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Abstract

Retinal diseases such as age-related macular degeneration and diabetic retinopa-
thy are the leading cause of blindness worldwide with prevalence and resulting costs
projected to increase. There are few available treatments, and their applicability is
limited to slowing down the degeneration of the retina resulting from these diseases.
New treatments are needed to either stop the degeneration or regenerate the retina
with healthy cells to improve vision. Emerging therapies, in clinical trials, are in-
vestigating stem cell-derived photoreceptors injected, in a saline solution, into the
subretinal space to replace dying cells caused by retinal degeneration.

The principal objectives of this thesis were to engineer a bio-inspired injectable
matrix to incorporate stem cell-derived retinal cells and growth factors (viz., epi-
dermal growth factor) for injection into the subretinal space or vitreous, in place of
saline, and to evaluate the ability of the gel therapy to increase the viability, engraft-
ment, and functionality of the exogeneous cells in the retina. To achieve this goal, we
employed conjugates of gelatin with hydroxyphenyl propionic acid, an amino acid-like
molecule (Gtn-HPA), and hyaluronic acid with tyramine (HA-Tyr). We also investi-
gated an interpenetrating network (IPN) comprising a combination of Gtn-HPA and
HA-Tyr, which can be tuned to obtain the optimal mechanical, chemical, and in-
jectable characteristics tailored to improve retinal regeneration. The effects of these
hydrogels on various retinal cells (human ganglion cells, human retinal progenitors,
and human cones photoreceptors) were analyzed in the in vitro setting and showed
positive results: high viability, controlled differentiation, and low apoptosis.

In the first of 3 application-based in vivo experiments, we investigated select hydro-
gels incorporating specific cell types to treat problems associated with retinal ganglion
cells (RGCs) in vitreous injections. Transplanted RGCs showed significantly higher
engraftment and process extension when encapsulated in our IPN compared to saline
injections.

In a second in vivo experiment, we transplanted retinal progenitor cells (hRPCs) in
the subretinal space environment to address problems associated with photoreceptors
in the retina. Transplantations were quantified and compared to injections in saline
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at 1- and 3-weeks post-transplantation. At both time points, a 5-fold increase in
engrafted hRPCs in the outer nuclear layer (ONL) was observed when the cells were
injected in our biomaterial compared to injection in saline.

In a third vivo experiment, a novel human cone progenitor (hCP) cell line was
created and studied in retinal degenerative animal models (such as RCS rats and
RD1 mice). hCPs were found to engraft in high numbers and showed a significant
2-fold increase in retinal functionality, which was measured with optokinetic (OKN)
and electroretinogram (ERG) assays. The results of this thesis motivate and guide
further translational study in a large animal model to validate Gtn-HPA/HA-Tyr
hydrogels incorporating retinal stem cells and growth factors for the promotion of
retinal regeneration in a larger eyeball size with the attendant improvement in visual
function.
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Chapter 1

Clinical problem and proposed

therapeutic approach

1.1 Retinal Diseases background

The leading causes of blindness are primarily retinal diseases such as age-related

macular degeneration or diabetic retinopathy [1], [2]. In 2021, there was an estimated

of 20 million patients affected by a retinal disease. In the U.S., the total estimated

number of patients legally blind over 40 years in 2019 was 4.2 million. This number is

predicted to more than double by 2050 to 8.96 million due to the increasing epidemics

of diabetes and the impact of ageing population. Along with AMD, many other retinal

diseases (such as inherited retinal diseases [3] or retinal detachment) affect more than

1 million individuals (Figure 1.1).

Retinal diseases are either caused by a genetic mutation (IRDs), diabetes, or a

disruption of the architecture of the retina via extracellular deposits (AMD). Due to

the retina’s vital role in vision, damage to it causes permanent blindness. Conditions

such as retinal detachment [4], where the retina abnormally detaches from its usual

position, can prevent the retina from receiving or processing light. That, in turn,

stops the brain from receiving this information, thus leading to blindness. Using back

of the eye imaging with different apparatus [5], many symptoms and sign of retinal

diseases can be monitored and observed (Figure 1.2) such as: drusen (present during
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Figure 1.1: Retinal diseases distribution in the US as of 2021.
Distribution of patients suffering from retinal diseases in the US. The main diseases
are AMD (dry or wet) and diabetic retinopathy. 1% of patients are affected by
inherited retinal diseases (IRD).

AMD), black spots (present in RP), retinal detachment, diabetes impact, hemorrhage

etc.. . .

There is presently no cure for most of these retinal diseases but some treatments

have emerged which might slow down the degeneration created by the disease in cer-

tain cases. These treatments include surgery [7], injection of neuroprotective factors

[8], cell injection, or optogenetics.

1.2 Degeneration mechanism due to retinal diseases

1.2.1 Anatomy and architecture of the retina

The retina is a nervous membrane which is the inner lining of the eyeball, upon

which the light coming from external objects is received. It is located on between the

choroid (blood vessels bringing nutrients) and the hyaloid membrane (or inner limiting

membrane ILM) of the vitreous body near the optic nerve. Its thickness diminishes

from behind to forward and it extends as far as the ciliary body [9]. In the center
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Figure 1.2: Map of the back of the eye with specific symptoms.
Map of the back of the eye constructed with the imaging of a subset of diseased
retina with the Optos® Optomap®. Symptoms can be observed and monitored
such as: bear tracks, drusen, hemorrhages, cholesterol embolus, holes, detach-
ment, or tears. The architecture of the back of the eye is also observable (optic
disc, vein, artery, macula). Image reprinted with permission from Optos® PLC
(https://www.optos.com/providers/diagnostics–educational-tools/) [6].

of the posterior part of the retina, point at which the sense of vision is most perfect,

is located an oval yellow area called the macula; in its center a central depression is

called the fovea centralis. About 3 mm to the nasal side of the macula is the entrance

of the optic nerve (or optic disk) which doesn’t contain any photoreceptor: also called

the blind spot as it is the only part of the retina which is insensitive to light. Finally,

the arteria centralis pierces the center of this optic disk.

As seen in Figure 1.3, the first layer of the retina (close to the choroid) is composed

of retinal pigment epithelial (RPE) cells which sit on top of the Bruch’s membrane
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(BM). Sitting on top of RPE is a layer of photoreceptors (rods and cones). Pho-

toreceptors permit the transcription of light input (coming from the external object)

into a neural signal which is transmitted to the rest of the retina towards the visual

cortex of the brain. The density of rods vs cones is dependent on the location in the

retina: the macula is mainly composed of a compact layer of cones while the rest of

the retina is composed of mainly rods with cones forming a mosaic pattern. These

photoreceptors are connected to bipolar, horizontal and amacrine cells via a synaptic

connection: enabling the transfer of information. Finally, bipolar cells are connected

to the last cell layer of the retina: ganglion cells (RGC) which extend their processes

towards the center of the eye, merging and forming the optic nerve. The optic nerve

flows into the brain and ends in the visual cortex, where the image is analyzed. Muller

cells (in grey) possess a structure and protective role by forming the inner limiting

membrane, blocking the entrance of the retina to exogeneous factors on top of the

RGC layer.

Figure 1.3: Structure of the eye and architecture of the retina.
Schematic of a section of the eye showing the cornea, lens, sclera, choroid and optic
nerve; with zoom on the neural retina. H&E staining is shown and all retinal layers
are observable and marked (including cell type). Image reprinted with permission
from Hunt et al. [10]
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Another way of labeling the retina is to differentiate it into the neural retina and

the non-nervous retina (or sustentacular fibers). When examined under microscopy

with H&E staining by means of sections made perpendicularly to the surface, the

retina consists of 10 layers [11]:

1. Bruch’s membrane (BM)

2. RPE layer

3. Layer of rods and cones

4. Outer nuclear layer (ONL)

5. Outer plexiform layer (OPL)

6. Inner nuclear layer (INL)

7. Inner plexiform layer (IPL)

8. Gemglionic layer (RGC)

9. Nerve fabier layer (NFL)

10. Inner limiting membrane (ILM)

The purpose of the retina is to receive a light input which goes through all the layers

of the retina and is stopped by the RPE layer. Photoreceptors are essentially light-

sensitive cells, responsible for detecting qualities such as color and light-intensity.

They capture this light input and process it into a neural signal (with the use of

chemical components called opsin) which is sent towards bipolar cells and then gan-

glion cells. This signal navigates into the processes of RGC and goes directly into the

optic nerve and towards the visual cortex of the brain for visual recognition. There-

fore, the delicate architecture of the retina plays a major role in visual function. Any

change or disruption in one cell layer can create a cascade which can lead to vision

loss: retinal disease.
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1.2.2 Age-related macular degeneration (AMD)

Age-related macular degeneration (AMD), is a medical condition which may result

in blurred or no vision in the center of the visual field [12]. Over time, patients

experience a gradual worsening of vision that may affect one or both eyes. This

disease does not result in complete blindness but in the loss of central vision that can

make it hard to recognize faces, drive, read, or perform other activities of daily life.

Visual hallucinations may also occur but these do not represent a mental illness.

As the disease progresses, extracellular deposits, called drusen, form beneath the

retinal pigment epithelium (RPE). This deposit disrupts the overlying photorecep-

tor cells creating the loss of vision. Clinically, drusen represent one of the earliest

biomarkers of AMD, and progression of the disease is categorized primarily based on

the size, shape, and location of this cellular debris within the macula. Abnormalities

in the RPE may also accompany drusen [13]. The advanced stage of dry AMD is

characterized by the progressive loss of the RPE cells, the outer neurosensory retina

and the choriocapillaris. Degeneration of photoreceptor cells throughout the macula

results in functional deficits leading to severe loss of central vision [14]. The patho-

genesis of AMD and its causes are still relatively unknown but due to the increase of

research and laboratories working on curing AMD new clinical trials have appeared

in the past few years.

1.2.3 Inherited retinal diseases (IRDs)

Inherited retinal diseases—or IRDs—are diseases that can cause severe vision loss

or even blindness [15]. Each IRD is caused by the mutation of at least one gene

which creates a cascade mechanism and disrupt one specific layer of the retina (in

most cases the photoreceptors). IRDs progress at different rates are rare (orphan

diseases). However, most are degenerative and symptoms get worse over time. There

are many types of IRDs but the most common ones are:

• Retinitis pigmentosa [16]: is a group of disease caused by more than 100 muta-

tions in 60 genes which affect the retina and especially the photoreceptors. RP
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leads to progressive and non-reversible vision loss as well as retinal dystrophy.

Usually rods are the first photoreceptor to die, which then triggers a cascade

killing the cones too. The first sign of RP is usually loss of night vision, called

night blindness. The apparition blind spots which develop in the peripheral

retina over time, reduce the patient’s vision. There is presently no effective

treatment to treat retinitis pigmentosa.

• Stargardt’s disease [17]: is caused by damage to the macular and especially

cones and rods. It is caused by the mutation of two specific genes: ABCA4

and ELOVL4. The ABCA4 and ELOVL4 genes provide instructions for mak-

ing proteins that are found in photoreceptors in the retina. A fatty yellow

pigment (lipofuscin) builds to cells underlying the macula which then disrupts

the architecture of the retina leading to vision loss. The disease typically causes

central vision loss during childhood or adolescence. Only rarely do people with

the disease lose all vision.

• Cone-rod dystrophy (CRD) [18]: is a group of more than that affect the cones

and rods. It is caused by the mutation of more than 30 genes, 20 of which are

inherited in an autosomal recessive pattern. With the progressive deterioration

of the cones and rods, people with this condition experience vision loss over

time. The first symptoms usually occur in childhood, and may include blurred

vision and an intense sensitivity to light (called photophobia). Most individuals

with this condition lose a significant amount of vision by mid-adulthood.

1.2.4 Neurofibromatosis type 1 - Optic pathway gliomas (NF1-

OPG)

A specific disease which will be discussed in this thesis is Neurofibromatosis type

1 - Optic pathway gliomas (NF1-OPG) [19]. Neurofibromatosis type 1 (NF1) is a

genetic condition that causes tumors to grow along nerves throughout the entire

body. The tumors are usually benign but may cause a range of symptoms. NF1

is caused by the mutation of the NF1 gene on chromosome 17. This gene produces
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a protein called neurofibromin that helps regulate cell growth. When mutated, the

loss of neurofibromin allows cells to grow uncontrolled. In the case of NF1-OPG it

is the presence and formation of optic nerve gliomas (OPG) which are benign brain

tumors that grow on the optic nerves which leads to loss of vision. OPGs are found

in approximately one in five children with NF1.

In NF1-OPG, mutant RGCs (forming the optic nerve) are observed and have an

impaired neurofibromin function. This reduces the cAMP levels, thereby lowering the

threshold for RGC death and replacement. Therefore, this triggers a cascade in which

mutant and non-functional RGCs are not replaced leading to subsequent vision loss.

Specifically, NF1-mutant microglia secrete chemokines (e.g., CCL5, CXCL12), which

promote the proliferation and survival of NF1-deficient tumor cells. In addition,

estrogen receptor 𝛽 (ER𝛽)-mediated microglial priming leads to the production of

neurotoxins (e.g., IL-1𝛽) that increase NF1-mutant RGC axonal dysfunction and

death, causing vision loss in a sex-dependent manner [20]. Nearly 75 percent of optic

nerve gliomas occur in children younger than ten years old and total blindness occurs

in 5% of cases.

The vision of patients affected by the listed diseases is shown is Figure 1.4.

1.3 Gold standard of therapy

1.3.1 Therapies available and their potential

As explained previously, most retinal diseases create a toxic cascade which pro-

motes the death of photoreceptors and other cells in the retina and finally damages

the structure of the tissue. The goal of a retinal therapies is not only to stop the

progression of degenerating diseases but also to perform regeneration of the diseased

tissue. Different types of therapies are being studied, each having its potential to cure

part of a retinal disease cascade: gene therapy, neuroprotection, optogenetics and cell

replacement therapy (see Table 1.1).

Several gene therapy approaches, including replacement gene therapy, addition
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Figure 1.4: Vision of patients affected by retinal diseases.
Left panel: healthy vision, right panel: vision of patient affected by A. Age-
related macular degeneration (AMD) B. Retinitis pigmentosa (RP) and C. Neurofi-
bromatosis type 1-optic pathway gliomas (NF1-OPG). AMD induces symptoms such
as blurred vision and reduced vision in the center of the visual field. RP creates a loss
of peripheral and scotopic (light) vision. NF1-OPG provokes blurry and distorted
vision as well as hormonal problems.

of a growth factor, suppression gene therapy, and gene editing, have been proposed

in attempts to treat various ophthalmologic conditions [25]. Only one therapy has

passed clinical trial and has been approved by the FDA [26]. This therapy consists

in repairing a specific gene (RPE65) which, when mutated, leads to loss of vision and

especially Leber congenital amaurosis which is an early onset of retinitis pigmentosa.

This reparation is performed by injecting a normal copy of the gene RPE65 with a

surgical incision in the subretinal space next to the photoreceptors. The results of
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Table 1.1: Main therapies involved in retinal regeneration.

Therapy Advantages Downfalls

Gene therapy

- Only way to cure the
underlying inherited disease
- Can stop the degeneration
of cells [21]

- Necessary to cure the
disease but no sufficient
- Need for healthy cells to
restore vision

Neuroprotection

- Neuroprotective factors can
slow retinal degeneration
- Several animal models
have been tested [22]

- Best for treating secondary
degenerative diseases.
- Need for healthy cells
to restore vision

Optogenetics

- Combines genetic and optical
stimulation strategies
- Activates selective proteins to
repair the retina [23]

- Best for slowing down
degeneration
- Need for healthy cells to
restore vision

Cell replacement

- Could enable total sight
regeneration
- Many diseases type can be
targeted (with different
cell types) [24]

- Stem cell culture is a
challenge with unwanted cells
leading to tumor formation
- Cannot stop the
degeneration mechanism

the clinical trial and the treated patients suggest a great opportunity to stop the

degeneration of certain inherited retinal disease (IRD).

Optogenetics focuses on creating artificial photoreceptors to restore photosensi-

tivity. This is accomplished by gene delivery of light-activated optogenetic tools

(channels or pumps) to surviving cells, such as ganglion cells, that remain intact in

the retinal circuit in various diseases [27]. A recently approved clinical trial [28] has

showed that by combining intraocular injection of an adeno-associated viral vector

encoding ChrimsonR with the addition of engineered googles, patients were able to

restore partially their lost vision due to retinitis pigmentosa.

