production. So, desmin is found in vitro in cells on a 

differentiation path, which requires specific factors and conditions to occur, or in cells 

already differentiated349, 350.  

Thus, the reason for nestin to rise in IPE cells and ensure their adaptation in vitro is nearly 

sure. The use of nestin as a developmental reconversion is possible. Both reasons could 

explain why so many cells produced nestin on the side of vimentin. Finally, the desmin 

decrease suggest that IPE cells lost their specific muscular features over the process. 

 

4.7.4 In IPE aggregates, a neurogenic transformation occurred on the 

side of a potential epithelial one 
 

4.7.4.1 The main use of Β-catenin could be the reformation of AJs 

 

B-catenin was investigated for its involvement in the RPE development148, 318, 321, 351 (see 

Figure 4.10). In complement, β-catenin is involved in smooth muscle contraction. Its 

armadillo core binds to the N-cadherin and its N-terminal to α-catenin. The latter finally 

binds the complex to actin filaments352, 353, 354. As a reminder, N-cadherin was found in the 

IPE tissue along dilator fibres in the anterior layer (see Figure 3.17). So, β-catenin likely 

plays a part in the iris mydriasis in vivo.  
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Once extracted from the iris, IPE cells no longer perform muscular activities related to the 

dilator muscle. The loss of desmin in both adherent and suspended culture reflect that. 

So, N-cadherin distribution in both adherent cells and aggregates spreads from the plasma 

membrane to the nuclei as observed in FICC (see Figure 4.12). It is therefore possible that 

N-cadherin appears on images “behind” a nucleus or is indeed into nuclei. 

N-cadherin intracellular observations happens under the influence of chondroitin sulfate 

E, a highly sulphated polysaccharide355, 356. Once the cell is exposed to it, the N-cadherin/β-

catenin complex disrupts from the actin filaments. The complex is then endocytosed by 

cells with the N-cadherin C-terminus being cleaved by MMP9. From there, β-catenin is 

released and free to either be degraded by the destruction complex, or translocates into 

the nucleus to bind the transcription complex TCF-LEF, and activate gene transcription357, 

358.  

So, it is possible to explain the qPCR-observed β-catenin increase as followed. Firstly, 

adherent cell exposure to TryplE during subculture denatured N-cadherin, its extracellular 

domains being cleaved by disruption of lysine and arginine amino acids. As a result, no 

more functional N-cadherins were present in the early suspension culture. Secondly, 

taking into account that cells regroup quickly and aggregated, new AJs were required and 

the pool of N-cadherin refilled. Thirdly, the β-catenin pool being either deleted or 

insufficient, the synthesis of new β-catenin was also necessary. Thus, these results could 

demonstrate a typical cell reaction after transfer from adherent to suspended culture 

where cells reform their AJs and associated complexes. Investigations to quantify gene 

expression involved in AJs and TJs could support or not that view.  

To note, the total amount of β-catenin transcripts detected over the cultures was low 

compared to other transcripts. So, either β-catenin had a really strong potency358, or it 

was needed for one particular reason, which could be the AJs reform. Moreover, the lack 

of AJs concerned ideally all cells transferred. As aggregation got along, the number of cells 

in need of N-cadherin and β-catenin lowered. So, the number of cells lacking both protein 

to reform their AJs could also reduce, explaining the important difference noticed by PCR.  

Finally, it is possible that some β-catenins were released after TryplE incubation under 

chrondroitin sulfate E influence or by a different mechanism. The released β-catenin then 

translocated into nuclei as explained earlier. And among the various target of the Wnt-β-

catenin pathway lies the C-Myc-related pathways, involved in cell transformations and 

proliferation359.  
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4.7.4.2 C-Myc and GNL3 played with chromatin  

 

Over the experiment, both C-Myc and GNL3 demonstrated evolution of their expression 

similar to the β-catenin. A significant increase was observed early after transfer, followed 

by a progressive decrease. Interestingly, GNL3 is one of the main targets of C-Myc, a 

relationship that is found in various cell lines, cancers and primary cells360. So, GNL3 

evolution depended probably from C-Myc own evolution. With prospective, both C-Myc 

and GNL3 presence have been associated with various functions among which self-

renewal, regulation of cell cycle, metabolism, protein folding, apoptosis, chromatin 

remodelling or interaction with nuclear β-catenin361, 362, 363, 364, 365. GNL3 has been found in 

human retinal progenitor cells366 and generally, its presence suggests a certain plasticity 

from cells producing it367, 368.  

The increase in both C-Myc and GNL3 suggests that cells adapted to their environment by 

playing on multiple processes, potentially helped by the release of β-catenin from N-

cadherin cleavage. The presence of GNL3 in aggregates demonstrated that an important 

pool specifically remained in nuclei and around, suggesting cells were still remodelling 

chromatin. By extrapolation, the presence of C-Myc there is possible. Thus, the evolution 

of these factors could be interpreted as:  

• an adaptation to the suspension culture; 

• in complement, a reconversion toward either a different phenotype, or a 

transient and plastic stage; 

• a protein pool constituted and activated.  

 

4.7.4.3 WNT2B, MITF and OTX1 were the last priority 

 

In complete opposition to the markers discussed above, WNT2B and MITF demonstrated 

a strong decrease.  

During mammalian eye development, WNT2B, among other WNT ligands, is associated 

with the development of the pigmented epithelia running from the RPE to the IPE286. Its 

paracrine actions allow regulation on a short range of cells, which is crucial when RPE and 

retina differentiate from each other. Indeed, over the time prior to the iris formation, 

both retinal and RPE cells can switch their phenotype and transform into the opposite cell. 

So, the presence of a short-range factor specifying cells in one cell type is logical to not 
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disrupt the tissue homeostasis. In that delicate environment, WNT2B supresses 

neurogenic genes and favours the expression of epithelial ones318, 319, 369, 370, 371. In line with 

that, WNT2B has not been found in mammalian presumptive or defined retinas.  

Prior to the lens formation, MITF is first induced by PAX6 in the presumptive 

neuroepithelium372. While the lens forms, the inner layer gets thicker while the outer gets 

pigmented. It is in that outer layer, the presumptive RPE, that MITF associates with OTX1 

and OTX2, to express enzymes involved in melanin synthesis: TYR, TYRP-1 and TYRP-2. 

Another function is to associate with TFEC to favour the epithelial proliferation286. A set 

of transcripts targeting TFEC was designed for this study but results in the validation step 

were poor and this gene was removed from the investigation. Another interesting point 

is that D- and H-MITF contains TCF-LEF binding sites in their promoters318, and both 

participate to the RPE specification in the same time than WNT/β-catenin signalling. So, 

presence of D- and H-MITF in IPE aggregates could result by the activation or an increased 

activity of the Wnt-β-catenin pathway, finishing by the IPE aggregates specification into 

an ocular pigmented epithelial phenotype closely related to the RPE. 

So, the quick decrease of WNT2B, MITF and OTX1 suggest a cell transformation toward a 

phenotype different than a mature and pigmented RPE. Both the rise of nestin expression 

plus the presence of GNL3 and C-Myc support that hypothesis. Moreover, the presence 

of βIII-tubulin in some spheres demonstrated that transformation toward neuronal 

phenotype already occurred for some cells with few pigments, as observed in MITF-

depleted murine RPE371. The presence of bFGF in the medium could be at the origin of, or 

at least participates in, that process373. 

However, spheres which were βIII-tubulin-negative were strongly pigmented. Indeed, 

tyrosinase was present in all spheres assessed and well distributed on the contrary of 

tyrosinase-labelled adherent cells. So, it is possible that melanin synthesis also occurred. 

For technical reasons, assessment of Tyrp1 and Tyrp2 could not be done. So, further 

investigations including them would give another piece of the puzzle. 

Thus, the process used there seemed to have potentially generated pigmented epithelial 

cells in reconversion and potentially depigmenting themselves. It is conceivable that 

neuronal progenitor cells could be generated as well, as suggested in previous 

investigations201. 
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4.7.4.4 PAX6 and SOX2 demonstrated opposite evolutions 

 

PAX6 is considered as one of the key regulators of eye development. It is essential for the 

specification of ocular tissues, the generation of retinal cells, the differentiation of 

pigmented epithelia, the development of the iris and ciliary bodies, and so on3, 374. 

Specifically, once the bilayered neuroepithelium has started its differentiation into RPE 

and retina, PAX6 participates to the specification of the RPE one. It activates in association 

with the WNT/β-catenin pathway genes involved in RPE differentiation and blocks the 

expression of retinogenic ones. At the top of activated genes are MITF and TFEC286, 320.  

Another crucial player for the retina is SOX2. It participates to the development of the 

neural system, the specification of the ocular inner layer toward a retinal fate, its 

subsequent differentiation and proliferation375, 376, 377. Its presence counterbalances PAX6 

there to favour a neuronal fate rather than an epithelial one. In its absence, WNT 

signalling increases in the retina and supports thereafter the expression of RPE-associated 

genes. So, it has become obvious over different studies that an intrinsic part of the tissue 

specification during development relies on a balance between PAX6 and its subjacent 

targets, and SOX2301, 303. 

Both PAX6 and SOX2 were observed in adherent cells and aggregates. It is possible that a 

balanced expression similar to what happens over the eye development have occurred 

over the process. The ability of mammalian new-born and adult IPE to transform in 

neuronal or epithelial cells supports that assumption177, 201, 378. However, it was not 

possible to investigate both PAX6 and SOX2 on the same sample due to antibodies 

incompatible uses.  

Still, it is possible that these proteins were both present at the same time in nuclei. The 

reduction of MITF and OTX1 could suggest that SOX2 potency was stronger than PAX6 in 

the suspended environment and inversely in the adherent one. The evolution of 

expression over the suspended culture was surprising. Both were expressed in adherent 

cells, but with transfer in suspended conditions, it was PAX6 transcription which increased 

while SOX2 decreased. The evolution of PAX6 then mimics those of β-catenin, C-Myc and 

GNL3. So, it is possible that aggregates were indeed reconverting/transforming, but not 

toward a neuronal phenotype. The original IPE phenotype there could have balanced the 

reconversion toward an epithelial progenitor phenotype instead. More markers specific 

of both presumptive retina and RPE would be necessary to affine toward which 

phenotypes cells are transforming to and by which processes they use to do so. 
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4.8 In conclusion 
 

The transfer from adherent to suspended culture had deep impacts on cells. Cells having 

lost all contacts between them reactivated signalling pathways to adapt and survive. The 

finding of several markers associated with development and largely distributed 

demonstrated as well a certain immaturity from the cells. The finding of GNL3, plus βIII-

tubulin-positive spheres demonstrated that. To note, it is possible that in the tissue, such 

cells already exist but are prevented to differentiate toward a neurogenic phenotype by 

the other cells.  

The evolution of β-catenin and PAX6 are troubling as well. If it is possible that β-catenin 

was released by the dysfunctional N-cadherins after transfer, its potency on other genes 

was strong. The evolution of epithelial markers involved in epithelial specification could 

then result from the associated activity of C-Myc and GNL3, stimulated by the released β-

catenin.  

So, the next investigations would be to know which phenotypical state IPE aggregates 

reached following the transfer. Did they reconvert toward a pre-IPE stage? Have they 

transformed into CMZ cells? The lack of specific markers and developmental controls 

prevented to assess these questions. Longer cultures and different media would be 

necessary to push forward the early reconversion processes observed. To finish, the IPE 

cells seem quit reactive and plastic enough as they mostly survived in suspension culture. 

Thus, the use of more stringent conditions seem also a requirement to distinguish the 

potential progenitors or stem cells from the others. 
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5 Chapter 5: Identifying IPE-based neuronal progenitor cells 
 

5.1 Background 
 

Investigations on aggregates have demonstrated the presence of the neuronal marker 

βIII-tubulin and so, were in line with investigations on other animal models201, 379, 380. These 

cells were probably not numerous in the initial adherent cell culture but their early 

transformation into neuronal-like cells was possible as soon as the conditions were 

optimal.  

One of these conditions could have been the exposure to the correct supplement/factor 

in the culture medium. This final investigation aimed to determine the conditions that 

favoured that cell transformation. These cultures would be used to assess some markers 

already studied in the previous chapter and linked with neuronal phenotypes. The 

hypothesis was that if these cells transform into neurons, all other cells would then be 

potential targets to reconvert into RPE cells.  

 

5.2 Aim & objectives of the chapter 
 

The aim of this chapter was to expose IPE cells to neuronal supplements and observe 

their subsequent behaviours. 

The objectives were: 

• To grow IPE cells on adherent plates and in medium supplemented with: 

o 10% FBS; 

o 1X B27; 

o 2X B27; 

• To assess the morphology, the metabolism, the gene expression and the protein 

content and distribution IPE cells developed in these conditions. 
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5.3 Result  
 

5.3.1 Diverse cells in a single IPE were observed in both FBS and B27 

conditions 
 

In previous cultures, EGF, bFGF and B27 were used to generate and cultivate IPE spheres. 

The aim of this chapter was to compare spontaneous neuronal transformations from 

primary IPE culture grown and supplemented with B27 or FBS. Culture with B27 

containing media would expose cells to a cocktail of nutrients and factors adapted to 

neuronal cells cultures381. The overall time of culture was set up to 14 days without 

passage to avoid any form of stress and give cells the time to develop the changes (see 

Figure 5.1). Additionally, that process was thought to have the following advantages: B27 

would spread over all cells for the integrity of the process; a long-term culture could 

favour the specification of one to several IPE subtypes382, 383. 

 

 

 

Figure 5.1: Schematic representation of the cell culture process undertaken in the 
chapter 4. A. Time frame with medium changes are represented with numbers and 
asterisks respectively. B. Media used are represented by specific colours: red for DMEM-
F12 with 10% FBS 2% P/S/F, clear blue for DMEM-F12 with 1X B27 and 2% P/S/F, and dark 
blue for DMEM-F12 with 2X B27 and 2% P/S/F.  
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Over time in culture (see Figure 5.2), IPE cells demonstrated various morphologies. 

Initially in DMEM-F12 10% FBS, the first cells arose from cell clumps with processes 

extending outside these clumps (see Figure 5.2-A day 3). Some cells were also already 

outside cell clumps with a fibroblastic-like shape. At day 6, different shapes were present 

(see Figure 5.2-A day 6). Fibroblasts-like and epithelial-like cells were present in centre 

where cell density was the highest (see Figure 5.2-A yellow arrows). Some neuronal-like 

cells (see Figure 5.2-A orange arrows) were observed on the top of other epithelial-like 

cells/fibroblasts-like. These neuronal-like cells were also strongly pigmented and were 

barely observed at the end of the culture. Further from the centre, groups of strongly 

pigmented cells were observed (see Figure 5.2-A magenta arrows). These cells were only 

observed alone or in small group, always far from the fibroblasts-like and epithelial-like 

cells. They demonstrated a strong pigmentation and a size taller than the other cells, plus 

shaped in filiform-manner. The largest observed cell contents were the fibroblasts-like 

and the epithelial-like cells 

In IPE cells grown in DMEM-F12 1X B27 (see Figure 5.2-B), the majority of cells formed 

regular epithelial-like carpets (see Figure 5.2-B yellow arrows). Fibroblasts-like were 

barely observed. Neuronal-like cells were well observed in areas with limited cell density 

(see Figure 5.2-C orange arrows). The last cell group was also observed but their number 

seemed lower (see Figure 5.2-B magenta arrows). The total cell number from the 1X B27 

condition seemed lower than the FBS one. 

In IPE cells grown in DMEM-F12 2X B27 (see Figure 5.2-C), new epithelial-like cell carpets 

appeared with a higher cell density than those observed in other conditions (see Figure 

5.2-C yellow arrows). These cells were smaller and pigment content especially low 

compared with previous conditions. These carpets were surrounded by fibroblasts-like 

cells and some bigger epithelial-like cells were observed as well. Neuronal-like cells were 

present at a density higher in this condition (see Figure 5.2-C orange arrows). Finally, the 

last group of cells was observed, with a pigment content lower than usual (see Figure 5.2-

C magenta arrows). The global cell content in this condition was the lowest from all 

conditions investigated. 
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Figure 5.2: Representative pictures of IPE cells grown FBS and B27 conditions over 14 
days. Epithelial-like and fibroblasts-like cells (= yellow arrows), neuronal-like cells (= 
orange arrows) and a third cell group (= magenta arrows) were observed. A last group of 
small epithelial-like cells (= purple arrows) was observed specifically in DMEM-F12 2X 
B27.  A. Cells cultivated in FBS from day 0 to day 14. Pictures were taken prior to medium 
change. B. Cells grown in DMEM-F12 10% FBS from day 0 to day 6, then in DMEM-F12 1X 
B27 until day 14. Pictures were taken prior to medium change. C. Cells grown in DMEM-
F12 10% FBS from day 0 to day 6, then in DMEM-F12 1X B27 until day 14. Pictures were 
taken prior to medium change. Scale bars = 100 μm.  

 

5.3.2 B27 reduced metabolic activity compared to FBS in IPE cells 
 

To assess metabolic activity, resazurin was used. Once in cells, it reduces into resafurin in 

contact with cytosolic and mitochondrial NADH and NADPH dehydrogenases. That 

reduction transforms the initial blue colour toward a pink one from which absorbance at 

567 nm can be measured. That gives the metabolic activity from the respiratory chain or 

the lipid synthesis384, 385, 386.  