Due to the drastic vision lost caused by the neurodegeneration of the retina, many

studies and a couple of clinical trials have focused on the use of neuroprotective factors

which have the potential to slow down or even stop the degeneration. A number of

neuroprotectants, which can be injected in the vitreous or subretinal space, with

defined mechanisms of action (such as saffron and coQ10 [29]) show anti-apoptotic
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effects.

The most promising therapy to regenerate fully sight to blind people is cell re-

placement. While other therapies focus on slowing down or stopping the disease, the

cell replacement therapy goals are to regenerate the retina by injecting viable, live

and functional cells into the retina. These cells must have the ability to engraft in

the retina and attach to the right cell layer, forming a healthy retinal architecture

with specific cell-cell interaction and synapses connections. The injected cells must

also have the ability to proliferate and be protected from the immune system. For

these goals, many studies have been performed and have shown that the use of human

derived stem cells is the perfect fit to accomplish those goals [30], [31]. Stem cells

have the ability to differentiate into several cell types but they are also capable of

indefinite proliferation in their undifferentiated state [32]. Stem cells used for retinal

regeneration can be classified in either their potency (omnipotent, pluripotent and

multipotent) or origin. Omnipotent stem cells can differentiate into embryonic or

create organism, pluripotent cells also known as master cells have the ability to form

all 3 germ layers, and multipotent stem cells are able to differentiate into a limited

number of cell types. The following list shows the different types of retinal stem cells,

their properties and their origin:

• Embryonic stem cells [33]: ESCs are pluripotent, have the ability to self-renew

and are derived from embryos. ESCs can differentiate into neurons, cardiomy-

ocytes, hepatocytes, pancreatic beta cells, lung epithelium, but also photore-

ceptors and RPE. Several concerns rise with the use of ESCs. Indeed, they may

need immunosuppression in order to remove any unwanted cells which could

lead to tumor formation and immune reaction post-transplantation; they also

have an ethical concern due to the fact that they are derived from blastocysts

5 days after fertilization.

• Mesenchymal stem cells [34]: MSCs can be derived from bone marrow and hu-

man umbilical cord blood. They can differentiate into mesodermal cells such

as osteoblasts and adipocytes. Depending on the stiffness of the substrate they
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are cultured on they can differentiate in neurons (RGC or horizontal cells in the

retina), muscle or bone cells.

• Induced pluripotent stem cells [35]: iPSCs have similar morphology and growth

properties as ESCs. They can differentiate into tissues with a specific protocol

and are derived from human adult fibroblast by applying the Yamanaka factor to

them [36]. One major improvement with iPSCs is the tolerance of the immune

system when transplanting those cells; no need for immunosuppression. One

issue with iPSCs is the risk of tumor formation when transplanting.

• Progenitor cells [37]: PCs are isolated from tissue of developing fetuses. These

cells have a high potential of proliferation (expandable) and can be maintained

in an undifferentiated state. In case of retina, fetal eye tissue from early ges-

tation week can be used to isolate retinal progenitor cells (RPCs). RPCs are

multipotent and can differentiate in any cells of the retina (ganglions, RPE,

photoreceptor, bipolar cells, Muller cells ...) with little to no unwanted differ-

entiation which removes the problem of tumor formation.

• Neural stem cells [38]: NSCs are isolated from the adult subventricular zone and

dentate gyrus of the hippocampus in the central nervous system (CNS). They

have a high potential of proliferation however their differentiation is limited:

neurons, astrocytes and oligodendrocytes. NSCs are found in the retina, the

ciliary body epithelium, ciliary marginal zone, and iris.

The success of using these stem cells for treatment is based on finding an appro-

priate source, efficiently deriving the desired cell population, and then establishing

a safe and effective method of delivery. Many studies have shown the potential of

ESC derived retinal pigmental epithelial cells (RPE) to replace and regeneration the

RPE layer of the diseased retina [39], [40]. Some recent clinical trials have been ap-

proved for the first in human trials of retinal progenitor cells derived photoreceptors

to potential restore sight in patients possessing retinitis pigmentosa.
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1.3.2 Stem cell replacement therapy

As of today, many clinical trials have been approved for the injection of stem cell

derived retinal cells to induce regeneration and possible vision restoration (Table 1.2).

Table 1.2: List of ongoing clinical trials using stem cell therapy for
retinal regeneration.

Type of stem
cell therapy

Injection
Method Pathology Phase Ref

Bone marrow-
derived stem cells Intravitreal nAMD, Stargardt Phase I and II [41]

Bone marrow-
derived stem cells Intravitreal Glaucoma Phase I and II [41]

Central nervous
system cells Subretinal Atrophic AMD Phase I and III [42]

iPSCs derived
RPE cells Subretinal Atrophic AMD Phase I [43]

iPSCs derived
RPE cells Subretinal nAMD Phase II [44]

hESC-derived
RPE cells Subretinal AMD Phase I [45]

hESC-derived
RPE cells Subretinal nAMD Phase I [46]

hESC-derived
RPE cells Subretinal AMD, Stargardt Phase I [47]

hESC-derived
RPE cells Subretinal Atrophic AMD Phase I [48]

hESC-derived
RPE cells Subretinal AMD Phase I and II [49]

hESC-derived
RPE on membrane Subretinal AMD Phase I and II [50]

human retinal
progenitor cells Subretinal Retinitis pigmentosa Phase I [51]

human retinal
progenitor cells Subretinal Retinitis pigmentosa Phase II [52]

human retinal
progenitor cells Subretinal Retinitis pigmentosa Phase I and II [53]

Of those ongoing clinical trials, two different injection location have been used:

the vitreous and the subretinal space. Cells are usually injected in a 31-gauge needle
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in a saline solution. In the vitreous cells are floating and tend to migrate towards the

retina to attach the inner limiting membrane or RGC layer before migrating towards

the right layer (RPE, photoreceptors. . . ). The subretinal space is a fictive space which

is created by forming a bleb between the RPE and photoreceptor layer and injecting

cells in that space [54]. As seen in Figure 1.5, this bleb creates a small pocket (retinal

detachment) which allow for the cells to migrate directly towards either the RPE or

photoreceptor layer. With this injection mechanism a higher percentage of cells can

be found engrafting in the right layer and assembling to form the architecture of the

previously diseased retina.

Figure 1.5: Schematic of invitreal vs subretinal injection of stem cells.
Invitreal injection consist in transplanting cells through the sclera and directly into
the vitreous body of the eye. Subretinal injection are performed by injecting inside
the retina between the RPE and outer nuclear layer (ONL) of photoreceptors. A bleb,
incorporating the therapeutic, is created at this location. Reprinted with permission
from DiCarlo et al. [55].
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The main downfall of stem cell replacement is that it is necessary to restore vision

but not sufficient. Indeed, even if healthy and viable cells are injected and able

to engraft and replace dead cells, the IRD mechanism would keep on degenerating

the new cells. The final and optimal approach to fully treat IRD would ideally be a

combination of gene therapy in order to stop the degeneration and stem cell therapy to

replace the dead cells and promote regeneration of the retina with healthy exogeneous

cells. Another option would be to create a protective envelope around cells until they

migrate and form connections with the host tissue and secrete neuroprotective factors

that can negates the hostile environment presented by the IRD tissue.

1.4 Biomaterials for treating retinal diseases

The environment in which cells grow and differentiate can critically influence their

survival post-transplantation. The rationale behind using biomaterials for treating

retinal diseases is that the transplantation of stem cell derived retinal cells needs to be

injected in a hostile microenvironment as an intact layer/sheet rather than injected as

a suspension [56], [57]. As mentioned in the previous section, subretinal and vitreous

injection were previously performed with a bolus injection of cells in saline. One

example for the need of such biomaterials is the mechanics of degeneration of AMD.

As mentioned previously AMD is characterized by the complete loss of RPE but also

an abnormal Bruch’s membrane (BM). This membrane is a thick ECM composed of

collages type I and IV, HA, laminin, fibronectin, chondroitin sulfate and elastin [58].

As such the successful injection and replacement of healthy RPE is impossible due to

the degraded nature of BM during AMD. Studies have shown that by resurfacing BM

with either natural of synthetic biomaterials can facilitate and improve significantly

RPE engraftment and retinal regeneration [59].

Other studies have used injectable biomaterials (e.g., hydrogels) to encapsulate

various stem cell derived photoreceptor progenitors with a goal to treat diseases such

as RP, AMD or RD [60]. As seen in a previous section, photoreceptors have a specific

layout in the architecture of the retina. Transplanting photoreceptor by a bolus
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injection in saline is a first step to prove their functionality in vivo however it is

not optimal. By using different type of hydrogels and encapsulating biomaterial

the engraftment, viability and phenotype of those injected cells can be enhanced thus

improving their potential effect in the diseased retina. One emerging research concept

is the injection, in the subretinal space, of a biomaterial-encapsulating cells hydrogel

to replace dead photoreceptor in the diseased retina (Figure 1.6). The resulting

bleb formation is filled with a solid material encapsulating the targeted stem cells.

Direct injection of this biomaterial incorporating stem cells could: 1) reduce immune

response and rejection; 2) facilitate the migration of stem cells into the tissue; 3)

enhance stem cell viability; 4) enhance the final engraftment and replenish the retina

with healthy cells that in turn improve its architecture and functionality. Moreover,

the addition of therapeutic agents directly into the biomaterial, before injection, might

be able to overcome the problems of low viability and unwanted differentiation.

Figure 1.6: Schematic of biomaterial-encapsulating hydrogel injection
into the subretinal space.
Biomaterials (synthetic, natural or hybrid) are formed in tube and mixed with the
therapeutics (retinal stem cells, proteins or growth factors) and injected through a
31-gauge needle in the subretinal space. The hydrogel can either be pre-formed or
possess an in-situ crosslinking mechanism. Image has been modified from Dromel et
al. [61].
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Biomaterials used for treating retinal diseases include naturally derived polymers,

synthetic polymers, and biohybrid scaffolds. Natural biomaterials mainly include

ECM proteins already found in the retina such as gelatin I, II and IV, alginates,

laminin, fibronectin, Matrigel or vitronectin. These biomaterials are formed into

high water-content hydrogels which are crosslinked networks of hydrophilic polymers

[62]. These hydrophilic polymer chains can be crosslinked chemically, physically, or

ionically. Generally, the hydrophilicity and softness of hydrogels make them bio-

compatible and biodegradable materials having the potential to mimic tissue where

they are implanted. These hydrogels have the advantage of possessing the ligands

necessary for cell-integrin adhesion, migration, and degradation. The byproduct of

their degradation is usually biocompatible even if they can trigger a higher immune

response from the body due to their similar chemical structure as the already present

ECM.

Synthetic polymers have better mechanical properties and can resist the transplan-

tation procedure and the hostile microenvironment there are implanted in [63]. Suit-

able mechanical properties can be obtained by modifying the porosity, polymer fibers

density, and topographical parameters. Synthetic scaffolds are more advantageous

than natural scaffold because they elicit little to no immune response when injected

as they are not recognized by the immune system. Biocompatible and biodegradable

synthetic scaffolds can be modified and derived from a high number of different poly-

mers: poly(lactic-co-glycolic acid) (PLGA), poly(l-lactic acid) (PLLA), polydimethyl-

siloxane (PDMS), poly(methyl methacrylate) (PMMA), poly(ethylene glycol) (PEG),

and polycaprolactone (PCL) [64]. The most significant downfall of these synthetic

polymers is their degradation byproducts which can elicit a high immune response a

long-term times.

Biohybrid scaffolds have the advantages of both synthetic and natural scaffolds

by incorporating both materials to make composite scaffolds [65]. Part of the scaffold

(natural polymers) could bring the adhesion ligands necessary for high cell viability

when encapsulating while the synthetic polymers would bring the mechanical and

tunable desirable properties. Some studies have used the blend of Silk and PCL to
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transplant sheets of RPE in the diseased retina showing promising result in terms

of regeneration [66]. Other types of scaffolds such as scaffold free cell sheets and

decellularized matrix have been studied showing their potential for regeneration part

of the neural retina. Examples of scaffolds used with the cells encapsulated and

animal model is shown in Table 1.3. Predominantly RPE have been transplanted in

different scaffolds due to their need of BM for engraftment and viability.

Table 1.3: Example of scaffolds used for cell encapsulation and their
advantages.

Biomaterial Type Cells Animal Advantages Refs

Gelatin Natural RPCs, RPE Rabbits

- Low
immunogenicity
- in-situ
crosslinking

[67]

Silk Fibroin Natural RPE Rodents

- Great
Mechanical
strenght
- biocompatiblity

[68]

PLGA Synthetic RPCs, RPE Rodents - Remarkable
tunability [69]

PCL Synthetic Rods/cones Rodents
- Permeable
- slow
degradation

[64]

SF & PCL Hybrid RPCs Rodents
- Quick RPC
differentiation
towards cones

[66]

PNIPAAm Thermo-
responsive RPE Rodents

- Low
immunogenicity
- auto-removal

[70]

Decellularized
matrix ECM rods/cons Rodents

- micro- and
macro-structures
- functional
ECM proteins

[71]

The choice of biomaterials in the case of subretinal injection of photoreceptors in

narrowed by the functional and optimal requirement of the tissue. To make a therapy

with little to no trauma and immune reaction, the material must be an injectable

liquid formulation which solidifies post-injection (in-situ crosslinking mechanism).
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Therefore, natural materials that aren’t shear thinning may require some synthetic

chemical modification to enable gelation in vivo. These modifications can be based on

enzyme-mediated covalent crosslinking or environmental modifications (pH, tempera-

ture). In addition, the biomaterial needs to be biocompatible (minimal inflammatory

response) and biodegradable over a period necessary for short- and long-term deliv-

ery of the cells with possible therapeutics. After initial design in vitro testing of an

injectable formulation, degradation rate, adhesion ligands presence, cell viability and

encapsulation, the effectiveness of a prospective biomaterial needs to be determined

in vivo.

1.5 Gelatin-hydroxyphenyl propionic acid and HA-

tyramine

1.5.1 Introduction

Gtn-HPA and HA-Tyr are injectable hydrogels biomaterial with easily tunable

mechanical properties that meets the retinal disease therapies-specific requirements.

Their in situ-crosslinking process offer a minimally invasive application through a

needle. Multiple in vitro studies support the use of Gtn-HPA/HA-Tyr by demon-

strating key properties: biocompatibility; biodegradation; cell encapsulation, high

viability, maintained phenotype, migration, proliferation and differentiation [72]. In

vivo studies have shown its multi-week persistence after retinal injection and easy

incorporation of therapeutic agents. A few of these properties are highlighted in the

sections below.

1.5.2 Synthesis and characterization

For Gtn-HPA, bovine gelatin is collected (Mw=80-140 kDa, pI=5) and HPA is

covalently conjugated to the polymer’s strands via a general carbodiimide/active

ester-mediated (EDC/NHS) coupling reaction (Figure 1.7a). The degree of HPA

conjugated to gelatin amine groups has been analyzed with the TNBS method to be
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90%. The final conjugation was confirmed by HNMR chemical shift peaks of 6.8ppm

and 7.1ppm. This indicated the presence of the aromatic protons of HPA. Details

of the full synthesis of Gtn-HPA have been previously described [73] and are copied

here: "3,4-Hydroxyphenylpropionic acid (HPA) was used to synthesize Gtn-HPA con-

jugates by a general carbodiimide/active ester-mediated coupling reaction in distilled

water HPA (3.32 g, 20 mmol) was dissolved in 250 ml of mixture of distilled water

and N,N-dimethylformamide (DMF) (3:2). To this N-hydroxy succinimide (3.20 g,

27.8 mmol) and 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (3.82

g, 20 mmol) were added. The reaction was stirred at room temperature for 5 h, and

the pH of the mixture was maintained at 4.7. Then, 150 ml of Gtn aqueous solution

(6.25 wt.%) was added to the reaction mixture and stirred overnight at room temper-

ature at pH 4.7. The solution was transferred to dialysis tubes with molecular cut-off

of 1000 Da. The tubes were dialyzed against 100 mM sodium chloride solution for 2

days, a mixture of distilled water and ethanol (3:1) for 1 day and distilled water for

1 day, successively. The purified solution was lyophilized to obtain the Gtn-HPA."

Sodium hyaluronate was obtained from Wako Biotec (Mw=180-150 kDa, pI=1.4)

and tyramine was covalently conjugated to the HA strands via the same carbodi-

imide/active ester-mediated coupling reaction (Figure 1.7b). HA-Tyr was synthe-

sized similarly as Gtn-HPA by mixing HA (1 eq.) and tyramine hydrochloride (21.6

eq.) dissolved in distilled water with a tenfold-lower volume solution of 1-Ethyl-

3-[3-(dimethylamino)propyl]carbodiimide (EDC, 4 eq.) and 1-hydroxybenzotriazole

(HOBt, 4 eq.) dissolved in a 1:1 mixture of dimethylsulfoxide:distilled water [74].

The reaction pH was adjusted to 6.8 using 0.1 M sodium hydroxide and mixed for 48

h before purification by dialysis (MWCO = 3500 Da). The degree of Tyr conjugated

to HA repeating units was found to be 92%. A 6.25 wt.% Gtn aqueous solution was

then added to the reaction mixture, which was stirred overnight at pH 4.7, and the

final product was purified by dialysis. Based on these studies, Gtn is coupled to HPA

approximately 1 out of every 100 amino acids and HA is coupled to Tyr approxi-

mately 6 out of every 100 repeat units. Consequently, HA expresses approximately

two times as many phenolic hydroxyl groups from synthetic modification as Gtn on
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a molar basis.

Figure 1.7: Schematic of the synthetic pathway to conjugate HPA to
gelatin and Tyr to HA.
Image reprinted with permission from (a) Wang et al. [73] and (b) Kurisawa et al.
[74].

Complete characterization of solid polymers (Gtn-HPA and HA-Tyr), hydrogels

and copolymeric networks was performed as seen in Table 1.4. Number (Mn) and

weight (Mw) averaged molecular weight, glass transition temperature (Tg) and melt-
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Table 1.4: Full characterization of Gtn-HPA/HA-Tyr polymers and
hydrogels.

Gels wt% G’ (Pa) E (Pa) Gel
Point (s)

Time to
plateau (s)

Gtn-HPA 2 578 ± 32 2532 ± 20 42.5 220 ± 18
IPN75 2 835 ± 26 3101 ± 24 151 479 ± 10
IPN50 2 1072 ± 29 4316 ± 39 167 888 ± 9
HA-Tyr 2 1438 ± 13 6818 ± 76 273 1463 ± 5

Polymers wt% Mn
(kg/mol)

Mw
(kg/mol) Tg (C) Tm (C)

Gtn-HPA Solid 18,000 ± 40 64,500 ± 75 140 ± 1 167 ± 2
HA-Tyr Solid 68,000 ± 55 153,700 ± 20 148 ± 2 188 ±1

ing temperature (Tm) were measured with respectively gel permeation chromatog-

raphy (GPC) and differential scanning calorimetry (DSC). As seen in Figure 1.8a, a

clear glass transition and melting transition were observed. However, differing from

usual DSC experiments, both samples were destructured post melting and could not

be brought back to its initial shapes. Molecular weights measures were fitted with

a normalized gaussian curve showing higher molecular weight for HA-Tyr than Gtn-

HPA. Some peaks were seen at really low weight (<5,000 g/mol) for both samples

resulting from the presence of both HPA and Tyramine groups.

1.5.3 Injectable properties

The HPA and tyramine moieties can undergo peroxidase-mediated covalent crosslink-

ing to transform an initially liquid formulation into a solid biomaterial: the in-situ

crosslinking mechanism (Figure 1.9). The specific peroxidase employed for this pro-

cess is horseradish peroxidase (HRP), and the catalyst is hydrogen peroxide (H2O2);

both reagents are used in small amounts that have not been shown to be toxic in

vitro or in vivo [75].

This in-situ crosslinking mechanism offers the possibility to inject encapsulated

cells in the retina with as little trauma as possible. Many studies have shown that

transplanted sheet of cells in pre-formed scaffolds has great regenerating potential
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Figure 1.8: Transition temperatures and molecular weight
characterizations of dry polymers.
(a) Differential scanning calorimetry measurements of solid Gtn-HPA (dashed line)

and HA-Tyr (dotted line) polymers. Glass temperature (Tg in blue) and melting
temperature (Tm in red) are represented with vertical lines with their values for
both polymers. (b, c) Gel permeation chromatography measurements of solid Gtn-
HPA and HA-Tyr polymers. Number average (Mn in blue) and weight average (Mw)
molecular weight were calculated (see methods) and represented on both graphs.

however the trauma of injection could potentially be a factor for the non-optimal

results found [76]. While HRP is derived from horseradish root, it is noteworthy that

the enzyme shares a very similar active site with hemoglobin, catalase, and human

peroxidases. Regarding the use of hydrogen peroxide, which is known to cause cell

apoptosis, prior in vitro studies [77] have demonstrated that the low concentration of

hydrogen peroxide used to initiate crosslinking doesn’t affect cell viability. The effect

will be analyzed in more depth in this thesis.
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Figure 1.9: Schematic of the covalent crosslinking of Gtn-HPA and
HA-Tyr.
The phenol moieties of (a) HPA and (b) Tyr upon addition of the HRP catalyst and
H2O2 crosslink Gtn-HPA and HA-Tyr into hydrogels.

1.5.4 Mechanism of degradation in the eye

Studies have found the total degradation of Gtn-HPA by collagenase (MMP-1) and

HA-Tyr by hyaluronidase [78]. Since MMPs, collagenase and hyaluronidase are found

not only in the vitreous but also in the ECM of the retina to degrade extracellular

matrix in normal physiological processes, Gtn-HPA/HA-Tyr can be degraded in the

eye without further modification. Most of the biproducts of Gtn-HPA and HA-Tyr,

after degradation by enzymes, are collagen, HA or amino acid (HPA and tyramine)

based. These byproducts are non-toxic giving the ability for our biomaterials to be

biocompatible.

1.6 The proposed therapeutic approach

During the early or late stage of retinal diseases (e.g., AMD or RP) the key

problematic area is: the death of photoreceptor cells in a cascade which leads to

partial or total loss of vision. Given the previous studies performed with different

types of retinal stem cells and their results in terms of engraftment of these cells in
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either the outer nuclear layer (ONL) or in the retinal ganglion cells layer (RGC),

the therapeutic strategy (Figure 1.10) is to inject Gtn-HPA/HA-Tyr encapsulating

retinal progenitor cells (either photoreceptor progenitors or ganglion cells progenitors)

and growth factors (e.g., EGF or FGF) into the subretinal space (for photoreceptors)

or the vitreous (for RGC) to promote the viability, release, engraftment and correct

architecture of injected exogeneous cells offering the possibility of regenerating the

entire photoreceptor (or RGC) layer. This would lead to the advancement of new

compensatory connections between the intact, surviving host tissue and the exogenous

cells.

Figure 1.10: Schematic of the proposed therapeutic approach.
Retinal progenitor cells (hRPCs) and growth factor (EGF) are mixed with liquid solu-
tions of Gtn-HPA and HA-Tyr. As soon as the catalyst (HRP) and crosslinker(H2O2)
are added, the final therapeutic is injected into the subretinal space of patients
through the sclera and the retina with a 31-gauge needle. This create a retinal
bleb which contains the final solid hydrogel encapsulating cells and growth factors.
This therapeutic then migrates along the retina, releasing cells to engraft in the host
tissue.

Many cell types have been isolated and injected in the retina to promote cell

replacement [79], however, only a few have been able to either show functionality or

even be in clinical trial. In our work we have focused on two different cell line: human

retinal progenitor cells (hRPC from ReNeuron) which are in clinical trial phase 2 and

have been shown to be able to replace dead photoreceptor cells in the retina of RP
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patients [53]; and human retinal ganglion cells (isolated and purified in Dr. Don Zack

laboratory at John Hopkins) which have been shown to fully attach and replace an

entire layer of RGC in the disease retina [80].

EGF and FGF are selected as growth factors to be encapsulated based not only

on their presence in high concentration in most retinal progenitor cells media [81]

but also based on prior in vitro study in which the use of these factors enabled a

higher viability, proliferation and functionality of many different retinal progenitor

cell lines. In one study [82], the effect of the EGF receptor (EGFR) was analyzed to

prove its function of maintenance of normal levels of progenitor cells in the retina.

Mice with homozygous deletion of the EGFR gene were found to have a reduced

proliferation. Moreover, following retinal damage from continuous light exposure, the

EGFR expression was upregulated resulting in a renewed mitotic response to EGF.

This study suggests that the use and encapsulation of EGF could enable exogeneous

cells to thrive and increase their proliferation in vivo even after retinal damage.

Many studies have shown the potential of a pre-formed cell seeded scaffold on the

enhancement of cell migration, viability, engraftment and final architecture in certain

types of retinal diseases. One problem which could be solved with the injection of

Gtn-HPA/HA-Tyr encapsulating cells is the trauma of insertion of pre-formed scaffold

by the fact that our biomaterial is an injectable in-situ crosslinking hydrogel. Studies

using pre-formed scaffold have shown retinal damage and a high immune response

due to the trauma of insertion and the presence of those scaffolds for long time in the

retina. To counteract this effect, Gtn-HPA/HA-Tyr will be tuned to be injectable

with a degradation constant relatively fast to provoke as little immune response as

possible while enhancing cell replacement.

Using naturally derived polymers has advantages and downfall. For the most part,

all the degradation components are biocompatible and can be fully degraded by the

body enzymes [83]; in our case the eye or vitreous which already contains gelatin and

hyaluronic acid [84]. However, due to the close chemistry of our biomaterials to the

polymers already present in the eye, naturally derived polymers could induce a higher

immune response compared to synthetic polymers which would not be targeted by
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the immune system. These data support the strategy of incorporating cells and EGF

in natural-synthetic derived polymeric combination to enhance retinal regeneration.

The approach for testing the therapeutic strategy of Gtn-HPA/HA-Tyr incorporating

EGF and retinal progenitor cells is summarized in Figure 1.11.

Figure 1.11: Approach to test the therapeutic strategy of
Gtn-HPA/HA-Tyr.
(a) The animal model used is a subretinal injection with bleb formation in rats

which creates a model a retinal detachment (RD) days to weeks post-transplantation.
(b) Therapeutics include 2 wt% Gtn-HPA and HA-Tyr (or their mix) encapsulating
hRPC (in the subretinal space) or hRGC (invitreal) with an approximate 3 min in-situ
covalent crosslinking. (c) Different cell types (exogeneous human retinal progenitor
cells) are used to target specific diseases.

.
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1.7 Thesis Aims

1.7.1 Engineering a bio-inspired matrix for retinal regenera-

tion

The principal objective of this thesis was to create evaluate the ability of an

injectable, gelatin and hyaluronic acid-based biomaterial (gelatin-hydroxyphenyl pro-

pionic acid, Gtn-HPA, hyaluronic acid-tyramine, HA-Tyr, or the mix of both) incor-

porating different growth factor (EGF, FGF) to enhance the viability, attachment,

release and engraftment of encapsulated and injected stem cells (human retinal pro-

genitor cells, hRPC, human retinal ganglion cells, hRGC) in order to enable retinal

regeneration in the case of different retinal diseases (Retinitis pigmentosa, RP, cone-

rod dystrophy, or neurofibromatosis type 1 optic pathway glioma, NF1-OPG).

1.7.2 Analyzing and measuring the effect of gels on retinal

stem cells

In a second objective, the mechanical and chemical effect of our biomaterials in

vitro on different retinal cells was analyzed and measured. We analyzed the effect of

the covalent crosslinking of our hydrogels, its stiffness, mechanical effect and chemical

effect on the viability, phenotype, diffusion, release and protection of human retinal

progenitor cells.

1.7.3 Optimizing retinal cell culture and animal model (NF1-

OPG)

Enhancing retinal regeneration by the addition of a biomaterials is necessary but

not sufficient. The third objective was to successfully optimize retinal cell culture

and create novel animal models which could be faster than traditionally used for

NF1-OPG.
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1.7.4 Creating new clinical therapies for treating retinal dis-

eases

Despite years of research, a pure population of cone photoreceptors has not been

achieved. The fourth objective, towards clinical translation and novel therapies, was

to capture this rare cell population and identify the conditions in which it can be

cultured and remain functional to treat various retinal diseases.
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Chapter 2

Materials testing and first results

2.1 Materials and Methods

2.1.1 Transition temperatures and molecular weights testing

All materials were analyzed using a differential scanning calorimeter (DSC 250)

(TA Instruments, New Castle, USA). Polymer powders (Gtn-HPA and HA-Tyr) were

analyzed from 20 to 250 °C at a heating speed of 10 °C/min. Glass transition was

observed by measuring the derivative of heat flow and melting temperature was a

peak above the glass temperature.

Gel permeation chromatography was performed at 35°C with a Malvern Viscotek

VE 2001 GPC max UV 2501 detector, a TDA 301 chromatography system and a PL

aquagel-OH MIXED-M column (Agilent). Samples were run at 1 mg/ml through a

mobile phase comprised of 10mM sodium phosphate monobasic (Macron Chemicals),

100mM sodium nitrate (Sigma Aldrich), 20%wt/ml methanol (Sigma Aldrich), ad-

justed to pH 7.4. HA-Tyr and Gtn-HPA were dissolved in 2 ml of the mobile phase, at

a concentration of 10%wt/ml, by thoroughly mixing and incubating samples for 1h at

37 C. Molecular weights were then referenced against polyethylene glycol standards

(Waters). Molecular weight parameters (Mw, Mn, P, and MWD) were calculated for

standards and samples using the respective GPC calibration equation: Log(Mn) =

Ao +A1*Vp, where Mn is the molecular weight, Vp is the eluded volume, Ao=10.2086
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and A1=-0.7604. Chromatogram heights were measured at retention times of interval

0.5 minutes.

2.1.2 Compression test study

Unconfined compression tests were performed using a Zwick/Roell Z2.5 static

materials tester (Zwick GmbH & Co., Ulm, Germany) with integrated testing software

(testXpert, Zwick). 1 ml of Gtn-HPA, IPN50, IPN75 and HA-Tyr were prepared into

24-well plates to create samples 16 mm in diameter and 3-4 mm in thickness. All

hydrogels were left to fully crosslink and stabilize for 2 hours at 37C before performing

compression testing. All gels were swelled in PBS for 1 hour before compression

testing. Mechanical tests were performed at a constant strain rate of 0.5%/s to a

maximum strain of 10% using a 20 N load cell (Part No. BTC-LC0020N.P01, Zwick)

sampling at a frequency of 2 Hz. The diameter of the samples at the start of the testing

was measured using digital calipers. The compressive modulus was determined by the

slope of the true stress-strain curve within the linear regime of the material ( 0-7%).

2.1.3 Fourier transform infrared (FTIR) spectroscopy analysis

Fourier transform infrared (FTIR) spectrum was recorded to detect the chemi-

cal and structural nature of Gtn-HPA powder, HA-Tyr powder and dried hydrogels

(Gtn-HPA, IPN75, IPN50, HA-Tyr), using a Thermo Fisher FTIR6700 spectrometer.

Samples were characterized using attenuated total reflection (ATR) mode for a total

of 32 scans in the range of 500-4000 cm-1. FTIR baseline was applied and normal-

ization was performed with respect to the characteristic backbone peak (around 1600

cm-1 for Gtn-HPA and 1000 cm-1 for HA-Tyr). For dried hydrogels spectra, 10 ml of

each sample was prepared at a concentration of 10wt%/ml, casted into a 5cm petri

dish. Samples were left to dry overnight in a low oxygen incubator (37 °C, 5% O2

and 5% CO2).
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2.1.4 In vitro degradation assays for hydrogels

200 µl gels (Gtn-HPA, IPN75, IPN50, IPN25 and HA-Tyr) were prepared as

previously described and incubated for 30 min at 37 °C to reach stability. Sam-

ples were then combined with 200 µl of phosphate-buffered saline (PBS) containing

1000 U/ml type IV collagenase (Invitrogen) or containing 500 U/ml hyaluronidase

type I-S (Sigma-Aldrich) and incubated at 37 °C on an orbital shaker at 150 rpm.