As cells proliferate, the volume of metabolic activities grows. So, an increase of the 

metabolic activity in all cultures was expected. Cells in FBS cultures, the most numerous, 

were expected to demonstrate the highest metabolic activity. 1X B27 cultures were 

expected to mimick the FBS evolutions, potentially at a slightly lower level. Finally, 2X B27 

cultures were expected to have the lowest metabolic activity.  

As a result, the highest metabolic activity was the FBS one (see Figure 5.3). The metabolic 

curve changed when approaching the end of the process. It is possible that as cell number 

reached a certain extent, proliferation gradually slowed and reduced the metabolic 

activity. B27 conditions corresponded to initial expectations but their evolutions differed. 

The 1X B27-based cultures demonstrated at day 10 similar metabolisms with the FBS 

ones, to then deeply decrease. That evolution was common to all 1X cultures as 

demonstrated by the low variability between those samples. The 2X B27-based cultures 

demonstrated a stable evolution with an average metabolic activity drastically lower than 

the FBS one. To note, the average metabolism of cells exposed to 1X B27 finished to be 
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lower than the 2X one. So, it is probable that B27 impaired or brake the metabolism of 

the majority of IPE cells.  

 

 

Figure 5.3: Resazurin-assessed metabolic activity of cells exposed to FBS or B27 
measured from day 10 to day 14. Three samples per conditions were used over the three 
time points. Statistical analysis was performed by a 2-ways ANOVA, no significant 
differences were found. 

 

5.3.3 B27 favoured more epithelial-associated genes transcription than 

the neuronal one 
 

To observe the change in cell behaviour, genes belonging to developmental processes 

were assessed. In the previous chapter, GNL3 marked the chromatin modulation. Nestin 

was used as a mesenchymal / neuronal marker. SOX2 was specific to a neurogenic fate. 

WNT2B and PAX6 were associated with the development of early epithelia. MITF and 

OTX1 were associated with the specification of these epithelia toward an RPE-like fate.  

FBS cultures were expected to demonstrate reduced expression of both neuronal and 

pigmented epithelial markers due to the increased proportion of fibroblasts-like and 

epithelial-like cells. Increased GNL3 content was expected to increase due to chromatin 

remodelling. 1X B27 cultures would demonstrate increased expression of WNT2B, MITF 

and OTX1 while the other markers would be down regulated. An increase in PAX6 could 

also be possible considering its association with these genes. GNL3 could be expressed in 

1X B27 cultures at a similar level than in FBS cultures in the mid-time point. Finally, 2X B27 

cultures were expected to demonstrate expressions of PAX6 higher than the other genes 

due to the presence of the epithelial-like carpets, expected to be less differentiated.  
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So, GNL3 expression was at its highest level at day 6, all conditions analysed (see Figure 

4.4). In FBS cultures, following time points had a half-reduced but stable GNL3 expression. 

Nestin and SOX2 expressions deeply reduced. WNT2B and OTX1 expressions 

demonstrated variations between the two samples assessed. MITF evolution was 

unexpected considering the variation. However, the following technical investigations 

proved that result was real. Finally, PAX6 increased in the end of the process.  

1X B27 cultures corresponded to original expectations. GNL3, despite variabilities, 

seemed to be expressed similarly to FBS at day 10 to then reduce by half. SOX2 and nestin 

decreased. Oppositely, WNT2B and OTX1 demonstrated higher expression than other 

conditions, while MITF slightly decreased. WNT2B expression was especially high at day 

14. PAX6 remained stable. These results seemed to demonstrate that the epithelial genes 

were favoured over the neuronal ones in that condition. 

Finally, 2X B27 cultures potentially mimicked 1X B27 cultures for GNL3 expression, both 

conditions demonstrating the same level at day 14. The same observations applied to 

SOX2. Nestin expression at day 10 was the lowest measured over all conditions, to then 

demonstrate different projections at day 14. So, one sample increased its nestin 

expression over the end of the culture. WNT2B expression remained stable, plus was 

higher than the average WNT2B expression in FBS condition. MITF only decreased, while 

OTX1 slightly increased in the end of the process. Finally, PAX6 expression also increased 

at day 14. Taken together, these results could suggest that epithelial genes specific RPE 

and RPE-like functions were not downregulated in that condition, while genes involved in 

the RPE development were upregulated. 
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Figure 5.4: Gene expression and metabolic activities among IPE cells cultivated in FBS, 
B27 1X or 2X. QPCR demonstrating GNL3, Nestin, SOX2, WNT2B, OTX1, MITF and PAX6 
expression in cells at day 6, day 10 and day 14. Specific supplements and time points are 
detailed in the legend on the right of the PAX6 graph. Two samples per condition for each 
time point were used. Genes were plotted against the Tata-Box binding protein 
housekeeper gene. Non-parametric Kruskal-Wallis tests were run, so significant 
differences were observed. To note, some results were technically unusable. So, the 
following data are missing: one sample from the FBS condition at day 10, two samples 
from the 2X B27 conditions at day 10 for for GNL3 and PAX6 investigations. 

 

5.3.4 FICC demonstrated the absence of proper neuronal- and epithelial-

like cells 
 

B27 cultures were submitted to FICC at day 14. Nestin was used as a 

mesenchymal/neuronal marker. SOX2 and PAX6 were investigated to obverse potential 
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cell carpets in which both proteins could be balanced versus the other one. Specifically, 

SOX2 would be associated with the neurogenic fate, while PAX6 would be associated with 

the epithelial one. Finally, Tyrosinase was expected to mark cells which could potentially 

synthetize melanin. If so, these cells would be considered as “differentiated” compared 

to the epithelial cell carpets. To note, two samples per condition were investigated for 

each antibody. 

In this investigation, the IgG control demonstrated signals on same locations over both 

the green and the blue channels (see Figure 5.5-A). Such signals were not observed in 

previous investigations but their number and distribution seemed kind of specific. Either 

these signals were due to autofluorescence, or a technical issue emerged and gave rise to 

these signals. Thus, the following results shall be reproduced to confirm following 

observations. 

As nestin was already found in the previous chapter, the following analysis was to 

determine if B27 exposure over a long time would impact its distribution. As a result, both 

B27 cultures demonstrated similar distributions (see Figure 5.5-B). Some regions 

demonstrated a higher content, which could be related to the local higher cell density. 

Nestin labelled cells with elongated morphology for the most part.  

SOX2 was investigated for the same prospect than nestin and so, results were contrasted 

(see Figure 5.5-C). Firstly, in regards of the IgG control, it is possible that signals were non-

specific. Secondly, numerous cells in the 1X B27 demonstrated SOX2 in both cytoplasms 

and nuclei, with the cytoplasmic content seeming equivalent to the nucleic one. The 2X 

B27 culture demonstrated a close distribution to the 1X cultures. The higher cell density 

on the 2X picture made the fluorescence brighter. Some nuclei shapes were drawn by the 

antibody. So, the specificity of these signals being doubtful, the investigation shall be 

reproduced. 

PAX6 also showed different distributions depending the B27 concentration. Cells from the 

1X B27 culture were barely labelled (see Figure 5.5-D). In opposition, multiple nuclei were 

labelled in 2X B27 cultures. However, the fluorescence intensity being low, it is possible 

the PAX6 content was also low. Observations on the second sample demonstrated exactly 

the same things. Another reproduction would be beneficial here as well. 

In regard of the melanin content which seemed to lower as cell proliferation ran (see 

Figure 5.2), and the media supposed to favour neurogenic fates, tyrosinase was expected 

to be minimal if not absent. That was more or less the results (see Figure 5.5-E). 
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Tyrosinase distributions were rarely observed in both B27 cultures. Distribution took a 

fibre-like shape or colocalised as clusters with nuclei (see Figure 5.5). So, it is probable 

that tyrosinase marked melanosomes distributing in certain areas of cells387. It is also 

possible that melanin synthesis still occurred but the absence of antibodies specific of the 

other proteins involved in melanogenesis prevented further investigations.  
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Figure 5.5: Representative pictures of IPE adherent cells labelled for Nestin, SOX2, PAX6 
and tyrosinase. A. Rabbit IgG control. B. IPE cells labelled for Nestin. C. IPE cells labelled 
for SOX2. D. IPE cells labelled for PAX6. E. IPE cells labelled for tyrosinase. Green arrows 
indicate PAX6 and tyrosinase. Phalloidin-AF 594 conjugated and DAPI were used as 
counterstaining. Rabbit IgG, nestin, SOX2, PAX6 and tyrosinase are in green, phalloidin in 
red and DAPI in blue. 1X and 2X B27 are indicated on the left side. Scale bars = 100 μm.  