Samples were collected every 5 or 10 minutes for 1 or 2 hours, for collagenase or

hyaluronidase treatments respectively, and analyzed for degradation products using

the bicinchoninic assay (Thermo Fisher Scientific). In order to model and replicate

the in vivo conditions, slow degradation assays were also performed. 200 µl of the

injected hydrogels (Gtn-HPA, IPN75 and IPN50) were prepared and incubated for

1h at 37 °C to reach stability. As suggested and explained in [85], [86], the actual

concentration of collagenase (coming from MMPs) and hyaluronidase (intrinsic in the

vitreous) are respectively 0.5 U/ml and 0.3 U/ml in vivo. 5 ml of the enzymes with

these concentrations were used, mixed and added to the hydrogel samples. Samples

were kept in incubators, collected every day for 9 days and analyzed for degradation

products using the bicinchoninic assay. Degradation rate constants were derived by

fitting the data for mass loss into an inverse exponential model.

2.2 Broad testing of materials

One critically important feature of Gtn-HPA and HA-Tyr hydrogels -specific to

its use in retinal therapies- is the possible encapsulation of retinal progenitor cells to

enhance their viability, phenotype, proliferation, and differentiation in vitro and in

vivo. Many studies have shown the cell encapsulation potential of Gtn-HPA and HA-

Tyr with many other cell types. Adult neural stem cells (NSCs) isolated from adult

rat hippocampus were shown to differentiate into both types of the neural elements

(neurons and glia) [87]. Gtn-HPA hydrogel has been shown to protect adult neural

stem cells embedded in it from oxidative stress by the addition of increasing amounts

of H2O2. Gtn-HPA and HA-Tyr have also been shown to maintain high cell viability
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of a variety of cell types including MSCs, ESCs, hRPCs [73], [74].

To analyze in more depth the effect of Gtn-HPA and HA-Tyr on cell encapsulation

different biomaterials and potential candidates for the enhancement of retinal stem

cell injections have been tested on human retinal progenitor cells. Gtn-HPA and

HA-Tyr were used at the same 2%wt for all experiments: first dissolved polymers

were catalyzed with horseradish peroxidase (HRP) then crosslinked with hydrogen

peroxide (H2O2). Both form a stable hydrogel within 20 mins at 37 °C. Due to

its high tunability, high molecular weight (around 106Da) hyaluronic acid was also

tested at various weight percentages. Dissolved polymer was mixed with cells at

room temperature and physical crosslinking (chain entanglement) occurred after a

few minutes. Because the composition of the retina is partly collagen, a hydrogel of

2%wt collagen crosslinked with different concentrations of genipin was also prepared

(Figure 2.1a). Finally, a mix of Gtn-HPA and HA-Tyr was also used with different

content of gelatin in the mix (Figure 2.1b).

To determine the degree to which cell viability was maintained through the cova-

lent crosslinking process, human retinal progenitor cells (hRPC) were incorporated

into the candidate gel formulations without media and cultured for 2 days. A live and

dead cell assay was then performed and the number of live/dead cells (hence viability

percentage) was measured for each sample and compared to cells in 2D control culture

with (media) and without (phosphate buffer saline: PBS) nutrients. Figure 2.1c sum-

marizes this viability data (mean+/- standard error of the mean) with our negative

monolayer control in PBS having only 26.5% viable cells and our positive monolayer

control with medium having 91.5% viability (being significantly higher than all candi-

dates deprived from nutrients). A threshold of 55% viability was applied to consider

any sample biocompatible. Collagen-genipin (CG) hydrogel samples (averaged for

all genipin concentrations) showed the lowest viability of incorporated cells, due to

the fragility of retinal cells and the relatively high cytotoxicity of genipin needed to

produce a stable hydrogel. Due to its high molecular weight and high stiffness, HA

alone showed really low viability after 2 days, even lower than PBS. By reducing

the percentage of HA and using the chemically induced crosslinking HA-Tyr viability
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Figure 2.1: Chemical structures and biocompatibility assay of potential
bioinspired hydrogels.
Chemical structure and crosslinking reaction for Collagen-genipin (a) and copoly-
meric network of Gtn-HPA and HA-Tyr (b). Gelatin chemical structure is approx-
imated with red-lines and hyaluronic acid backbone with blue lines. (c) Viability
assay of human retinal progenitor cells in potential hydrogels to enable biocompat-
ibility measurement. Biocompatibility threshold was placed at 55% (dotted line).
Data shown as mean ± SEM of triplicate wells with 15 different fields for each well.
One-way ANOVA, followed by Tukey’s test, was performed and shows a statistically
high significant difference between media and all other groups (***p=0.0001), be-
ing our positive control. Significant increase of viability can be seen biocompatible
hydrogels (CP50, CP75 and Gtn-HPA) compared to all others (**p=0.001).

reached 37-39%. By mixing HA-Tyr and Gtn-HPA at different quantities (CP50 with

50% of each and CP75 with 75% of Gtn-HPA and 25% of HA-Tyr), viability was

higher than the other groups: reaching respectively 59% and 61%. Finally, Gtn-HPA

alone showed the highest viability result, being the most biocompatible polymer, with

61.2%. There was no statistical difference found between the three highest candidates

(CP50, CP75 and Gtn-HPA), however they were significantly higher than all other

hydrogels and PBS. The hydrogel candidates showing high biocompatibility within

a first short-term viability test were Gtn-HPA and copolymeric networks made of

various content of Gtn-HPA and HA-Tyr.
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2.3 First results: Creation of an interpenetrating

network (IPN)

The development of a bioinspired gel with suitable characteristics for encapsu-

lating cells and intravitreal and subretinal injection (Figure 2.2) was initiated by

an evaluation of the make-up of the vitreous and ECM of the retina. As explained

previously, the ECM of the retina is made of:

• 1/2 fibers (collagen, elastin)

• 1/4 non-proteoglycans polysaccharides (Hyaluronic acid)

• 1/4 proteoglycans (chondroitin sulfate)

• Other proteins (fibronectin, fibrillin, laminins, and fibulins)

• Growth factors, proteases (MMPs), and regulators

The physical and mechanical properties needed for such a biomaterial are as follow:

• Biocompatibility and Biodegradability for transplant.

• Injectable/implantable polymers.

• Enable cell attachment/migration

• Can mimic the tissue they are implanted.

• Stiffness needs to be studied (Retina E=20kPa, Vitreous E=50 Pa).

In our hydrogel mix, HA-Tyr brings most optimal mechanical properties, stiffness,

surgical tunability and retinal attachment while Gtn-HPA brings the biocompatibility,

cell survival, attachment and biodegradability constants. To better understand the

chemical and functional structure of our hydrogels we first analyzed the basic mecha-

nism of crosslinking process of Gtn-HPA/HA-Tyr. For our system, both the Gtn-HPA

and HA-Tyr networks are in-situ enzymatically crosslinked with horseradish peroxi-

dase (HRP) and H2O2 [88]. Our first goal was to explore if there was any observable
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Figure 2.2: The Gelatin and Hyaluronic Acid network system and its
crosslinks.
Schematic and 3D model of a human cell encapsulated in the network made of Gelatin-
HPA (red) and HA-Tyr (blue) with integrins bonding to Gtn-HPA only (black). Leg-
ends shows the two different crosslinks with their respective chemical structures.

selectivity in the crosslinking. If there was, we expected to obtain a hybrid inter-

penetrating network (IPN) [89] instead of a random heteropolymer network. Our

results showed that the crosslinking is very specific to the respective polymer. As

seen in Figure 2.2, Gtn-HPA mostly crosslinks with itself (red crosslinks) and HA-

Tyr with itself (blue crosslinks). To prove this, we prepared networks with varying

percentages of Gtn-HPA and HA-Tyr (from 100% Gtn-HPA to 100% HA-Tyr) and

enzymatically degraded them with collagenase and hyaluronidase [90]. As seen in

Figure 2.3, applying either collagenase or hyaluronidase treatment degrades the exact

proportion of Gtn-HPA or HA-Tyr, respectively, that was used in the preparation of

network: e.g. IPN75 (containing 75% of Gtn-HPA and 25% of HA-Tyr) demonstrated

a mass loss of 75% when mixed with collagenase and a mass loss of 25% when mixed

with hyaluronidase. Complete degradation was observed on homopolymeric networks

combined with their respective enzymes.

To confirm these findings, we performed Fourier transform infrared spectroscopy

(FTIR) on all samples. The FTIR spectrum of the Gtn-HPA and HA-Tyr non-

crosslinked solid polymers are shown in Figure 2.4a.

A number of bands around 1390 cm-1 are attributed to the presence of type-I

Gelatin [91], proving the provenance of our material. Hyaluronic acid presence is
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Figure 2.3: Degradation assay of Gtn-HPA and HA-Tyr IPNs.
Hydrogels’ degradation assays performed with Collagenase and Hyaluronidase treat-
ment for Gtn-HPA (red), IPN75 (green), IPN50 (blue), IPN25 (pink) and HA-Tyr
(black). Degradation assay, comprising n=15 replicates, was measured every 5 min
with collagenase and every 10 min with Hyaluronidase.

observed in the band at 1409 cm-1 which can be attributed to the stretching of COO-,

referring to the acid group in the HA molecule [92]. The absorption band at 1036

cm-1 is attributed to the linkage stretching of C-OH and finally, the stretching region

of the protonated group COOH is observed at 1078 cm-1. The amide A band arising

from N-H stretching was distributed at 3308 and 3277 cm-1, C-H stretching at 2945

and 2912 cm-1 for the amide B, N-H deformation at 1539 and 1574 cm-1 for the amide

II respectively for Gtn-HPA and HA-Tyr. C = O stretching at 1609 cm-1 for the

amide I can be observed in HA-Tyr while the amide III can be seen at 1237 cm-1 for

Gtn-HPA. The presence of HPA side group can be seen by the peaks at 1452, 1633

and 3085 cm-1 while Tyramine is visible at 1378 and 3085 cm-1.

To quantify crosslinking reactions between HPA and Tyramine groups in both

homopolymeric networks and IPN we measured the FTIR spectra of dry gels (Figure

2.4b). The appearance of a difference in transmission around 1000 cm-1 indicates the

stretching of COO- groups and therefore the presence of hyaluronic acid, which is
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Figure 2.4: Fourier-transform infrared spectroscopy (FTIR) analysis of
hydrogels and polymers.
FTIR data of solid Gtn-HPA and HA-Tyr polymers (a), and dry hydrogels (Gtn-
HPA, HA-Tyr, IPN75 and IPN50) (b) shown as baseline corrected and normalized
transmission percentage in function of wavenumbers. For more visibility, polymer
samples were spaced in the graph. Specific wavenumbers are marked with arrows and
their value and normalized transmission percentage in function of wavenumbers.

shown to be increasing from IPN75 to IPN50 to HA-Tyr. Both side groups HPA and

Tyramine have specific peaks respectively around 1600 and 1300 cm-1 in the non-

crosslinked polymers. In IPN and hydrogels, an increase in transmission percentage

can be seen for the HPA peak while a decrease is observed for the Tyramine peak

from HA-Tyr to Gtn-HPA. Gtn-HPA doesn’t show any transmission around Tyramine
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peak but IPN transmission is relatively close to HA-Tyr. At HPA peak, HA-Tyr is

significantly lower than all others while both IPN are close to Gtn-HPA. The similar

transmission seen in homopolymeric networks side groups and IPN suggest a strong

selectivity in crosslinks and the formation of a hybrid IPN.

Proving the formation of either a hybrid interpenetrating network (IPN) or ran-

dom copolymer network was critical in terms of in vivo degradation kinetics and

cell encapsulation. The result presented here suggests a strong crosslinks selectivity

producing a hybrid IPN hydrogel.
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Chapter 3

In vitro effect of Gtn-HPA & HA-Tyr

on human retinal stem cells

3.1 Introduction

One of the first objective of this thesis was to evaluate the fate of human retinal

stem cells encapsulated in gelatin- (Gtn-Hydroxyphenyl propionic acid) and hyaluronic

acid-based (HA-Tyramine) biomaterials and investigate their potential use as biodegrad-

able delivery vehicle for retinal regeneration therapies. The aim of this study is to

explore the use of a hydrogel as a “protective envelope” for cells that experience high

stress. To achieve this goal, we cultured and encapsulated human retinal progenitor

cells (hRPCs), which have demonstrated the ability to survive, differentiate and, en-

graft into the host retina, inside Gtn-HPA and Ha-Tyr based hydrogels. We analyzed,

throughout time, their viability and phenotype, while subjecting them the different

stresses [93], [94] (pressure exposure, shear stress, oxidative stress, deprivation of nu-

trients). One of the highest stress that can potentially affect the cells viability inside

the syringe is the shear stress due to the flow of liquid through the small bore needle

during injection [93]. Human retinal progenitor cells (hRPCs) are in clinical trials

and well characterized cells hence any change in the cell phenotype can be easily

documented.

Moreover, we analyzed the diffusion properties of Gtn-HPA and HA-Tyr, and their

58



mix, by measuring and analytically calculating the release of growth factors (Human

Fibroblast growth factor-hFGF, Human Epidermal growth factor-hEGF) from the

biomaterials. hEGF is a known factor promoting and regulating proliferation and

differentiation of retinal stem cells [82], [95]. Understanding the effect that the water

content of injectable hydrogels has on the diffusion of molecules and cell communica-

tions is of utmost importance to improve possible treatments involving drug delivery

in regenerative medicine, especially as it relates to retinal disease therapeutics [96].

Only hRPCs encapsulated in hydrogels with high content of Gtn-HPA showed

high viability, controlled phenotype (with the addition of hEGF in the mix) and

critical resistance to oxidative and shear stress. The analysis of growth factor diffusion

enabled for a better understanding of the hydrogels’ water content properties and their

possible use as drug delivery vehicles.

3.2 Experimental design and theory

3.2.1 Experimental groups

The effect of Gtn-HPA, HA-Tyr and IPN hydrogels on hRPCs was observed by

designing multiple experiments with different culture conditions, as seen in Figure

3.1. UC depict just the base Ultraculture medium. SS stands for shear stress which

was applied with a 31-gauge needle.

To further analyze the impact and effect of our hydrogels (Gtn-HPA, HA-Tyr and

IPNs) on hRPCs we designed an experiment by encapsulating hRPCs in different

hydrogels (modulating the content of Gelatin in the mix) and adding different growth

factor to promote cell growth and viability. For this purpose, as seen in Figure 16b,

we cultured hRPCs for 14 days, adding different growth factor (base media deprived

from growth factors, adding EGF, FGF or both), either in 2D culture on T75 flasks

or encapsulated in hydrogels (Gtn-HPA, IPN25, IPN50, IPN75 and HA-Tyr). We

analyzed hRPCs viability, proliferation, and phenotype throughout the experiment

at day 1, 4, 7, 11 and 14.
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Figure 3.1: Experiment setup to test the effect of Gtn-HPA on hRPCs.
(a) hRPCs were cultured for 14 days in different conditions: in PBS, Ultraculture
base media (UC), in media including growth factors, with hEGF, with hFGF, in
hydrogels, or with shear stress (SS) applied using a 31-gauge needle. (b) hRPCs
cultured for 14 days in different media and tissue culture were then analyzed for their
phenotype with flow cytometry and immunocytochemistry.

3.2.2 Shear stress measurement and calculation

Human retinal progenitor cells (hRPCs) were seeded onto fibronectin coated 6-well

plate at 105/ml with 500 µl of culture medium (Ultraculture, hEGF, hFGF, Primocin,

L-Glutamine), PBS, 20 ng/ml recombinant human epidermal growth factor (hEGF)

diluted in PBS, 2wt% Gtn-HPA (crosslinked at 1 mM of H2O2) or 2wt% Gtn-HPA

with 20 ng/ml hEGF. To mimic the shear stress exerted during transplantation, two

different types of seeding techniques were applied to all these samples: a 200 µl

pipette seeding (diameter 1.2 mm, sterile, filtered, polypropylene tips, volume 10-200

µl, length 5 cm, VWR) and a 31-gauge syringe seeding (diameter 0.15 mm, sterile,
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volume 1cc, length 1.2 cm, BD Biosciences) corresponding to the stressed samples.

Gtn-HPA having 30 seconds to 1 min gelation time, HRP and H2O2 were added 10

seconds apart to avoid needle clogging. hRPCs in culture medium is used as a control

as it represents the ideal culture conditions for these cells. The second control chosen

was cells in PBS with shear stress as it mimics the in vivo transplantation in a pre-

clinical trial. The number of replicate (including controls) for this experiment was

n=4. After 1 day, 3 days and 6 days of incubation at 37 ℃ and low oxygen (5 % O2,

5% CO2) samples were washed and fixed (as described in next sections) to perform

Live/Dead, immunohistochemistry and flow cytometry assays.

To further evaluate the protective aspect of Gtn-HPA, a modeling of the shear

stress has been performed. Shear stress of a liquid (PBS) in a cylinder (needle) can

be modeled by applying the Poiseuille flow equations [97], [98]. This method gives

the maximum velocity which is applied to the cells in PBS (or any Newtonian fluid)

in the center of the needle. The following equations (eq 3.1) relate the velocity and

its maximum to all the others experimental parameters: where ∆𝑃 is the pressure

applied to the needle, R (=75 µm) is the inner radius of the needle, µl (=1.05mPa.s)

is the viscosity of PBS, L (=5cm) is the length of the needle, r (µm) is the distance

from the center of the needle and 𝑣𝑙 (m/s) is the velocity of the liquid.

𝑣𝑙(𝑟) =
∆𝑃 *𝑅2

4𝜇𝑙𝐿

[︂
1 −

(︁ 𝑟

𝑅

)︁2]︂
, 𝑣𝑙,𝑚𝑎𝑥 =

∆𝑃 *𝑅2

4𝜇𝑙𝐿
(3.1)

The maximum velocity is located at the center of the needle (where r=0). To model

the shear stress applied to hRPCs, that were embedded in a 2% Gtn-HPA pre-gel

solution with a gelation time of 30s to 1min, the previous model had to be slightly

modified. Indeed, the hydrogel in the needle is now a non-Newtonian fluid in the

process of gelation (its shear modulus and viscosity are increasing throughout the

gelation process). To take account of this special property of in-situ hydrogels, the

cell-free marginal layer model is the best way to accurately calculate the shear stress

applied to hRPCs [99]. This method consists in modeling the pre-gel as a high viscous

fluid (located in the center of the needle) and a liquid-like fluid on the borders (similar
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to PBS). The high viscous fluid part represents the bulk of Gtn-HPA in the process

of gelation. This model (eq 3.2 and 3.3) predicts a different velocity profile (in the

viscous part of the needle) which is as follow: where 𝛿 (= 1-5 µm) is the liquid layer

on the border of the needle, µg (mPa.s) is the viscosity of the 2% Gtn-HPA hydrogel

and 𝑣𝑔 (m/s) is the velocity of the gel.

𝑣𝑔(𝑟) =
∆𝑃 *𝑅2

4𝜇𝑙𝐿

[︃
1 −

(︂
𝑅− 𝛿

𝑅

)︂2

− 𝜇𝑙

𝜇𝑔

(︁ 𝑟

𝑅

)︁2
+

𝜇𝑙

𝜇𝑔

(︂
𝑅− 𝛿

𝑅

)︂2
]︃

(3.2)

𝑣𝑔,𝑚𝑎𝑥 =
∆𝑃 *𝑅2

4𝜇𝑙𝐿

[︃
1 − (1 − 𝜇𝑙

𝜇𝑔

)

(︂
𝑅− 𝛿

𝑅

)︂2
]︃

(3.3)

The maximum velocity is still located at the center of the needle but is reduced by a

factor. The shear rate, shear stress, and strain applied to hRPCs can be calculated

by applying certain constitutive laws onto this system [100]. In order to convert

the shear stress into the strain applied to the cells, the Young’s modulus of the gel

(𝐸𝑔=600 kPa) and the Young’s modulus of hRPCs (𝐸𝑐=1000 kPa) were used [101]

(3.4): where 𝛾̇ (s-1) is the shear rate, 𝜏 (mPa) is the shear stress, and 𝜖 (%) is the

strain.

𝛾̇ =
𝑣𝑚𝑎𝑥

𝑅
, 𝜏 = 𝜇 * 𝛾̇, 𝜖 =

𝜏

𝐸
(3.4)

These models demonstrate that the final shear stress applied to hRPCs is directly

related to the maximum velocity in the needle (located in the center). Therefore, all

seeding experiments in vitro and in vivo injections were performed with a constant 10

seconds injection time. This allow for a similar velocity to be applied to all samples

(including Gtn-HPA and PBS samples) and enable us to directly compare the shear

stress in both PBS and Gtn-HPA samples.

3.2.3 Diffusion theory of small particles through hydrogels

Free Volume theory

To enable the study of diffusion through hydrogels, it is necessary to include the

free volume interaction and theory [102]. This theory states that solute diffuses by
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jumping into voids (in the case of hydrogels, this can be the porous channels) formed

in the solvent space by redistributing free volume within the liquid. At any given

temperature, the rate of diffusion can be calculated based on the probability of void

formation with enough volume to accommodate the solute molecules. In this case,

the diffusion coefficient of the solute in liquid at infinite dilution 𝐷0 is expressed as:

𝐷0 = 𝜈𝜆𝑒𝑥𝑝

(︂
−𝛾𝑉 *

𝑉𝑓

)︂
(3.5)

where 𝜈 is average thermal velocity, 𝜆 represents jump length which is approximately

equivalent to the solute diameter, 𝑉 * is the critical local hole free volume needed

for a solute molecule to make the jump into the new void, 𝛾 indicates the numerical

factor used to correct the overlap of free volume that is available for more than one

molecule, and 𝑉𝑓 is the average hole free volume in the liquid for per molecule. This

theory can be applied to gels by assuming only a small amount of solute might be

present so the free volume per molecule could be represented as the free volume per

molecule of water within the gel [103]. 𝑉𝑓 was changed to 𝑉𝑓,𝑤, and a free volume

fraction of the polymer 𝑉𝑓,𝑝 is defined, such that within a 3D gel,

𝑉𝑓 = (1 − 𝜃)𝑉𝑓,𝑤 + 𝜃𝑉𝑓,𝑝 (3.6)

where 𝜃 denotes the volume fraction of polymer within the gel. In other words, the

free volume available for solute diffusion within the gel arises not only from random

redistribution of water molecules. However, this unit is small so the free volume

available to the solute is simplified to

𝑉𝑓 = (1 − 𝜃)𝑉𝑓,𝑤 (3.7)

Furthermore, the degree of cross-linking also contributes to the diffusion coefficient

by modifying the equation further, and if all parameters are considered, there is

functional dependency of one parameter on the others. A more complete theory was

previously described in [104] and includes all previous modifications and gives a free
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volume theory for diffusion in the gel (𝐷𝑔) as

𝐷𝑔

𝐷0

= (1 − 𝑘1𝑟𝑠𝜃
0.75)𝑒𝑥𝑝

(︂
−𝑘2𝑟

2
𝑠

(︂
𝜃

1 − 𝜃

)︂)︂
(3.8)

where 𝑘1 and 𝑘2 are structural constants and 𝑟𝑠 is the solute radius. We will be using

this free volume theory as a regression and comparison for our experiments.

Hydrodynamic theory

There are two different hydrodynamic theories for diffusion of small molecules in

hydrogels: one each for homogeneous hydrogels and heterogeneous hydrogels. Homo-

geneous hydrogels are made of flexible fibers and usually possess a high-water content,

while heterogeneous hydrogels are made of more rigid polymer fibers. However, both

theories are based on the Stokes-Einstein equation for solute diffusion [105]. In that

case, the diffusion coefficient is given by

𝐷0 =
𝑘𝐵𝑇

𝑓
(3.9)

where 𝑘𝐵 is Boltzmann’s constant, T is the temperature, and f is the frictional drag

coefficient. As stated above, the theory to measure and calculate the frictional coeffi-

cient will be different whether the hydrogel studies are homogeneous or heterogeneous.

For homogeneous hydrogels, an equation based on a scaling concept was previously

presented that matches well with previous experiments, and which we will use in the

next section to compare to our experimental soft hydrogels, [106] which gives solute

diffusion in the gel as
𝐷𝑔

𝐷0

= −𝑒𝑥𝑝(−𝑘𝑐𝑟𝑠𝜃
0.75) (3.10)

where 𝑘𝑐 is a constant function of the solvent and polymer. For heterogeneous hydro-

gels, a more complex mathematical model was obtained by calculating the frictional

coefficient of each chain of polymer in the hydrogel and summing them to an effective

frictional effect on the movement of the solute [107]. This gives a first order expression
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of diffusion as
𝐷𝑒

𝐷0

= 1 − 𝛼1𝜃
0.5 − 𝛼2𝜃... 𝑤𝑖𝑡ℎ 𝛼1 = 𝑟𝑠

√
𝑟𝑓 (3.11)

in which 𝛼2 is a constant and 𝑟𝑓 is the diameter of the polymer fiber. For very rigid

chains, this model was previously calculated and will be used for future regression:

𝐷𝑒

𝐷0

= 𝑒𝑥𝑝

⎡⎣−
⎛⎝ 𝑎𝜋𝐿𝑐𝑁𝐴

𝑀𝑓 𝑙𝑛
(︁

𝐿𝑐

2𝑟𝑓

)︁
⎞⎠ 𝑟𝑠𝜃

0.5

⎤⎦ (3.12)

where 𝐿𝑐 is the length of the polymer, 𝑀𝑓 its molecular weight, and 𝑁𝐴 is Avogadro’s

number.

Obstruction theory

The obstruction theory supposes that because of the presence of polymer chains

in the hydrogel, there is an increase in the path for solute diffusion transport which

lowers the diffusion coefficient in hydrogels with longer or stiffer chains. One of the

first theories to be applied in this context was performed by [108] where gels were

viewed as a number of cylindrical cells. The average diffusion can be found in each

cell by solving Fick’s law, 𝐽 = −𝐷( 𝑑𝑐
𝑑𝑥

) [109]. This model gives, with 𝐸1 being the

exponential integral,

𝐷𝑔

𝐷0

= 𝑒−𝛼 + 𝛼2𝑒𝛼𝐸1(2𝛼) 𝑤ℎ𝑒𝑟𝑒 𝛼 = 𝜃

(︂
𝑟𝑠 + 𝑟𝑓

𝑟𝑓

)︂2

(3.13)

Even when this model provides satisfactory results to explain simulations or exper-

iments, the lack of a Brownian motion variable provides pause for hydrogels with a

high-volume fraction of water. By using Brownian motion simulations and regression

of the data, this model can be modified to find:

𝐷𝑔

𝐷0

= 𝑒𝑥𝑝(−0.84𝛼1.09) (3.14)

A second, more recent obstruction model was developed where the solute diffusion

is considered as a stochastic process [110]. This model, which will also be used to
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compare our experiments, is expressed as

𝐷𝑔

𝐷0

= 𝑒𝑥𝑝

[︃
−𝜋

(︂
𝑟𝑠 + 𝑟𝑓

𝑘𝑠𝛼0.5 + 𝑟𝑓

)︂2
]︃

(3.15)

where 𝑘𝑠 is a constant for a given polymer-solvent system.

3.3 Materials and Methods

3.3.1 hRPCs culture

All human material work was performed with the approval of the Institutional

Review Board of Harvard Medical School. hRPCs were isolated from human fetal

neural retina at 16 weeks’ gestation as previously described [111]. Cells were cultured

onto fibronectin (Akron)-coated flask (surface 75 cm2, vented cap, sterile, Nunclon

Delta) in Ultraculture medium (Lonza), supplemented with 10 ng/ml recombinant

human basic FGF (Peprotech), 2 mM L-glutamine (Invitrogen), 20 ng/ml recombi-

nant human EGF (Peprotech), and 0.4 mM Primocin (Invitrogen) in a low oxygen

condition incubator (37 °C, 5% O2, 5% CO2, 100% humidity) as a monolayer culture

to achieve high density. Upon reaching 80% confluence cells were passaged using 10X

TrypZean (Sigma-Aldrich) and HBSS (Hank’s Balanced Salt Solution, no calcium,

no magnesium, ThermoFisher). Cell number and viability were estimated, after each

passage, using Trypan blue (Sigma-Aldrich) and a hemocytometer (Countess™ II FL

Automated Cell Counter, Thermo Fischer scientific). Cells were then re-plated onto

a fibronectin coated T75 surface at a density of 15,000 cells/cm2 in the same medium.

All work was performed with GMP-expanded hRPCs at passage 10.

3.3.2 Materials - hydrogel preparation and degradation

In-situ crosslinking of Gtn-HPA and HA-Tyr hydrogels were performed by an

enzyme-catalyzed oxidation, as previously described [87], [112], with horseradish per-

oxidase as a catalyzer and hydrogen peroxide as crosslinker. For the homopolymer
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hydrogels, horseradish peroxidase HRP (Wako USA) and hydrogen peroxide (H2O2)

(Sigma-Aldrich) were added to solutions containing 2 wt% Gtn-HPA or HA-Tyr hy-

drogels to form final concentrations of 0.1 U/ml (HRP) and 1 mM (H2O2), respec-

tively.

The concentrations of catalyst (HRP), crosslinker (H2O2), and polymer (Gtn-HPA

and HA-Tyr) were chosen based on previous studies which demonstrated their feasi-

bility as a biocompatible and injectable hydrogel for subretinal and vitreous injection

to enhance retinal regeneration [75]. Random copolymer networks (IPN10, 25, 50, 75

and IPN90) were prepared by mixing the corresponding amounts of Gtn-HPA and

HA-Tyr in a 2 wt% solution (e.g. where CP75 corresponds to 75% of Gtn-HPA and

25% of HA-Tyr, both at 2 wt% solution). To create the random copolymer hydro-

gels, 0.1 U/ml of HRP and 1mM of H2O2 were mixed into the solution. Hydrogels

were formed after less than 5 minutes and incubated at 37 °C to reach stability. As

both Gtn-HPA and HA-Tyr are catalyzed and crosslinked with the same molecules, a

random copolymer network will be formed if no preferential crosslinking is observed.

Gelation time ranges from 30 seconds to 1 min and stability of the gels were obtained

by incubation in low oxygen condition (37 C, 5% O2, 5% CO2) after 20 min.

Hydrogels (Gtn-HPA, IPN75, IPN50, IPN25 and HA-Tyr) were prepared (150 µl)

as previously described, pipetted in different wells, weighed, and incubated for 30 min

at 37 ℃ to reach stability. 200 µlo f phosphate-buffered saline (PBS) containing 1000

U/ml type IV collagenase (Invitrogen) was added to each sample before incubation

at 37 °C on an orbital shaker at 150 rpm. Samples were collected 2 hours later and

analyzed for mass and volume after collagenase treatment.

3.3.3 Viability and proliferation assays

hRPCs at 5 x 105/ml in PBS (Phosphate Buffer Saline, pH 7.4, ThermoFisher)

or Ultraculture, with hEGF, with hFGF, defined media, or within 1 ml of hydrogels

on top of fibronectin coated round cover slips glass (thickness 5mm, diameter 1 cm,

VWR) were incubated with 2.5 µM calcein AM and 10 µM ethidium homodimer-1

in PBS for 15 min at 37 ℃, 5% CO2. Cells were then washed with PBS for 10 min
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three times at room temperature. Cover slips with cells were mounted on poly-l-lysine

microscope slides (thickness 1mm, L x W 75 x 25 mm, Thermo Scientific Shandon)

with low viscosity slide mounting medium (Fisher Scientific) before imaging with

an epifluorescence microscope (Nikon’s Eclipse E800, Japan). Cells in 7 randomly

selected fields of view were counted under 20x objective lens magnification. hRPCs

cultured in Gtn-HPA adopts a 3D configuration. Due to this special environment,

epifluorescence imaging shows in focus and out of focus cells (live and dead cells not

located on the focal plane). To make sure that these are not artefacts of the Gtn-

HPA, the scale bar (200 µm) has been kept constant in all field of view. Gtn-HPA

is a well-defined nanostructure hydrogel [113] and hRPCs size have been studied (3

order of magnitude larger than the Gtn-HPA structure) [114], we can assume that

the images of the live/dead assay are indeed representing cells and not artefacts.