 

5.3.5 WB demonstrated mostly no protein content  
 

WB was used to assess potential protein changes over the process. A range of different 

samples was prepared, following the same spirit than the qPCR assessment. Controls 

depended of the target and are indicated in Table 5-1. 
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Table 5-1: Controls from porcine tissues used 

Protein targeted Positive control Negative control 

SOX2 Retinal protein extract Iris extract 

SNAIL/SLUG Iris extract Corneal epithelium 

PAX6 Iris extract Corneal epithelium 

 

As a result (see Figure 5.6 line 1), SOX2 was labelled in samples from FBS conditions, with 

the strongest content detected at day 6. Following time points demonstrated a lower 

content in the FBS condition and nearly null content in the B27 ones. On column 3 and 4 

corresponding to 1X and 2X B27 conditions respectively, it is possible that 1X B27 

demonstrated a brighter contrast than the 2X. The use of retinal extract resulted from the 

lack of confirmed sources of SOX2 tissues in the porcine eye. Still, SOX2 was especially 

high in the initial phase of the culture to then decrease in FBS and being potentially absent 

in B27 conditions.  

Next antibody was SNAIL/SLUG (see Figure 5.6 line 2). The iris protein extract was used 

as a positive control, the corneal epithelial one in column 5 as a negative one. If the iris 

extract demonstrated a tiny band, all other columns demonstrated samples nearly empty 

from SNAIL/SLUG at all time points.  

Finally, PAX6 was expected to be present in the early process to then reduce once cells 

would be exposed to B27. Similar to the previous results (see Figure 5.6 line 3), poor bands 

were observed except in the iris extract.  

As GAPDH was well labelled, the protein concentration was not a problem. On a technical 

note, one thing was observed: antibodies specifically designed for WB always worked 

much better than those designed for WB, FICC, IHC, etc. In that regard, a reproduction of 

that WB with specific WB-based antibodies could bring different and more valuable 

results. 
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Figure 5.6: WB analysis on IPE samples and ocular tissues assessed for SOX2, 
SNAIL/SLUG and PAX6. Names on the left indicate the target, numbers at the top indicate 
the samples described below pictures. Protein weights are indicated on the right. 10 μg 
of proteins were loaded per well. GADPH was used at a loading control. 

 

5.4 Discussion 
 

The aim of this chapter was to expose IPE cells to neuronal supplements and observe 

their subsequent behaviours. 

The objectives were: 

• To grow IPE cells on adherent plates and in medium supplemented with: 

o 10% FBS; 

o 1X B27; 

o 2X B27; 

• To assess the morphology, the metabolism, the gene expression and the protein 

content and distribution IPE cells developed in these conditions. 

 

5.4.1 B27 favoured the epithelial-like cell and the neuronal-like one over 

the others 
 

In this investigation, three main types of cells were observed: the fibroblasts 

like/epithelial-like cells, the neuronal-like cells and a third group not defined so far (see 
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Figure 5.2). All were present in the three conditions with cell number varying depending 

the supplement used.  

FBS favoured cell proliferation from the fibroblasts-like/epithelial-like cells, especially the 

fibroblasts-like. The 1X B27 condition demonstrated a similar evolution with the 

epithelial-like cells representing the highest proportion of cells. In opposition, 2X B27 

demonstrated the highest content of neuronal-like cells but the total cell number was the 

lowest of all conditions. The fourth cell type was observed in 2X B27 and formed carpets 

not observed in other conditions. Cell density in these carpets was high, cells were smaller 

and their pigment content was low.   

So, as expected, supplements impacted, initiated or inhibited cell proliferation, 

metabolism and transformation as observed in other cells388, 389, 390, 391.  In this 

investigation, FBS was used over the first six days to favour cell adaptation to the in vitro 

environment after initial isolation and to initiate proliferation. Then, B27 was used to 

favour the development of a cell population capable of transforming into neuronal-like 

cells. The rational to use B27 came from its use in neuronal long term cultures392, 393, 394. 

To increase the likelihood that such a transformation would happen and bypass a 

potential dose-dependent gradient, the supplement was used at 1X and 2X.  

With three cell types being present in all conditions, transformations into fibroblasts-

like/epithelial-like cells, neuronal-like ones and into the unclassified group probably 

occurred over the initial exposure to FBS. Then, the supplement would have simply 

favoured one cell type over the others. Subsequently, cell proliferation varied depending 

the intrinsic abilities of each type to do so, plus the exposure to the supplement395, 396. To 

note, a limitation of that experiment was the absence of cultures exposed at day 0 to B27 

instead of FBS.  

The metabolic activity was clearly impacted by the supplement type and its concentration 

(see Figure 5.3). FBS exposure correlated with the highest metabolic activity, growing until 

day 12. It would be of interest to passage cells at that point and push the culture for a 

longer term (see Section 6.2).  

In B27 conditions, either metabolic activity mimicked initially the FBS condition to then be 

drastically reduced, or it remained stably low and increased slowly over time. In the end 

of the process, both conditions tend to a similar metabolic activity (see Figure 5.3). So, it 

is probable that 1X B27 exposure impacted cells on a progressive manner, while the 2X 

condition had drastic and deeper effects. That parallels with lower cell numbers observed 
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in each B27 conditions compared with FBS one. Thus, FBS replacement by B27 changed 

cell behaviours with deep effects.  

 

5.4.2 B27 composition was optimised for neuronal cell long-term 

metabolism, not their proliferation 
 

To get a complete picture, it was interesting to know the components of supplements 

used.  

Concerning FBS, manufacturers have found more than 1000 elements in, including: 

growth and attachment factors, fatty acids, hormones, nutrients, carriers or antioxidant 

agents397. There is variation between lots as FBS is a by-product from the meat industry. 

That said, FBS composition ensures the presence of a large array of biological elements in 

the medium, supporting fast proliferation of various cells in a non-selective manner. So, 

it must be carefully assessed if its use in medium aims to select and/or transform a specific 

cell type. 

On the contrary, B27 composition has been developed to favour survival of neurons and 

support their long-term culture. The composition of the commercial solution is not 

available, therefore the following list is based on initial publications, which developed the 

B27 supplement (see Table 5-2). 

Table 5-2: Composition of B27 supplement398 

Biotin D(+)-galactose Progesterone Triodo-

thyronine 

Catalase 

L-carnitine Glutathione Putrescine DL-α-

tocopherol 

Insulin 

Corticosterone Linoleic acid Retinyl acetate DL-α-

tocopherol 

acetate 

Superoxide 

dismutase 

Ethanolamine Linolenic acid Selenium Albumin Transferrin 

 

1. Biotin: not synthesised in mammals, it acts as a cofactor to transfer carboxyl 

groups on proteins associated with the Krebs cycle, the amino acid leucine 

synthesis or the fatty acid synthesis. It locates in cytosolic, mitochondrial and 

nuclear compartments, where it helps to histone modifications399. 
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2. L-carnitine: it is synthetized from leucine and methionine in the liver and the 

kidney to be then transported to skeletal muscle cells. There, it transports 

activated long chain fatty acids from the cytosol to the mitochondria, where β-

oxidation degrades fatty acids toward energy production400, 401. In B27 original 

investigations, the addition of L-carnitine was demonstrated to slightly lower the 

formation of lipid droplets, responsible for metabolic disturbances in vitro393. 

 

3. Corticosterone: this hormone is involved in the rapid stress response once the 

hypothalamic-pituitary-adrenal axis is activated. It acts on brain cells and gene 

expression to support cell adaptation to the context. Among other targets, 

corticosterone acts on genes associated with energy metabolism, neuronal 

structure, vesicle dynamics, neurotransmitter catabolisms, cell adhesion and 

regulators of glucocorticoid-signalling402, 403. 

 

4. Ethanolamine: this component of the glycosylphosphatidylinositol-anchored 

proteins comes from external sources as mammals do not synthetize it. It 

stimulates cell growth by supporting phosphoethanolamine and 

phosphatidylcholine synthesis and protects cells in vitro from low-serum induced 

apoptosis. To note, both ethanolamine and phosphoethanolamine have been 

show to inhibit aerobic respiration in a dose-dependant manner393, 404, 405. 

 

5. D-galactose: this sugar is present in bacteria, plants and animals where it binds 

oligosaccharides, polysaccharides, glycoproteins and glycolipids. High 

concentrations are maintained in the brain where it associates with plasma 

membranes of neurons, astrocytes and oligodendrocytes. It is also used for amino 

acid synthesis and myelin glycosylation. Other observations demonstrated that D-

galactose was increasingly present in development and could participate to 

oxidative stress in aging tissues393, 406, 407, 408. 

 

6. Glutathione: it is the most important low molecular weight antioxidant agent 

synthesized in cells. It results from the addition of cysteine then glycine to 

glutamate. It is mostly present in the cytosol where it regulates apoptosis and 

necrosis, and in fluids exposed to gas exchange such as the lung epithelial barrier 

393, 409, 410. 
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7. Linoleic acid – linolenic acid: these molecules are poly-unsaturated fatty acids 

with a carbon double bond for the former and a triple for the latter. That 

difference induces antagonist functions. For example, linoleic acid has pro-

inflammatory functions while linolenic acid has anti-inflammatory ones411. 

Depending on the dose and the cell type, these fatty acids inhibit or increase cell 

proliferation412, 413. In neurons, multiple roles have been described from the 

growth of axons414, neuron protection against caspase-3/-9-based apoptosis415 or 

excitotoxicity416. Several other effects have been described including 

antimutagenic, anticarcinogenic and antidiabetic417, 418. Finally, they serve as 

precursors of arachidonic acid, leading to prostaglandins synthesis among 

others419, 420. 

 

8. Progesterone: this hormone originates primarily from ovary, testes and adrenal 

cortex. Various protective roles in experimental models have been described in 

the literature. Among them are the attenuation of oxidative and excitatory 

injuries, the increase in brain-derived neurotrophic factor supporting cell survival 

and synaptic plasticity421, 422. Various benefit effects have also been observed in 

pathological models including the Alzheimer’s disease in which neurons in vitro 

increased their glucose metabolism423. 

 

9. Putrescine: it belongs to the polyamine group containing also spermine and 

spermidine424. When present in neuronal culture, it favours neuronal network 

formation and neuron differentiation425. However, recent investigations tend to 

show that putrescine induces more deleterious effects than beneficial ones426. 

 

10. Retinyl acetate: it is used as a potent neuronal differentiation agent, acting as a 

precursor of retinoic acid and favouring an endogenous production of retinoic 

acid427, 428. 

 

11. Selenium: it favours neuronal growth and improves neurologic outcomes in 

traumatic brain injuries429. Specifically, its most known form is its association with 

the amino acid cysteine in the glutathione peroxidase degrading hydrogen 

peroxide. Its inactivation is known to exacerbate neuronal damage in cerebral 

ischemia or upon application of neurotoxins430. 
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12. Triodo-L-thyronine: this hormone belongs to the thyroid hormonal family, critical 

in multiple developmental and growth processes from the brain to the 

skeleton431, 432. Its concentration increases rapidly after birth in both blood and 

cerebrospinal fluid with 10% being free and active. It participates to the neuronal 

development by increasing the secretion of neuronal growth factors. When 

assessed on rat occipitus foetus, neuronal and glial outgrowth were stimulated. 

However, higher concentrations generated lipids droplets and cell debris 

completed with the degeneration of large neurons393. 

 

13. DL-α-tocopherol & DL-α-tocopherol acetate: also called vitamin E, no specific 

functions have been determined so far. Experimental deficiency demonstrated 

sterility, muscle degeneration and axonal dystrophy among other issues. Still, 

biochemically, vitamin E is known to have strong anti-oxidant properties. It 

incorporates into both mitochondrial and plasma membranes where it protects 

poly-unsaturated fatty acids from peroxidation by free radicals460. To note, 

vitamin E inhibits retinal pigmented epithelium cell proliferation in vitro without 

exerting cytotoxic effects. That phenomenon was also observed in smooth muscle 

cells433, 434. Finally, in human RPE cultures, increasing age parallels reduced 

proliferation and increased α-tocopherol content435, 436. 

 

14. Albumin: it is a major protein in biological fluids and in lab solutions. It serves as 

a colloid osmotic pressure agent, maintaining the pH and serving as a carrier for 

hormones, fatty acids, electrically charged compounds, etc. It removes toxic ionic 

compounds and oxidant agents from fluids. To note, the albumin concentration 

decreases in the brain as it is filtered by the cerebrospinal barrier393, 437. 

 

15. Catalase: this protein is a scavenger of the aerobic metabolism. So, it protects 

cells and tissues from oxidants and catalyses by degrading hydrogen peroxide into 

oxygen and water. To note, NADPH can bind to it and so, decreases its 

susceptibility/inactivates it in low hydrogen peroxide environments. Reversely, 

catalase can release NADP+ with the induction of glycolysis for example438, 439. 

 

16. Insulin: it is indispensable in the organism to regulate glucose amount through 

the body. It is also known to stimulate cell growth, especially during foetal 

development, by facilitating the use of glucose, protein and fatty acid synthesis. 
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In vitro, it helps to absorb the low molecular weight nutrients393. In astrocytes for 

example, exposure to insulin favours cell proliferation and glycogenesis440. 

Depending on their original location, insulin protects neurons from death in case 

of hypoglycaemia to various degrees441. 

 

17. Superoxide dismutase: mammalian superoxide dismutases are composed of 

three proteins: copper-zinc superoxide dismutase, manganese superoxide 

dismutase and extracellular superoxide dismutase. They elicit similar functions 

but are distributed in different locations. They are specialised in eliminating 

superoxide anion radicals in extracellular environments, cytosol and in 

mitochondria, balancing the ROS concentration393, 442. 

 

18. Transferrin: this β-glycoprotein is a major protein involved in iron transfer in 

blood. Each molecule can bind 2 atoms of Fe3+ and remove them by a reduction 

into Fe2+, by vitamin C in vivo. The iron binding activity in vitro is indispensable for 

neuronal cell survival. In the absence of glial cells in the culture, it is the only way 

for cells to absorb iron. In opposition, transferrin seems dispensable in retinal cell 

culture393, 443. 

 

So, if the recipe remained unchanged, B27 supplement contained a few growth factors, 

some anti-apoptotic factors, multiple proteins and agents conducting anti-oxidative stress 

activities, and some metabolites. Originally, the inventors of the B27 cocktail defined its 

anti-oxidant properties as a key feature; neuronal degeneration in vivo and in vitro being 

partly associated with oxidative stress444, 445. So, such a combination reduced significantly 

the formation of free radicals arising from cell metabolism393. Thus, IPE cells grown in B27 

media suffered less from oxidative stress. 

The lower proliferative activities observed in B27 conditions, especially the 2X one, 

directly resulted from this cocktail. The presence of anti-apoptotic factors in the medium 

has probably contributed in preventing cell degeneration. As cell proliferation was not 

favoured and apoptosis blocked, it is possible that IPE cells would have survived for a 

longer term in culture than the period tested here. So, the four different populations 

described would probably have developed deeper changes as well, supporting that it is 
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require to select carefully the medium and the supplements to further characterise these 

cells.  

 

5.4.3 Small pro-epithelial cells in 2X B27 with iPSC-like morphology 
 

The most interesting observation was the epithelial-like cells in 2X B27, which formed 

layers not observed elsewhere. As described in the Section 5.3.1, those layers were dense, 

contained small cells with a large nucleus surrounded by a small content of melanosomes. 

These characteristics are similar to those seen in iPSC. So, it is possible that this specific 

phenotype related to dedifferentiated cells446, 447.  

However, except the observations at the optic microscope (see Figure 5.2), few data were 

obtained. Indeed, FICC (see Figure 5.5) did not allow to distinguish those layers despite 

extensive observations. WB did not clarify the situation and would require a reproduction 

(see Figure 5.6). Only qPCR demonstrated that Nestin, WNT2B, OTX1 and PAX6 

expressions increased in the end of the process (see Figure 5.4) without direct links to 

these cells.  

Thus, further investigations shall focus on the growth of these cells, potentially by 

increasing the time frame of that process. Further characterisations could focus on the 

downstream targets of the pathways involved in the RPE specification, the GNL3-related 

cell transformation and other markers associated with the development of the neuro-

epithelium at the origin of the RPE and the retina. Inspiration for the process running in 

these IPE cells could also come from dedifferentiation observed from other mammal cells, 

white adipocytes being the most described cells able to do so448, 449.  

 

5.5 In conclusion 
 

The use of the B27 supplement over long term favoured the emergence of four IPE cell 

types after 14 days. No characterisation could be conducted due to the lab time constraint 

but the identification of each type seems essential in first instance. Each of them could 

indeed have a specific ability to transform or not in other cells such as RPE ones or 

neuronal ones. So, in this prospect, a medium-to-long term adherent cell culture 

combined with a B27 supplemented medium seems to be a reasonable initial approach in 

a characterisation process.  
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6 Chapter 5: General discussion & conclusion 
 

6.1 IPE stem cell existence remains to be proved, potentially by cultivating 

them in medium supplemented with B27 
 

To run its functions, a tissue requires effectors. However, due to their activity, their 

genetic background or/and their exposure to the environment, the effectors can 

degenerate450, 451. Two strategies have been developed by cells to maintain the integrity 

of their tissues: either the tissue forms one, or more452, dedicated structures to maintain 

a reserve, meaning some cells in a non-functional state or a proliferative state, while, at 

the other end of the process, it regulates apoptosis278, 279 or, in a less common strategy, 

the tissue maintains the same cell pool through the ontogenesis of the organism138, 139.  