Proliferation assay was performed on the same samples by incubating cells in

PBS, media or hydrogels with 10 µM alamarBlue (Bio-Rad) in PBS for 3 hours at

37 ℃, 5% CO2. Cells were then washed with PBS for 10 min three times at room

temperature. Cytotoxicity and proliferation were measured with spectrophotometry

(ThermoFisher). Absorbance at wavelengths of 570 nm and 600 nm after required

incubation were measured. The curve of relative fluorescence units vs. drug concen-

tration was generated with a 3-point correlation method.

3.3.4 Cell morphology analysis vie image processing

All stained samples were analyzed, and images were taken using Leica SP8 confocal

microscope. Images were taken with sequential scanning at 1024x1024 or 2042x2042

resolution with the following lasers intensity and characteristics: VioBlue-PMT at

5.4% with line average of 3 and gain of 875 V, FITC-HyD at 2.3% with line average

of 3 and gain of 77%, PE-HyD or APC-HyD at 3.7% with line average of 3 and gain

of 85%.

hRPCs viability images were taken at 20x magnification with a z-stack of 300

µm and 22 steps. A 3D projection was used for qualitative analysis while maximum

projection was applied as quantification. Cells in 15 randomly-selected maximum-
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projected fields of view were counted under 20x objective lens magnification with a

cell counting and analyzing image processing algorithm [115] (Appendix A.2). Cells

number (green for live and red for dead), size (area of positive pixels) and shape factor

(e.g., round versus elongated morphology) were measured for each field of view. After

1, 3, 5 and 7 days of culture, the percentage of viable cells was calculated by dividing

the number of live cells (FITC) by the total number of cells in the given area (live

and dead cells added).

3.3.5 Phenotype assay - flow cytometry

hRPCs at 5 x 105/ml in PBS or within 1 ml of hydrogels in 6-well plate (3.5

cm diameter, polystyrene, flat bottom, sterile, fisher scientific)] were maintained in

PBS (replicating the in vivo conditions). At 3 days post-plating hydrogels were

degraded using Collagenase IV and Hyaluronidase as explained previously. hRPCs

(previously cultured in gel) were harvested and their phenotype was analyzed using

Flow Cytometry with the MACSQuant flow cytometer (Miltenyi, San Diego). hRPCs,

from different conditions (in PBS, in hydrogels, with or without shear stress applied,

with or without hEGF/hFGF added) were collected and fixed with Perm/Fix buffer

(BD Biosciences) at 4 ℃ for 15 min. Cells were then washed in wash buffer (BD

Biosciences) and incubated, at room temperature, in blocking buffer (Pharmingen

staining buffer with 2% goat serum) for 30 min. Blocked cells were seeded onto a flat

bottom 96-well plate (treated, sterile, polystyrene, Thomas Scientific) and stained

with conjugated primary antibodies (Cone Arrestin-FITC, S-opsin-FITC, RG-opsin-

FITC, Recoverin-FITC, Caspase9-FITC, Rhodopsin-FITC, Oct4-APC, PAX6-APC,

CMYC-APC, KI67-APC) overnight at room temperature. Primary antibodies were

diluted in 200 µl of antibody buffer (TBS, 0.3% Triton X-100 and 1% goat serum).

Post overnight incubation cells were washed three times for 15 min, and secondary

antibodies (goat-derived anti-rabbit and anti-mouse, DAPI-VioBlue) were diluted

1:200 in antibody buffer (Jackson Immunoresearch Laboratory). Cell were incubated

in secondary antibodies and left at room temperature for 3h. Light scatter and

fluorescence signals from each sample were measured using the MACSQuant (Miltenyi
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Biotech, Germany) flow cytometer (2 x 105 events were recorded). The results were

analyzed using the MACSQuantify software (https://www.miltenyibiotec.com). For

each primary antibody DAPI-positive single cell population was gated. The ratio of

positive cells in the gated population was estimated in comparison with blank and

species-specific isotype control. Primary antibodies and their dilutions are listed in

Table 3.1.

Table 3.1: Primary antibodies and their dilutions used for phenotype
analysis.

Antibody Isotype Dilution Source Target
DAPI-VioBlue IgG2a 1:1000 BD Biosciences Nuclei
Cone arrestin-FITC IgG1 1:200 BD Biosciences Cones
S-opsin-FITC IgG1 1:200 BD Biosciences Cones
RG-opsin-FITC IgG1 1:100 BD Biosciences Cones
Recoverin-FITC IgG1 1:100 Abcam Photoreceptors
Caspase9-FITC IgG1 1:50 Santa Cruz Apoptosis
Rhodopsin-FITC IgG1 1:20 Abcam Rods
Oct4-APC IgG2a 1:200 BD Biosciences Stemness
PAX6-APC IgG2a 1:100 Santa Cruz Retinal cells
Cmyc-APC IgG2a 1:200 BD Biosciences Stemness
Ki67-APC IgG2a 1:50 Santa Cruz Proliferation
Isotype Rabbit IgG1 1:100 Abcam Control
Isotype Mouse IgG2a 1:100 Abcam Control
Anti-Rabbit 1:200 BD Biosciences Secondary
Anti-Mouse 1:200 BD Biosciences Secondary

3.3.6 Rheology and compression measurement of hydrogel stiff-

ness

Oscillatory rheology was performed with a TA instruments AR-G2 rheometer us-

ing cone and plate geometry of 40 mm diameter and 2° angle. For each measurement,

200 µl of each sample (Gtn-HPA, IPN90, IPN75, IPN50, IPN25, IPN10 and HA-Tyr)

at 2%wt/vol, containing 0.1 U/ml of HRP and varying concentrations of H2O2 (rang-

ing from 0.8-1.3 mM) was applied to the bottom plate immediately after mixing. All
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hydrogels having a gelation time comprised between 30s-3min samples were still liquid

when applied onto the bottom plate. The upper cone was lowered to a measurement

gap of 51 µm. As soon as a layer of silicone oil was applied, to prevent evaporation,

the rheometer was started. All measurements were taken at 37 °C in the oscillation

mode with a constant strain of 1% and frequency of 1 Hz. To estimate the gelation

rate, the time at which the gel point (as defined by the crossover between storage

modulus, G’ and loss modulus, G”) occurred was measured. G’ (storage modulus)

and G” (loss modulus) were measured every 2 seconds. Final plateau value of G’ and

time to reach this plateau were then recorded for each sample. Due to the fast gela-

tion of all samples and time to stick the sample onto the bottom plate and the start

of experiment, gel point was not measured with oscillatory rheology. Measurement

can be seen in micro-rheology experiments.

Unconfined compression tests were performed using a Zwick/Roell Z2.5 static

materials tester (Zwick GmbH & Co., Ulm, Germany) with integrated testing software

(testXpert, Zwick). 1 ml of Gtn-HPA, IPN50, IPN75 and HA-Tyr were prepared into

24-well plates to create samples 16 mm in diameter and 3-4 mm in thickness. All

hydrogels were left to fully crosslink and stabilize for 2 hours at 37C before performing

compression testing. All gels were swelled in PBS for 1 hour before compression

testing. Mechanical tests were performed at a constant strain rate of 0.5%/s to a

maximum strain of 10% using a 20 N load cell (Part No. BTC-LC0020N.P01, Zwick)

sampling at a frequency of 2 Hz. The diameter of the samples at the start of the testing

was measured using digital calipers. The compressive modulus was determined by the

slope of the true stress-strain curve within the linear regime of the material ( 0-7%).

Evolution of the Youngs’ modulus E, shear modulus G’, final plateau value, and

critical time to reach this plateau were recorded for each sample. Each sample had

n = 5 replicates to minimize the experimental effects of the rapid crosslinking time

and oil application.
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3.3.7 Differential scanning calorimetry on wet hydrogels

All materials were analyzed for water content using a differential scanning calorime-

ter (DSC 250) (TA Instruments, New Castle, USA). All hydrogels (Gtn-HPA, IPN90,

IPN75, IPN50, IPN25, IPN10 and HA-Tyr) were analyzed from 20 to -60 °C at a

cooling speed of 10 °C/min and a heating speed of 5 °C/min. Water transitions were

observed at 0 °C and -20 °C for all samples. Water content was measured by ana-

lyzing the DSC trace and calculating the integral of the heat flow at both transition

temperatures as compared to the normal heat flow of water.

To calculate the heat flow at transition temperatures, each transition was mea-

sured by finding the range where the heat flow was higher (or lower) than the control

value. Within this range, the integral of the curve, normalized by the control value,

was calculated for each transition and each sample. This integral value was then

reported as the heat flow corresponding to the free water (0 °C) and bound water

(-20 °C) freezing transitions.

As most of our hydrogels were made at 2 wt% solution, the amount of water

present in those hydrogels during differential scanning calorimetry was in significant

excess. This created a ‘loop artifact’ in the DSC trace around the temperature of

melting (or crystallization) of bound water (-20 C). This artifact can be explained

by the large exotherm of water crystallization, suggesting a considerable presence of

bound water in our hydrogels.

3.3.8 Growth factor encapsulation and release in hydrogels

Human epidermal growth factor and human fibroblast growth factor were obtained

from ThermoFisher scientific and dissolved in water to create aliquot of 1 mg/ml. Gtn-

HPA, HA-Tyr and different composition copolymer were dissolved at 2wt% in 5ml

of PBS. hEGF/hFGF were added to the dissolved polymer to reach a concentration

of 10 ug of hEGF in each sample (100 µl). This load was performed before adding

the catalyzer and crosslinker to crosslink hydrogels. Gels were then crosslinked and

pipetted in 1 ml cryotubes and incubated at 37C for 20 min to reach stability. Then,
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200 µl of PBS was added on top of the gel. At time of measurement Gtn-HPA, HA-

Tyr and CP were submerged in 400 µl of PBS release buffer. 200 µl of supernatant

was collected at the following time points to study the release of hEGF: 15 min, 30

min, 45 min, 1 h, 1.5 h, 2 h, 1 d, 7 d, 9 d, 10 d and 11 d. The 11 days endpoint

was chosen based on the degradation rate for these hydrogels in vivo. After 11 days,

the Gtn-HPA gel was degraded using Collagenase IV solution for 3 hours at 37 °C.

The concentration of EGF at each time point was assessed using an EGF ELISA kit

(R&D Systems).

The EGF ELISA kit allowed the samples to be analyzed at each time point with

an accuracy of 0.05 µg of EGF release. To measure and collect the supernatant from

all samples, PBS buffer was analyzed via ELISA each day with a new control sample.

This allowed us to confirm the measurement of active EGF without denaturation. For

unknown samples, a 1:600 dilution was used for all time points. The standard curve

fit was calculated using a 4-parameter logistic regression curve. The concentration

and cumulative EGF release amount over one week were calculated based on the best

fit equation using the 4-parameter standard curve for all groups.

3.4 Results

3.4.1 hRPCs resist the Gtn/HA covalent crosslinking

Catalyst (HRP) and crosslinker (H2O2) effect

Our main goal, in creating a hydrogel that could be used to improve retinal re-

generation, was to prove its biocompatibility by measuring cell viability after 2 days

of culture in 3D scaffolds. Cells (suspended in saline) were encapsulated in hydrogels

(deprived of nutrients) and, after 2 days, were analyzed to evaluate the efficiency of

culture condition using a live/dead assay. The percentage of viable cells was calcu-

lated by dividing the number of live cells (green) by the total number of cells in the

given area.

One of the most impactful stress that appears on cells encapsulated in Gtn-
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HPA and HA-Tyr is oxidative stress due to the presence of hydrogen peroxide as

a crosslinker (usually cytotoxic to cells in high doses). We performed a viability as-

say on cells encapsulated in hydrogels with increasing concentration of H2O2 (but

constant HRP at 0.1 U/ml) to find the optimal formulation for both homopolymeric

networks: this could then be transferred to IPN (Figure 3.2). To accurately quantify

the number of viable cells, immunohistochemistry was performed using calcein-AM

and ethidium bromide; and DAPI as nuclear marker. For both samples (Gtn-HPA and

HA-Tyr) crosslinked with H2O2 around 1mM seemed to provide the highest biocom-

patible hydrogels with viability ranging from 60% in HA-Tyr to 80% for Gtn-HPA.

Of note is that we observed, for low concentration of H2O2 (<0.8mM), almost no

gel formation which is shown by a really high viability at 0.5mM. This is due to the

fact that in this case H2O2 is not sufficient to form a gel and therefore cells are in

a 2D formation, as in the defined protocol. Finally, we increased hydrogen peroxide

concentration up to 5 mM in order to look for its cytotoxic effect on cells. Oxidative

stress was already high at 2.5 mM with a viability ranging from 20% to 35% while

being minimal at 5mM where most cells died (only 5-8% viable). This broad testing of

hydrogen peroxide effect on cell viability in both homopolymeric networks suggested

that a concentration around 1mM should be used to make the most biocompatible

hydrogel. As seen in the next section, we performed a sharper testing for different

IPN content with crosslinker concentration ranging from 0.8 to 1.3 mM. The optimal

IPN was found to contain at least 30% of Gtn-HPA with a crosslinker concentration

of 1mM.

As seen in past studies [77], the catalyst (HRP) concentration was shown to be op-

timal at 0.1 U/ml to enable encapsulated cells to thrive. In these studies, a live/dead

assay on different type of stem cells (MSC, RPE, ES) encapsulated in Gtn-HPA with

varying concentrations of HRP was performed. The result show that a concentration

of at least 0.1 U/ml was necessary in order to form a hydrogel. Concentration lower

than 0.1 U/ml show a significantly low viability of cells (<20%) which is due to the

presence of H2O2, cytotoxic to cells, not being used to create a gel as the concentra-

tion of HRP is too low. Upon using 0.1 U/ml a high viability was observed along
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Figure 3.2: Viability assay on hRPCs encapsulated in Gtn-HPA/HA-Tyr
with increasing concentration of H2O2.
Viability was measured by counting the number of live and dead cells in the viability
assay performed with CalceinAM and Ethidium Bromide. Data of each group were
calculated from 15 randomly chosen fields in each group using confocal fluorescence
microscopy. Viability was observed to be significantly decreasing with the increase of
hydrogen peroxide concentration. ****p=0.0001, ***p=0.001.

with the formation of a hydrogel (80%). Increasing the concentration of HRP above

0.1 U/ml does not affect the viability of hRPCs. However, as shown in other studies

[116], HRP might have a slight impact on cells phenotype and differentiation. As 0.1

U/ml has been shown to be completely used to catalyze the gelation of our hydrogels,

these results suggest that it is the correct concentration to be used.

Live/dead staining of cells encapsulated in IPN (at 1mM crosslinker and 0.1 U/ml

catalyst) and grown in PBS are presented in Figure 3.3. Images represent a maximal

projection of 200 µm z-stack for hydrogels samples which were seeded at the same

concentration. Cells in 2D culture appeared more fibroblastic with a higher number

of dead cells. In contrast, cells encapsulated in Gtn-HPA and IPN seemed to retain

their phenotypic morphology. Our result clearly demonstrates the effect of oxidative

stress and protective nature of Gtn-HPA and IPN for hRGC culture and possible
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transplantation.

Figure 3.3: Encapsulated human retinal ganglion cells viability assay.
Fluorescence images of live (CalceinAM-green) and dead (Ethidium Bromide-red)
hRGC encapsulated in hydrogels, maximum projection of 300 µm samples imaged
with confocal microscopy. All images were taken at 10X magnification under fluores-
cence microscopy. Scale bar – 200 µm. ***p=0.001.

Gelatin and growth factor effect on hRPCs

The percentage of viability was calculated by dividing the number of live cells

(FITC) by the total number of cells in the given area (live and dead cells added).

Cells cultured in media showed the highest viability as expected (Figure 19), since

these cells received all the nutrient required for cellular growth. This group is only

used as an in vitro control group to check if viability was correctly performed. The

viability measured for hRPCs grown in media for 1-3 days (<70%) corresponds to

values found in previous studies [117], [118]. Using defined media is not approved

for transplantation, therefore we considered PBS as a carrier as the control group
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to further mimic the in vivo conditions. In comparison, in all other groups, cells

were deprived from essential nutrients for 1, 3, or 6 days, hence their viability is

significantly lower than cells culture in media (without shear stress applied). To test

the hypothesis that Gtn-HPA hydrogel can support hRPCs growth, direct comparison

between 2D (PBS and hEGF) and 3D cultures (Gtn-HPA) was performed. Even

though initial viability of hRPCs in 2D and Gtn-HPA showed no significant difference,

the trend changes in long-term culture (Figure 3.4). After 6 days of being deprived

from nutrients cells in PBS show a lower viability than cells cultured in Gtn-HPA or

with hEGF added. These results suggest that culturing hRPCs in a 3D environment

(Gtn-HPA) or adding only hEGF to PBS could greatly improve the viability of cells

in vitro.