Here, it was hypothesised that the IPE maintains its homeostasis by using the first 

strategy. The identification of Ki-67-positive proliferating cells near the ciliary body–IPE 

junction demonstrated that the process was localised in a peripheral region. The relevant 

cells potentially benefit there from minimal iris movements and a mechanically more 

stable basal lamina, both essential to the regulation of cell proliferation453, 454.  

The number of Ki67-labelled cells suggests that several cells were undergoing cellular 

division simultaneously455. So, in contrast to the RPE, the IPE would benefit from a pool of 

ready-to-use cells. On the other side of the homeostatic balance, and near the pupil in the 

tissue, some observations analysed the presence of melanosomes in iris stromal cells as 

evidences of IPE cell apoptosis3. Thus, the IPE could maintain its homeostasis by having a 

ready-to-use cell reserve in its periphery. These cells could progressively move toward the 

pupil, where they could physiologically die and desquamate as does the corneal epithelial 

cells.  

In stem cell niches, cells which proliferate are generated from stem cells, which reside in 

the innermost part of the tissue to preserve them from external stress456. Maintenance of 

stem cell potency (see Table 1-4) requires specific cells, dedicated proteins from the basal 

lamina and specific cell-signalling5, 134, 276, 279, 280, 452. So, the investigation of the IPE basal 

lamina was run to identify and localise the ECM proteins. As mentioned in Section 3.5.2.2, 

the laminin-α4 was present over the majority of the IPE portion, except at the ciliary body-

IPE junction (see Figure 3.15). The lack of specific antibodies to laminin chains associated 

with stem cell niches221, 222 prevented further investigations.  
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Two other markers, at the edge of stemness and development, were also investigated 

with the expectation that they would localise in specific cells. In its study on the rat IPE, 

Asami et al suggested that nestin and Pax6 could balance IPE cell faculties to transform 

into retinal progenitor cells or neuronal progenitor ones201. Based on their observations 

of IPE transformation in vitro toward these cell types, the authors also suggested that IPE 

cells could maintain a developmental memory, susceptible to reactivate other patterns 

linked to the original neuro-ectoderm (see Section 1.2.2).  

Here, the presence of PAX6 in the pig and the human IPE was broader than expected. It 

could suggest that IPE cells need it not only through development, but also through 

ontogenesis457. Its importance as a central regulatory transcription factor has been 

underlined in several studies regarding several pathways associated with development457. 

Being highly involved into the specification of the lens, the cornea, the RPE, the CB, the 

IPE and to a lower degree other ocular tissues, it is possible that some interactions 

between these tissues in adulthood involve PAX6, which would then controls the 

subsequent signalings. In addition, the distribution could also be related to the IPE 

localisation in the eye. Indeed, the IPE localises at the front of both anterior and posterior 

chambers, nearly in contact with the lens and the aqueous humour. In a more specific 

manner, the IPE anterior layer is polarised into its anterior myogenic part and its posterior 

pigmented epithelial one. The balance between these two parts and their respective 

regulations could mimic the one between PAX6 and some BMP factors, at the origin of 

the iris smooth muscles458. Thus, the exposure to various factors, which could generate 

antagonist processes, requires safeguarding mechanisms and thin regulations in which 

PAX6 could be a keystone.  

Nestin was labelled in the porcine tissue in an opposite manner to what was observed in 

rats by Asami et al201. Nestin in the new-born rats was observed over most of the IPE 

posterior layer. In opposition, the porcine section demonstrated nestin limited to the 

ciliary body-IPE junction (see Section 3.4.1.3). In an analogous situation, skeletal muscles 

demonstrated between their basal lamina and plasma membranes nestin-positive 

satellite cells, running as the local myogenic stem cells333, 459. Another analogous location 

is the hair follicles, with the bulge area containing nestin-positive keratin-negative cells 

able to generate in vitro glial cells, neurons, keratinocytes, smooth muscle cells and 

melanocytes460, 461. Despite their different origins3, these tissues demonstrated nestin-

positive cells in locations isolated from the main activity of the tissue. So, it is tempting to 

see the nestin-positive IPE cells as local potential stem cells. 
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Indeed, the nestin gene sequence demonstrated enhancer elements in its first intron 

driving its selective expression in endothelial and muscular lineage cells462, 463, other in its 

second intron driving its selective expression in neuronal cells464. As further described by 

Josephson et al465, the second intron into the rat nestin gene contains a 257 basepair 

enhancer targeted by the POU family, a large family of transcription factors involved in 

the development of the CNS and in its maintenance in adulthood465, 466, 467. To note, a 

previous study demonstrated that the rat and the human sequence of this specific 

enhancer were identic at 78%468. Over their study, Mignone et al demonstrated in the 

developing mouse that nestin was specifically associated with multipotent neuronal 

cells213. They confirmed these results in vitro by observing a significant increase in 

neurospheres generated from nestin-positive cells, plus the ability to generate cells from 

neurogenic and astrocytic lineages. 

The IPE originates from the neurectoderm and run smooth muscular functions in 

adulthood. In this perspective, the specific use of nestin either to maintain the 

homeostasis of the smooth muscle cells or to run a different function related to 

neurogenic functions, is yet to be elucidated. It is possible that a thin process specific to 

the IPE balances between pigmented epithelial functions, the partial transformation 

toward smooth muscular activity and its maintenance3, 4, and the neuroectoderm origin. 

It could explain that in the generic neurogenic conditions used in Chapter 4, βIII-tubulin, 

associated with committed neuroblasts and neurons213, 464, was found in several but not 

all aggregates as a result of differences in the balance of these two processes. Thus, as 

Mignone et al did for development of the CNS, the development of neuronal-nestin 

positive IPE cells and their muscular-nestin positive counterparts could be tracked in vivo 

and in vitro with appropriate genetic tags, selectively characterised, and potentially 

identified as multipotent cells.  

Related to this, the use of DMEM-F12 supplemented with either FBS or B27 proved that 

stringent media could led to surprising observations (see Chapter 5). It was known that 

the medium contributes to the emergence of cell phenotypes in vitro469. As demonstrated 

in the discussion of the Chapter 5 (see Section 5.4), these two media induce different 

processes: cell proliferation and high metabolic activity for FBS397; cell survival and anti-

oxidative metabolic processes for B27398. In that prospect, the B27 supplement is more 

relevant regarding the stem cell needs compared with FBS (see Table 5-2). Indeed, Ng et 

al suggested that understanding stem cells metabolic needs in vivo and in vitro would help 

to control their fates471. A suggestion based on works such as the one from Takashima et 
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al472, who demonstrated that resetting human pluripotent stem cells into naïve embryonic 

stem cells, which are relatively more stable and more homogeneous473, is accompanied 

by a consistent mitochondrial activation plus epigenetic readjustments toward hypo-

methylation. Some proteins directly involved in the mitochondrial respiratory chain, LIF-

induced Stat3474, Esrrb475, have been proposed as pluripotency factors as they participate 

to maintain in activity the dioxygenases removing DNA methylations, so regulating the 

chromatin state and favouring the expression of pluripotent factors. Ng et al also 

remembered that metabolic activities deeply impact the protein activities, their 

processes, the associated productivities, and their impact on the epigenetic state471. So, 

in the IPE cultures, B27 impacted not only the metabolic pathways cells were using but 

also probably the epigenetic state of all IPE cells. 

In adult organisms, neural stem cells, skeletal muscle satellite cells or hematopoietic stem 

cells remain mostly quiescent to preserve their self-renewal capacities471. As a correlate, 

their metabolic activity is lower than the average from their differentiated cell 

counterparts. So, if they start to proliferate, metabolic processes change and the oxygen 

consumption increases471, 476. This means that quiescent stem cells experience mainly 

hypoxic environments in vivo. In vitro, such hypoxic environment was not implemented. 

However, on the other side of the spectrum, an anti-oxidant was generated by the DMEM-

F12 2X B27. There, the metabolic activity was lower (see Section 5.3.2) as the cell number 

(see Section 5.3.1). The emergence of the small epithelial-like cells, morphologically close 

from the iPSC156, 157 was unique to that medium only. As cell proliferation was not favoured 

due to the quick change from FBS to B27 (see Figure 5.2), it is possible that these small 

epithelial-like cells have been preserved from the FBS-induced proliferation. As time 

advances, the 2X B27 supplement favoured a quiescence-like in vitro, suitable for the 

survival of these cells. Lab-time constraints made further analysis not possible. Given the 

fact that such IPE cells have never been observed in vitro, further characterisations are 

indicated in the following section (see section 6.2.1).  

In summary, the data gained about the porcine IPE tissue demonstrated that cell 

proliferation occurred in periphery of the iris, near and in the ciliary-body IPE junction. 