Figure 3.4: Live/Dead assay of hRPCs by immunohistochemistry with
different nutrients and tissue culture.
Data analysis of Live/Dead assay for different nutrients and culture conditions (Me-
dia, PBS, hEGF, Gtn-HPA). Data shown as mean ± SEM of triplicate wells with 15
different fields for each well. Three-way ANOVA was performed and shows a statisti-
cally high significant difference between media alone and all other groups. Significant
decrease of viability can be seen between PBS and all other groups starting at day 3
(****p = 0.0001).

To accurately quantify the number of viable cells, immunohistochemistry was
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performed using calcein-AM (FITC) and ethidium bromide (APC) as live/dead as-

say. Cells in 2D cultures (PBS, hEGF), deprived from most nutrients, appeared

more fibroblastic with higher number of dead cells (Figure 3.5). In contrast, hRPCs

embedded in Gtn-HPA were located in different layers (3D structure). It has been

shown in multiple studies, that culturing retinal cells in a 3D environment (spheroids,

organoids [119] or, hydrogels [120]) improves their viability, development and, pheno-

typic differentiation and morphology.

Figure 3.5: Fluorescence images of live/dead assay for hRPCs in different
culture conditions.
All images were taken at 40X magnification. Fluorescence images of Live/Dead assay
performed on hRPCs with Calcein-AM as live staining (FITC channel), Ethidium
Bromide as dead staining (APC channel) and, merged pictures for Media, PBS, hEGF,
Gtn-HPA and Gtn-HPA & hEGF. Scale bar is 200 µm in all images. Image modified
from [75].

Phenotype analysis across common retinal marker (stemness, proliferation, apop-

tosis, retinal, cone and rod) was also performed for hRPCs in their normal condition

(in 2D culture with media) and encapsulated in Gtn-HPA hydrogels. As seen in Fig-

ure 3.6, no significant difference was found for any of the markers. This result suggests

that hRPCs maintain their phenotype when encapsulated in hRPCs; phenotype which

has been analyzed before [37].

Finally, analysis of the gelatin and HA content effect on encapsulated hRPCs was
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Figure 3.6: Phenotype analysis of hRPCs using flow cytometry.
hRPCs cultured with media or in Gtn-HPA were analyzed for their phenotype with
flow cytometry. No significant difference was observed at short time between both
groups for all retinal, stemness, rods, cones, proliferation and apoptosis markers.

performed. For this investigation, hRPCs were encapsulated in multiple Gtn-HA IPN

gels with selected percentages of Gtn and HA, and various crosslinker concentrations,

which have been chosen to be as close as possible to the optimal crosslinker con-

centration (from 0.8 to 1.3mM) as observed in the previous section. A short-term

viability study enabled us to tune the optimal crosslinker (H2O2) concentration both

in IPN and homopolymeric hydrogels to be exactly 1mM. High viability was found

for concentrations close to 1mM, however this optimal concentration was found to

be significantly higher than all others. In Figure 22, we also studied the impact of

Gtn-HPA content in IPN on encapsulated cell viability. Of note is that the viability

of cells cultured in PBS was found to significantly lower than all hydrogel groups. A

viability threshold, corresponding to a content of >30% of Gtn-HPA, was observed

for all crosslinker concentrations demonstrating that hRPCs do not thrive in HA-Tyr.

This finding can be related to the understanding that hRGC possess integrins to at-

tach to the gelatin backbone but not to the hyaluronic acid backbone [121], [122]. .

This result reduces the number of candidates to IPN possessing a Gtn-HPA content
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higher than 50% (which include Gtn-HPA itself).

Figure 3.7: Optimal IPN candidate for hRPCs viability and
encapsulation.
Viability assay at day 3 of encapsulated human retinal ganglion cells in IPN with
different Gtn-HPA content and a range of crosslinker concentration compared with
PBS. Data was measured for 10 field of views of live/dead staining. Data shown as
mean ± SEM and one-way ANOVA followed by student-t test was performed showing
a statistically high significant difference between H2O2-1mM and all others for more
than 50% Gtn-HPA in the IPN (****p<0.0001).

Cell morphology analysis

Counting and analyzing cell size and shape manually is a tedious error prone pro-

cess. To be able to analyze a large data set from fluorescent confocal microscopy

images, we decided to use a basic computer vision technique. This image process-

ing algorithm, previously explained in [115], enables for cell segmentation from a
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black background image based on cell intensity and staining. The method uses ba-

sic morphological operations and the watershed algorithm to segment the cells and

was implemented in MATLAB. We chose this method for its simplicity and ease of

implementation.

For each sample group we analyzed n=10 fluorescent maximum projection of fields

of view obtained from live/dead staining images of cells encapsulated or grown in 2D

conditions (Figure 3.8a). We then converted each image to a greyscale (from the

specific staining analyzed live: green and red: dead). To be able to analyze cells

correctly, multiple image rendering processes were used. The extraction of dimmer

cells was performed by contrast adjustments. The elimination of objects on the bor-

ders (which can cause noise and be artifacts) was realized with an intrinsic MATLAB

function. Noise removal, critical to extract only cells and not artifacts, was done

with adaptive filtering (small window). The final image rendering included using a

global Otsu’s thresholding method to convert the image to binary, filling the image

region and holes, performing a morphological opening using a disc kernel and finally

removing all small cells (connected components with low number of pixels <10px).

The final image can be seen in Figure 3.8b. To further analyze cells, we performed

perimeters extraction of cell or cell groups, as seen in Figure 3.8c. Some cells might

be grouped and counting their number may be critical for viability results. To extract

cells in groups we applied a watershed algorithm, which can divide the groups into

distinct cells. The watershed algorithm interprets different levels of gray intensity, in

an image, as altitude. It then finds objects which are delimited by their perimeter

with a high altitude in their center (high overlapping intensity). To implement the

watershed algorithm, we modified the image by finding the maxima (corresponding to

the cell nuclei) and transformed the image to show the perimeter and these maxima

(Figure 3.8d). We finally applied the watershed algorithm which finds all connected

components and enables for an easy cell counting (Figure 3.8e). In the sample im-

age 33 cells were extracted (Figure 3.8f). We also extracted cell size, measured as

the longest line drawn inside each object (Figure 3.8g) and the shape factor (Fig-

ure 3.8h) which corresponds to the relative shape of an object compared to a circle:
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𝐶 = (4 * 𝜋 * 𝐴)/(𝑃 2) (𝐶 = 1 being a perfect circle). A cell with a low shape factor

could be due to elongated or stellate morphology resulting from the formation of cell

processes. Due to small cell size, while most cells have been correctly detected, some

have been taken as dust and deleted. Segmenting grouped cells worked well and en-

abled a coherent cell size and number measurement. Detected cells appear to have a

similar size to real cells (broadly measured with scale on confocal microscope). By

counting some fields of views manually and comparing to the algorithm result we can

suppose that this algorithm has a rate of success of around 95%.

Figure 3.8: Image processing algorithm for measuring cell size and shape.
Step by step image processing analysis of live and dead stained hRGC encapsulated
in hydrogel or in 2D conditions. (a) Initial maximum projection fluorescence image
taken with confocal microscopy at 10x magnification. (b) First processed image af-
ter contrasts adjustments, elimination of objects on the borders, noise removal and
threshold with Otsu’s method. (c) Perimeter cell extraction. (d) Image processed
with watershed algorithm to separate possible grouped cells. (e) Connected compo-
nents from the watershed results. (f) Number of cells extracted per image. (g) Cell
size for each object. (h) Cell shape factor corresponding to its shape compared to a
perfect circle.

We applied this image processing algorithm to the viability assay performed on

hRPCs in different conditions. All extracted values form the image processing algo-

rithm can be seen in Figure 3.9 for all samples. Live (green) and dead (red) cell size
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distribution was analyzed for all groups and shows no significant difference in time.

The results suggest that dead cells are, on average, 10 µm smaller than live cells.

A significantly higher live cell size was found in hydrogel samples (around 15um for

Gtn-HPA, 20 µm for IPN75 and IPN50) compared to cells cultured in 2D environ-

ment (8-10um for media and PBS). The shape factor was also analyzed for both live

and dead cells for all samples and shows no difference between time points. A sig-

nificantly lower shape factor was observed for cells in hydrogels samples compared to

media and PBS. Dead cells, mostly due to the loss of cytoplasm, nucleus, and shape,

show a low shape factor for all samples. These findings suggest that Gtn-HPA and

IPN can enable cell growth and differentiation due to their higher size while enabling

morphological extension of primary processes, as shown with a lower shape factor.

3.4.2 Phenotypic expression controlled by hydrogel stiffness

Stiffness and mechanical characteristics of gels

In order to understand what type of effect our hydrogels can have on hRPCs

viability, phenotype and proliferation we analyzed and characterized mechanically all

hydrogels ranging from pure Gtn-HPA to pure HA-Tyr. Constant shear rheology was

performed on all hydrogels with n=5 replicates, with mineral oil added to the contour

to reduce as much as possible the evaporation of hydrogels during measurements.

Unconfined compression testing was also performed to measure the Young’s modulus

of hydrogels.

Mechanical characteristics of IPNs was measured by oscillatory rheology and un-

confined compression testing. Hydrogen peroxide, being cytotoxic to cells at high

concentrations, has been shown to create biocompatible hydrogels around 1mM (see

previous section and [75]). This hinted at the mechanical measurement of HA-Tyr,

Gtn-HPA and IPN at crosslinker concentrations equal or close to 1mM as seen in

Figure 3.10a. Shear moduli (G’) of both Gtn-HPA (red-dashed line) and HA-Tyr

(red-dotted line) increase with crosslinker concentration ranging respectively from

160 and 1010 PA at 0.7 mM of H2O2 to 910 and 1650 Pa at 1.3 mM. A similar
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Figure 3.9: Human retinal progenitor cells size and shape quantitative
analysis.
Live and dead cell size distribution for hRPC cultured in 2D conditions (media and
PBS) (a) or in hydrogels (Gtn-HPA, IPN75, IPN50) (b). (c) Live and dead cell
shape factor quantification for all samples. No statistically significant difference was
found in this analysis.
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Figure 3.10: Hydrogels (IPN and homopolymers) rheological and
mechanical characterization.
(a) Oscillatory rheological measurements of shear modulus (G’ in red) and time
to reach plateau (in blue) for Gtn-HPA and HA-Tyr for different concentration of
crosslinker H2O2 (ranging from 0.8mM to 1.3mM). Data shown as mean ± SEM
of triplicate measurements. One-way ANOVA, followed by student-t test for each
concentration, was performed and shows a significant difference in shear moduli be-
tween HA-Tyr and Gtn-HPA (****p<0.0001). (b) Compression test measurements
of Young modulus for Gtn-HPA, IPN75, IPN50 and HA-Tyr. Dashed line shows
linear regression performed to measure moduli in the elastic region (strain less than
5%).

trend was observed for the time to reach steady state (blue lines). This high differ-

ence could enable to create IPNs with different and controlled stiffness which could

greatly impact stem cells differentiation.

A similar trend was observed on the Young’s modulus, calculated from maximal

5% strain during unconfined compression (Figure 3.10b). HA-Tyr shows a plastic

behavior at low strain (4.5%) with a modulus of 6818 Pa while IPN50, IPN75 and

Gtn-HPA stay in the elastic domain for higher strain (8%).

To assess whether mechanical characteristics of these IPN can be controlled by

their relative percentages of Gtn and HA, we performed oscillatory rheology and

unconfined compression testing on all IPN (HA-Tyr, IPN10, IPN25, IPN50, IPN75,

IPN90 and Gtn-HPA). As seen in Figure 3.11, the shear (G’) and Young’s (E) modulus

both decrease monotonically with the increasing amount of Gtn-HPA in the IPN,

ranging respectively from 1438 Pa and 6828 Pa for pure HA-Tyr to 578 Pa and 2532
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Figure 3.11: Mechanical characteristics of IPNs with ranging Gtn-HPA
content.
Shear (dot line) and Young’s (dash line) moduli measurements for multiple IPN with
different Gtn-HPA content (ranging from 10% to 90%). Linear regression was applied
both set of values, with n=15.

Pa for pure Gtn-HPA. This behavior can be explained by homopolymeric networks

rheology (Figure 3.10a) which showed that HA-Tyr possesses a shear modulus 2-5

times higher than Gtn-HPA. Mechanical and stiffness characteristics can therefore be

controlled by the IPN content of the respective polymers.

Cell Viability and proliferation

Cell growth and viability were measured with Alamar Blue, CalceinAM and Ethid-

ium Bromide, as explained in methods, at day 1, 4, 7, 11 and 14. Figure 3.12 shows

the hRPCs growth in different hydrogels and with different nutrients through time.

Deprived from any growth factor (no GF) cells tend to have a significantly smaller

growth when encapsulated in hydrogels, especially in pure HA-Tyr, compared to cul-

ture in 2D (positive control) or in hydrogels with higher Gelatin content. By adding

either EGF or FGF to the hydrogels a higher cell growth was observed for groups

containing a high content of gelatin and 2D culture. Furthermore, by adding both
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FGF and EGF at concentrations present in the defined media (see methods for correct

concentration) a significantly higher cell growth was observed for cells cultured in 2D

or in pure Gtn-HPA even after 14 days compared to all other groups. Overall, when

depriving hRPCs from growth factor a visible decreasing cell growth was observed

throughout time (from day 1 to day 14) while by including both growth factors, cells

were found to be proliferating at a high pace, increasing almost exponentially for

hRPCs encapsulated in pure Gtn-HPA.

To further confirm these results, we performed a Live/Dead staining by mixing

CalceinAM (FITC in green) and Ethidium Bromide (APC in red) to hRPCs in dif-

ferent tissue culture, as seen in Figure 3.12B. Live cells are shown in green and dead

cells in red. Fifteen randomly chosen fields were chosen in each group to calculate vi-

ability data. Cells were seeded in all samples at the same concentration, enabling for

a correct measurement of the viability in these different hydrogels. As we have seen

with the cell growth experiment, cells tend to be more proliferating and viable when

both EGF and FGF are added to the mix. Therefore, we present here only this nutri-

ents groups with different tissue culture and hydrogels: 2D culture, HA-Tyr, IPN25,

IPN50, IPN75 and Gtn-HPA. As seen in Figure 3.12A, hRPCs viability increases

significantly with the amount of Gelatin in the hydrogel mix. Reaching the highest

viability and highest number of live cells (due to a high proliferation) when cells are

encapsulated in pure Gtn-HPA. This finding is coherent with the previous experiment

on measuring hRPCs viability in changing concentrations of the catalyzer (HPR) and

crosslinker (H2O2), see previous section. Overall, these results suggest that adding

both EGF and FGF into the hydrogels can greatly enhance the proliferation capabil-

ities and viability of hRPCs in vitro. This suggests a specific advantage of using our

hydrogels as delivery vehicle for retinal regeneration as it enables the encapsulation

of not only cells but also growth factors and other nutrients to improve the viability

of cells in vivo and therefore their potential engraftment and survival long term, with

the possibility to enhance retinal regeneration. This is impossible to achieve with

just saline injection as the nutrients delivered would automatically be dispersed at

the injection location and would not impact the fate of the injected stem cells.
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Figure 3.12: Viability and proliferation assay for hRPCs encapsulated in
IPNs.
A. Cell growth was obtained with AlamarBlue staining for n=5 replicates using col-
orimetry. Cells were found to possess a significantly higher growth when encapsulated
in pure Gtn-HPA or with media. B. Live/dead staining of hRPCs in different tissue
culture. Gtn-HPA shows the highest number of live cells while HA-Tyr shows higher
number of dead cells.

Phenotype analysis

The main objective of this experiment is presented here: can our hydrogels based

on gelatin and hyaluronic acid effect the phenotype and differentiation of hRPCs

after 14 days of culture. To answer this question, we performed a phenotype analysis

with flow cytometry on hRPCs encapsulated in different hydrogels at day 1, 4, 7,

11 and 14. This phenotype analysis was performed on markers of interest: stemness,

retinal, photoreceptor, cone and rod as hRPCs being derived from fetal retina can only

differentiate into retinal cells. Our approach was to mainly analyze the phenotype

difference in photoreceptors population as the principal objective of hRPCs (in clinical

trial at the moment) is to be injected in the subretinal space with a goal to replace

degenerating photoreceptors (mainly rods) in diseases such as retinitis pigmentosa or

rod-cone dystrophies.