Conversely, PAX6 was distributed over a vast portion of the IPE, supporting that it 

maintains or balances some functions essential to the IPE. No laminin specifically involved 

in stem cell maintenance in vivo was found. However, nestin-positive cells were detected 

in that region, a protein known to be in vivo representative of muscular and neuronal 

multipotent cells. As Chapters 4 & 5 further demonstrated, porcine IPE cells have the 
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abilities to give rise to neuronal cells, pigmented ones and small non-pigmented, 

epithelial-like ones. The diversity of cells observed is intrinsic to the IPE but the in vitro 

environments used made them visible under specific conditions only.  

 

6.2 Future plans 
 

Chapter 5 demonstrated that at least 4 different cell types were generated in vitro: the 

fibroblasts-like/epithelial-like cells; the neuronal-like cells; the small epithelial-like cells; a 

fourth group to define. To the knowledge of the writer, these four cell types arising from 

porcine IPE cell clumps have not been described in the literature so far.  

 

6.2.1 Short term plan: small epithelial-like cell characterisation & cell 

culture developments 
 

So, in works to follow this PhD, the first main objective would be to observe processes 

susceptible to demonstrate distinct behaviours. These distinct behaviours could then be 

linked to one or more IPE subtypes. The following points describe a potential process 

suitable to select and characterise potential stem cells in the IPE cell as this was the 

subject of this thesis, with a focus on the small epithelial-like cells. 

As explained in section 5.3.1, these cells demonstrated morphological features that are 

found in iPSC in vitro446, 447. In absence of further elements demonstrating that this cell 

subpopulation was pluripotent, the scope of following investigations shall be placed on 

their growth and characterisation. Pluripotent stem cells constitute a cell population able: 

1. to differentiate into a variety of lineages and tissues; 2. to self-renew themselves 

without committing in a lineage if appropriately grown446, 447, 477. So, an initial and simple 

investigation would be to grow porcine IPE cells by the method used in Chapter 5 over a 

longer period. In 2007, Yamanaka et al. observed flat colonies of human iPSC after 25 days 

of culture for example157. The authors also noted that the initial proportion of cells that 

reprogrammed into iPSC was very low157, 478. As explained in section 5.4.2, DMEM-F12 – 

2X B27 did not favour cell proliferation from the other cell subtypes. Moreover, 

continuous adherent culture system allows pluripotent stem cell continuous growth, with 

potential pigmented loci emerging479. So, despite a potentially initial small subpopulation, 
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it is possible that in DMEM-F12 – 2X B27, the small epithelial-like cells would be the only 

ones to grow and constitute in the end-term the main subpopulation.  

The following investigation shall search for proteins specifically associated with 

pluripotency and cell plasticity. Some proteins investigated in this PhD would be relevant: 

- Nestin: present in progenitors and undifferentiated neuronal/muscular cells252, 253, 

254, 255, 335, 341, 402, its presence would suggest that the small epithelial-like cells are 

in an undifferentiated state or a low-differentiated one;  

- GNL3: preserving the genome and telomers integrity in stem cells366, 367, 368, its 

presence in IPE small epithelial-like cells would also suggest that the small 

epithelial-like cells are in an undifferentiated state or a low-differentiated one; 

- PAX6: master regulator of the ocular development285, 286, 287, 288, 289, 290, 298, 391, its 

assessment in the small epithelial-like cells would state if these cells maintain a 

generic neuro-epithelial phenotype; 

- MITF: one of the main RPE markers appearing firstly in the neuroepithelium 

before the specification of the later into RPE and retina, its expression is then 

restricted to the presumptive RPE45, 372, 480. 

Other markers involved in ocular tissue development from the original neuroectoderm 

would strengthen this assessment. The following ones are proposed for this purpose as 

their roles in the eye morphogenesis are essential. LHX2 and its obligatory co-factors LDB1 

and LDB2 maintain neuroectodermal phenotype at the optic pit by suppressing 

alternative fates and maintaining the optic cup one through the following developmental 

processes481, 482, 483. Later during the optic vesicle formation, LHX2 initiate the expression 

of MITF and VSX2, both participating respectively to the RPE and retina specifications482, 

484. Once the retina and the RPE form distinct layers, LHX2 remains active in the first one 

by maintaining the balance between neurogenesis and gliogenesis485. SIX3 runs as an 

upstream regulator at different stages during the eye development482. It participates to 

the formation of presumptive eye tissue483, 486; it regulates PAX6 and SOX2 during the lens 

formation487; it represses Wnt signalling in the prospective retina to the specification of 

the retina versus the RPE488. SIX6, another member of the Sine Oculis subfamily of 

vertebrate homeobox genes (SIX)482, has been shown to co-localise with SIX3489. Despite 

having less potent actions than SIX3, SIX6 – SIX3 association is essential for the right 

development of the eye as it participates to maintain multipotent neuroretinal 

progenitors490. RX is another eye field transcription factor essential for the optic pit 
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specification and following developments484, with evidences demonstrating that it 

specifies neuroectodermal cells toward neuroepithelial cells, then neuroretinal ones491.  

The sum of these investigations could provide enough data in its end to establish generic 

molecular identity elements characteristic of these small epithelial-like cells. With this 

part completed, the following one shall focus on the potency of these cells to grade their 

differentiation abilities. A gold standard in such investigation is the teratoma formation 

using a nude mouse, meaning an adaptive immune system-free mouse492. This model 

allows biologist to graft tissues or cells in subcutaneous region(s) and observe how the 

graft evolves. In the stem cell field, the grafts of presumed stem cells in nude mice provide 

these cells with a “no limit” environment suitable for them to grow and differentiate while 

forming “physiological” tissues. This result by the formation of various tissues related to 

one germ layer or more depending their original potency to differentiate132, 156, 157, 194, 493,. 

Would the small epithelial-like stem cells form an optic cup-like structure or some at least 

some structures related to the eye if they were grafted in a nude mouse? 

Complementary axis requiring investigations are: 1. the definition of a collection of cell-

surface markers that can be found over multiple samples; 2. the development and 

optimisation of the environment to grow cells. Indeed, to evaluate the therapeutical 

potential of a primary stem cell population, scientist must rely on a highly homogeneous 

cell population, meaning that most if not all cells must have the same differentiation 

degree. So, this requires that selected cells present specific cell surface markers over a 

specific time that can be identified by cytometry or by other methods132, 494. This would 

permit investigators to compare both results and methods used to grow cells494. The 

second requirement is to develop and optimise the appropriate environment for stem 

cells depending their stage of differentiation and the objectives of the investigation160, 477, 

495. This would be to favour the original stem cell emergence from primary tissue, then to 

grow these stem cells in a homogeneous manner while maintaining them into an 

undifferentiated state.  

At this stage of investigation, small epithelial-like cells have emerged only when grown in 

DMEM-F12 2X B27. So, if these small epithelial-like cells are proved to be stem cells, 

DMEM-F12 2X B27 shall be considered for further developments.  
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6.2.2 Long-term plan: RPE differentiation & AMD treatment 
 

Increased fundamental and technical knowledges on the IPE stem cell identity and culture 

methods bring the question of IPE stem cell differentiation into a tissue. As the idea 

behind this thesis was to find IPE stem cells to then graft them into the RPE of AMD-

affected patients, the following development focus on IPE stem cell differentiation into 

RPE only, taking inspiration from what is known in the current literature. This is also based 

on the hypothesis that the small epithelial-like cells are indeed stem cells.  

As explained in Chapter 1 section 1.3.4, ESC and iPSC have been used to generate RPE 

cells by different approaches. The first report demonstrating ESC-derived RPE cells used 

PA6 cells, a stromal cell line derived from the skull bone marrow496, as a feeder layer on 

which were seeded mouse ESC497. The main body of cells differentiated into neurons but 

a small part was positive for PAX6 while demonstrating early pigmentation and RPE 

cobblestone morphologies. In 2004, Klimanskaya et al successfully scraped the ESC-

derived pigmented cells with a glass capillary498. After the following passages grown on 

gelatin-coated plates, the authors observed transcriptomic profiles similar to the foetal 

RPE cells. Spontaneous differentiation from iPSC into RPE cells was also observed, the 

iPSC-derived RPE cells being functionally equivalent to foetal RPE cells and ESC-derived 

RPE cells499. The spontaneous differentiation of ESC remained until recently a method of 

choice as it limits the use of xeno-elements during the process and so fulfil clinical 

requirements153, 500.  

Other investigations, especially in the last decade, took inspiration from the RPE 

development to mimick it in vitro479, 501. The importance of Wnt and Nodal signals to 

increase the yield of RPE differentiation was demonstrated by Osakada et al in 2008502. 

The use of nicotinamide and activin A was then proved to increase the RPE specification 

markers in the early steps of the ESC differentiation151. Later investigation led by Buchholz 

et al supported that nicotinamide speeds up the early eye field specification in early stage 

and that activin A combined with the FGFR1 inhibitor SU5402 decreased Rx expression in 

late stage150. As a result, Buchholz et al obtained pigmented RPE cells in 14 days. The 

authors explained that such speed was attributed to the VIP, known to promote cell 

differentiation503.  

To assess the differentiation means that RPE specific markers shall be investigated and 

functional assessments of the derived cells be run. The following list of markers is not 
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exclusive but includes reliable RPE markers: MITF for its role in RPE specification; 

tyrosinase for its role in melanin synthesis; PMEL17, a melanosome-based protein upon 

which melanin sets150; PEDF for its neuroprotective properties504; VEGF for its angiogenic 

properties505; RPE65 specific to the RPE, this retinol isomerase is essential in the visual 

cycle506; CRALBP, another protein associated with the visual cycle, it process all-trans-

retinaldehyde into 11-cis-retinaldehyde507; MERKT, a tyrosine kinase receptor involved in 

POS phagocytosis508; Bestrophin, a calcium-dependant anion channel localising on the 

RPE basolateral membrane509; ZO1 for the formation of tight junctions if cells get 

confluent163. Functional assessments on their side shall include: 1. photoreceptor outer 

segment phagocytosis assays; 2. polarised factor secretion; 3. Trans-epithelial barrier 

resistance; 4. Pigmentation163. 

In the last decade, sophisticated protocols and tests were published aiming to improve 

the RPE differentiation efficiency from iPSC as these cells tend to be less efficient than the 

ESC479. Still, similarities in protocols are important. Therefore, inspiration shall be taken 

from both. The spontaneous differentiation seems to be the simplest protocol and so, 

could serve to prove that IPE stem cells can differentiate into RPE cells. Then, more 

advanced protocols shall be used to improve in quality, quantity and consistency the IPE-

derived RPE cells. 

Finally, the safety shall be considered. In allogeneic graft therapies, HLA incompatibility 

between a donor and a patient is major barrier which caused host antibody-based and 

complement-associated acute and chronic rejection of the organ510. These rejections 

require to treat grafted patients with immunosuppressive therapies aiming to remove 

circulating donor-specific anti-HLA antibodies from the organ to graft prior to the surgery. 

Once the organ is grafted, therapies include plasma exchange or glucocorticoid 

injection510. Stem cells therapies aiming to replace the RPE in AMD-affected patients face 

such issue as well as grafted cells are not recognised by the host immune system in 

absence of immune suppressive drugs511, 512. In what could be IPE stem cells therapies 

however, this issue could be resolved by the use of autologous sources as it is done with 

autologous iPSC-derived RPE grafts513.  

Another concern would be the teratoma formation after the surgery or the risk of 

differentiation toward an unwanted phenotype. To avoid these issues, good 

manufacturing practices in RPE differentiation protocols have been developed to 

establish cell purity based on functions and proteins associated with a mature RPE while 
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proving the absence of any immature RPE marker514. In addition, cells must be grown in 

serum-free media and supplements514. If original stem cells are grown on inactivated 

MEFs, the FDA would consider the graft as a xenotransplantation product with specific 

guidelines in charge of the patient monitoring and product processing, testing and 

archiving154.  

So far, no adverse effects originating from the pluripotent-derived RPE cells in clinical 

investigations has led to serious adverse effects91, 153, 154, 166, 513, 515, proving that 

appropriate protocols following strict guidelines can potentially lead to long-term benefits 

for the patients. If IPE stem cells are clearly and deeply characterised, grown in 

appropriate environments, differentiated into RPE by state-of-the-arts protocols and 

rigorously checked at every stage of the process, then they could also bring some benefits 

to many patients affected by the AMD.  

 

6.3 General conclusion 
 

Thus, in the light of this work, no stem cells have been identified in the porcine iris 

pigmented epithelium. This tissue runs two processes aiming to control the light intensity 

in the posterior chamber. The first is a smooth muscle skirting the iris on its posterior side. 

That participates to open the pupil by contracting the iris. The second is devolved to the 

absorption of light passing through the iris. This prevents light from saturing and/or 

disrupting the photoreceptor system. It also requires a process to depigment it for 

histological purposes. Further investigations on the tissue could still bring evidence to 

support the hypothesis that some stem cells reside in the IPE. 

Indeed, this work also demonstrated evidence that some IPE cells could be multipotent. 

Cell transformations toward different phenotypes were observed in the different 

conditions experimented in vitro. This supports that further in-depth molecular tracking 

of some crucial keystone proteins, in cells exposed to stringent non-proliferative 

conditions, seem essential. Indeed, four IPE cell types were observed. So, either for a 

fundamental prospect, or for the aim to replace deficient RPE cells in AMD, it is essential 

to identify these different IPE cell types. It is as important to understand their behaviours 

in vitro, how can they be distinguished according to their differentiation stage and to their 

epigenetic state, and how can this knowledge be linked to the IPE in vivo.  
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6.4 Summary of findings 
 

• Melanin can be removed from porcine iris pigmented epithelium sections by the 

exposure to H2O2 (3%) for 20 min at 60⁰C 

 

• Porcine IPE uses smooth muscular and muscular-associated proteins in its 

anterior layer; its basal laminal surrounds it on its anterior and posterior faces 

 

• Proliferation occurs in and near the ciliary bodies – IPE junction; this region 

potentially contains multipotent cells 

 

• IPE aggregates grown in generic neurogenic conditions developed neuronal 

specific protein content 

 

• RT-qPCR run from these aggregates established other potential transformations 

involving the Wnt/β-catenin canonical pathway, associated with the RPE 

development 

 

• In vitro, four types of IPE cells were observed: the neuronal-like cells, the 

epithelial-like cells/fibroblasts-like, the small epithelial-like cells and a fourth 

group remaining to define; the small epithelial-like cells were observed only in 

anti-oxidant medium. 
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7 Appendices 
 

7.1 Appendix 1: adjustement of the H2O2 depigmentation  
 

 

Figure 7.1: Representative pictures of porcine tissue sections depigmented in 10% H2O2 
at 60⁰C. A. Sections were incubated into H2O2 for 5 min. B. Incubation lasted 10 min. C. 
Incubation lasted 15 min. Arrows indicate the IPE. Arrowheads indicate desmin. Yellow 
boxes indicate higher magnifications below. DAPI is in blue, desmin in green. Small SB = 
100 μm, tall SB = 50 μm. 
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7.2 Appendix 2: Adjustement of the H2O2 solution 
 

 

Figure 7.2: Representative pictures of porcine section depigmented in 10% H2O2 1% Na2. 
A. H&E of depigmented sections. Left SB = 100 μm, right SB = 20 μm. B. Desmin labelling 
of depigmented sections. Arrows indicate the IPE, arrowheads indicate desmin. Yellow 
boxes indicate higher magnifications below. Small SB = 100 μm, tall SB = 50 μm.  
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7.3 Appendix 3: Laminin β1 and β2 in the human IPE 
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Figure 7.3: Representative pictures of Laminin B1 and laminin B2 in the human eye. A. 
Positive control limbus sections. Arrows indicate the corneal epithelium. B. Laminin B1 in 
iris sections. Arrows indicate the IPE, boxes indicate higher magnifications on the right. 
Small SB = 100 μm, tall SB = 50 μm. C. Laminin B2 in iris sections. Arrows indicate the IPE. 
Boxes indicate higher magnifications on the left. Small SB = 100 μm, tall SB = 50 μm. Li. = 
Limbus; CB = Ciliary body.  

 

 

7.4 Appendix 4: positive control for ΔN-p63. 
 

 

Figure 7.4: Representative pictures of human corneal sections labelled for DN-p63. 
Arrows indicate the corneal epithelium, arrowheads indicate ΔN-p63. Yellow boxes 
indicate higher magnifications below. Small SB = 100 μm, tall SB = 50 μm. Li. = Limbus.  
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7.5 Appendix 5: SOX2 in porcine cornea and iris sections 
 

 

Figure 7.5: Representative pictures of SOX2-labelled cornea and iris sections. A. Cornea 
sections. Arrows indicate the corneal epithelium, arrowheads indicate SOX2. B. Iris 
sections. Arrows indicate the IPE, arrowheads indicate SOX2. Yellow boxes indicate higher 
magnifications below. Li. = limbus; CB = Ciliary body 
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7.6 Appendix 6: Cytokeratins in IPE cells and aggregates  
 

 

Figure 7.6: Representative pictures of aPRE19 cells, IPE cells and IPE aggregates labelled 
with a C-2931 pan-cytokeratin antibody. A. ARPE19 cells. Arrowheads indicate 
cytokeratins. B. IPE adherent cells. C. IPE aggregates. SB = 50 μm. 
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