The flow cytometry analysis was performed with the Miltenyi MACSQuant flow

cytometer, as explained in methods. The next figures show the result of the pheno-

type analysis for Oct4-stemness, PAX6-retinal, recoverin-photoreceptor, rhodopsin-
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rods and R/G opsin-cones. The absence of SEM in Figures 3.13 is due to the average

of 105 events measured by the flow cytometer after gating the right cell populations.

Furthermore, flow cytometry was performed on n=4 replicate however adding SEM

on Figure 3.13 would reduce the data visibility due to the 3D graph. For all markers

the same gating strategy (population of event or cells to be considered as positive) was

applied: gating the cell population (FSC-A vs SSC-A), gating the single cell popula-

tion (FSC-A vs FSC-H), and then gating the DAPI positive population (VioBlue-A

vs FSC-A). This single-cell-DAPI-positive gate correspond to the population of cells

we can compare for all different markers (retinal, stemness, photoreceptor, rods, and

cones). The data presented in the following figures only shows days 4, 7, 11 and 14

as data in day 1 was not relevant due to the short-term culture of cells in hydrogels.

Cells usually need 4-7 days to express a different phenotype due to their response

to different environments. Therefore, according times of culture have been used for

hRPCs in all different tissue and media culture.

Figure 3.13 shows the expression of Oct4, a key gene that regulate stemness in

progenitor cells [123]. The expression of Oct4 was observed to be similar from day 4

to day 14 showing a significant increase with the addition of HA in the tissue culture,

being the highest for pure HA-Tyr with 35% compared to Gtn-HPA or 2D with

less than 12%. Of note is that the change in nutrients didn’t impact the stemness

of hRPCs showing almost the same expression for all samples in the same tissue

culture. This result can be related to many studies that have shown the importance

and effective association of stiffness of biomaterials on stem cell culture [124]. This

results further corroborates that by increasing the gelatin content of our hydrogels,

one can increase hRPCs differentiation towards specific retinal cells.

As second marker which was analyzed is PAX6, as shown in Figure 3.14, PAX6

which is an early retinal cell marker [125]. The exact opposite trend was observed

showing a significantly higher expression of PAX6 for cells cultured in Gtn-HPA and

high gelatin content hydrogels. The expression of PAX6 was seen to be increasing

with time, reaching a plateau after 10 days. Gtn-HPA and IPN75 show the highest

expression with respectively 30% and 28% after 11 days compared to less than 10%
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Figure 3.13: Phenotype assay for stemness marker Oct4 of hRPCs in
different tissue culture.
Cells were cultured for 2 weeks and phenotype was analyzed at day 4, 7, 11, and 14
for n=5 replicates with flow cytometry. Map surfaces show the media component on
the x-axis (base media, EGF, FGF, or both), the tissue culture on the y-axis (2D,
Gtn-HPA, IPN75, IPN50, IPN25, and HA-Tyr) and the expression of Oct4 is shown
on the z-axis.

for cells cultured in HA-Tyr. A similar trend as for Oct4 was also observed for

the nutrients effect on PAX6 expression. The data suggests that there is no impact

from EGF or FGF on the early retinal marker expression of hRPCs. This early

retinal marker expression differences suggest that hRPCs differentiation could be

driven towards retinal cells by using tissue culture with high gelatin content and

lower stiffness.

As hRPCs are usually meant to be injected in the subretinal space to replace dead

photoreceptor, we analyzed a specific photoreceptor marker: recoverin. This marker

is expressed randomly by both cones and rods with no specificity. As seen in Figure

3.15, a clear significant increase in recoverin expression was found from day 4 to day

14. Moreover, a similar trend as for PAX6 was observed with the highest expression

for Gtn-HPA and IPN75 after 14 days: respectively 36% and 34%. Of note is that the
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Figure 3.14: Phenotype assay for retinal marker PAX6 of hRPCs in
different tissue culture.
Cells were cultured for 2 weeks and phenotype was analyzed at day 4, 7, 11, and 14
for n=5 replicates with flow cytometry. Map surfaces show the media component on
the x-axis (base media, EGF, FGF, or both), the tissue culture on the y-axis (2D,
Gtn-HPA, IPN75, IPN50, IPN25, and HA-Tyr) and the expression of PAX6 is shown
on the z-axis.

marker was deeply affected by the different nutrients added to hRPCs. All samples

which did not receive EGF (base media and FGF only) were found to be significantly

lower than other samples for all different tissue culture. Therefore both EGF and

EGF/FGF samples show higher expression.

Furthermore, we analyzed both a rod marker (rhodopsin) and a cone marker

(RGopsin). The data in Figure 3.16 show the same trend as for recoverin with a higher

expression for cells cultured in high gelatin content hydrogels, with an increading

expression from day 4 to day 14. The same trend for FGF was observed for both

rod and cone marker, strongly suggesting that the addition of EGF in the culture of

hRPCs signifcantly increase their differentiation towards photoreceptors. A promising

result was found when analyzing rod anc cone marker: hRPCs seem have a higher

differentiation towards rods for IPN75 while having a higher differentiation towards
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Figure 3.15: Phenotype assay for photoreceptor marker recoverin of
hRPCs in different tissue culture.
Cells were cultured for 2 weeks and phenotype was analyzed at day 4, 7, 11, and 14
for n=5 replicates with flow cytometry. Map surfaces show the media component on
the x-axis (base media, EGF, FGF, or both), the tissue culture on the y-axis (2D,
Gtn-HPA, IPN75, IPN50, IPN25, and HA-Tyr) and the expression of recoverin is
shown on the z-axis.

cones for Gtn-HPA.

Of note is that all markers expression were found to be significantly lower for cells

cultured in the common 2D tissue protocol compared to encapsulation in hydrogels,

suggesting that our hydrogel can greatly impact the differentiation of hRPCs.

Overall, this phenotype analysis of hRPCs encapsulated in different hydrogels with

different nutrients added enabled us to show a driven differentiation towards specific

type of retinal cells by modulating the stiffness and nutrients added to hRPCs. We

showed that stemness expression greatly increases with the addition of HA while

early retinal marker decreases. Photoreceptor, rod, and cone markers where found

to be significantly higher for cells that received EGF. The rod marker expression

was found to be the highest in IPN75 while cone marker expression for Gtn-HPA.

Finally, Alamar Blue and viability enabled us to confirm that hydrogel with a high

92



Figure 3.16: Phenotype assay for rod (rhodopsin) and cone (opsin)
marker of hRPCs in different tissue culture.
Cells were cultured for 2 weeks and phenotype was analyzed at day 4, 7, 11, and 14
for n=5 replicates with flow cytometry. Map surfaces show the media component on
the x-axis (base media, EGF, FGF, or both), the tissue culture on the y-axis (2D,
Gtn-HPA, IPN75, IPN50, IPN25, and HA-Tyr) and the expression of (a) R/G-opsin
(b) rhodopsin is shown on the z-axis. Cones show a specific peak for Gtn-HPA while
rods show a peak for IPN75.

93



HA content don’t enable cell attachment, proliferation and viability.

3.4.3 Diffusion kinetics of growth factors through hydrogels

Measurement of hydrogel water content

Water in hydrogels can be classified into several types: (i) bound water, which can

be divided into strongly bound, weakly bound, and non-bound with nearly bulk water

properties; (ii) associated water, which comprises strongly and weakly associated

water; and (iii) free water. Previous studies [110] have shown that the water content

in hydrogels can be measured by differential scanning calorimetry (DSC). The water

fraction can be measured with the following equations:

𝑊𝑓𝑟𝑒𝑒 =
∆𝐻𝑔𝑒𝑙(0𝐶)

∆𝐻𝐻2𝑂

* 100, 𝑊𝑏𝑜𝑢𝑛𝑑 =
∆𝐻𝑔𝑒𝑙(−20𝐶)

∆𝐻𝐻2𝑂

* 100 (3.16)

𝑊𝐴𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑒𝑑 = 𝑊𝑡𝑜𝑡𝑎𝑙 −𝑊𝑓𝑟𝑒𝑒 −𝑊𝑏𝑜𝑢𝑛𝑑 (3.17)

We performed DSC on homopolymeric and copolymeric networks (IPN50 and IPN75)

hydrogels. Freezing and melting transitions of different water types were observed for

all samples, as seen in Figure 3.17. A loop artifact (also presented in [126]) was also

observed for the bound water heat transition temperature. This artifact is attributed

to the extremely large exotherm of bound water crystallization. To try and remove

this loop artifact, we turned to computational methods based on theory to remove

this artifact. We first used the main trace obtained from ‘rapid’ DSC to measure

the free water heat flow (at 0 ℃, green curve) and differentiate the end of the loop

artefact to the normal heat transition (blue and black curves) (Figure 3.18a). We then

performed a slow heating and cooling DSC to obtain a more precise loop transition, as

seen in Figure 3.18b and 3.18c, the loop artifact was shifted by 5-10 ℃ while the trace

for the bound water transition started to take form. This allowed us to create a trace

without the presence of a loop artifact by adding all different traces and subtracting

the loop artifact in each, which can be seen in Figure 3.18d.

The differential scanning calorimetry performed on wet hydrogels allowed us to
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Figure 3.17: Water content measurement in IPNs.
Differential scanning calorimetry traces (heat flow with exotherm up as a function of
temperature) for HA-Tyr, CP50, CP75 and Gtn-HPA, ranging from -60 °C to 20 °C
showing both bound and free water heat transitions at -20 °C and 0 °C, respectively
(dotted lines). The loop artifact is observed in all four samples. The data is shown
is one representative run; however, final calculations have been made with heat flow
averages. Image reprinted from [61].

quantitatively measure the water content in each of our hydrogel samples using equa-

tions 15-17. The hydrogel free water content ranges from 43% (HA-Tyr) to 55%

(Gtn-HPA); bound water content ranges from 25% (Gtn-HPA) to 38% (HA-Tyr),

while associated water content is mostly constant throughout all samples around

23%.

We, then, examined the water content in relation to hydrogel’s stiffness. The

hydrogels’ shear moduli G’ when applying a constant shear rate were measured over

time, as seen in Figure 3.19a. Hydrogel stiffness increases with the addition of HA-Tyr

to the mixture, starting at approximately 600 Pa for homopolymeric Gtn-HPA, 950 Pa
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Figure 3.18: Loop artifact removal using computational methods.
(a-d) DSC traces for Gtn-HPA with different slowing and heating speeds to reduce
the loop artifact. (a) Normal speed (10 °C/min) cooling trace for Gtn-HPA. (b)
Slow heating curve (0.1 °C/min). (c) Slow cooling curve (-0.1 °C/min). (d) Final
DSC trace obtained by the addition of all other experiments by subtracting the loop
artifact. Image reprinted from [61].

for CP50, and 1440 PA for homopolymeric HA-Tyr. We were finally able to compare

the water content of those hydrogels with their respective stiffness for all three water

types (trend lines in Figure 3.19b). As expected and explained in many studies [127],

the free water content linearly decreases with stiffness while the bound water linearly

increases. A statistically significant difference was found between Gtn-HPA and HA-

Tyr for both free and bound water. Importantly, the associated water stays constant

in all samples, showing an equilibrium relationship between free water and bound

water when changing the amount of Gtn-HPA in our copolymeric networks.
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Figure 3.19: Stiffness measurement and relationship to water content.
(a) Oscillatory rheology measurement of shear modulus G’ (Pa) for all samples (Gtn-
HPA, CP75, CP50, CP25 and HA-Tyr). The final value was obtained when the
plateau was reached. The vertical dotted line shows the time to reach plateau. Values
are shown as an average of n = 5 replicates. (b) Water content (%) of hydrogel
samples as a function of their stiffness (G’). A linear regression was performed for
all three water types: solid line for free water, dotted line for bound water, and
dashed line for associated water. Values shown as all replicates (n = 5). A statistical
difference is observed between Gtn-HPA and HA-Tyr for both free and bound water
(***p=0.001). Image reprinted from [61].

Measuring hEGF release from gels

To further understand the mechanism of drug and growth factor release in the

eye, we analyzed the release of human epidermal growth factor (hEGF), which is

presently used in ophthalmic disease treatments. We performed a bio-release assay

with an hEGF ELISA kit for 11 days. As injectable and biodegradable matrices, we

also focused on the burst release of the biomaterials with a precise measurement for

the first 120 minutes. A 4-parameter logistic curve fit was applied to the standard,

which can be seen in the inset of Figure 3.20a. hEGF overall and sustained release for

all samples is plotted in Figure 3.20a. We observe no significant difference between

all samples in the sustained release period, defined as after one day. We also analyzed

faster hEGF release in 15 min increments from hydrogel formation until 90 min. The

results of this burst release can be seen in Figure 3.20. Linear, rapid burst release

profiles were observed until 45-60 minutes for all samples. Statistical analysis shows a
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notably significant difference between all samples during this burst release phase. This

difference showed that increasing the amount of Gtn-HPA in the mixture increases

the burst release rate of hEGF. For all samples, the average mass release of hEGF

was around 50 ng (5% of total mass) at 15 min, 90 ng (9% of total mass) at 30 min,

and 140 ng (14% of total mass) at 45 min. To compare the burst release value to

a diffusion mechanism, we measured the coefficient of burst release normalized by

the total mass of release (1 µg) (Figure 3.20b, inset). As observed in Figure 3.20b,

Gtn-HPA possesses a higher burst release coefficient than all other samples (0.2), and

a statistically significant higher coefficient than HA-Tyr (0.176).

Figure 3.20: Human epidermal growth factor (hEGF) release analysis
from hydrogels.
(a) Sustained release of hEGF from hydrogels over 11 days. Inset: standard curve
analyzed with a four-parameter logistic fitting curve to convert absorbance into hEGF
concentration. (b) Burst release period of hEGF from hydrogel over the first 90
minutes. Inset: hEGF normalized burst release constant, measured during the first
hour of release. A statistical difference is found between all samples at t = 30, 45
and 60 min, and between Gtn-HPA and HA-Tyr burst release constants (**p=0.005).
Image reprinted from [61].
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Relating water content with hEGF release and diffusion theories

To finalize our results, we analyzed the relationship between the free water frac-

tion, the stiffness (G’), and the burst release coefficient found in the hEGF release

experiment, as seen in Figure 3.21a. The hEGF burst release coefficient from hy-

drogels was found to be linearly increasing with the free water fraction, ranging from

0.176 at 41% free water in HA-Tyr to 0.2 at 53% free water in Gtn-HPA. A statistically

significant difference was found between both homopolymeric networks. Contrarily,

stiffer hydrogels display a lower hEGF burst release, with a difference of 0.024 be-

tween Gtn-HPA at 600 Pa and HA-Tyr at 1440 Pa. This result suggest that burst

release of growth factor is tightly related to the free water fraction and stiffness of

hydrogels. Studying the structure formed by the polymeric networks could help us

understand the mechanisms of diffusion and growth factor release. The formation

of all samples (Gtn-HPA, HA-Tyr and CP) are catalyzed with HRP and crosslinked

with H2O2 in the same manner via an enzymatically crosslinking reaction, which we

expect should create fully random copolymeric networks, for CP. To investigate this

hypothesis, we analyzed the network structures with hydrogel degradation assays us-

ing collagenase IV. As observed in Figure 3.21b, all Gtn-HPA was degraded after 30

minutes of incubation. Furthermore, we observed that collagenase IV has no impact

on HA-Tyr alone. However, CP75, CP50 and CP25 had 30.9%, 49.3% and 77.3% of

their volume remaining after degradation, respectively, corresponding to the fraction

of Gtn-HPA mixed into the copolymeric network.

Due to the relatively high degree of freedom of Gelatin Hyaluronic fibers in the

hydrogels and their low weight fraction of polymer (2 wt%), we can consider these

hydrogels as homogeneous. Table 3.2 summarizes the different theories of diffusion

and their equations for free volume, hydrodynamic, and obstruction theories for both

heterogenous and homogeneous hydrogels. To be able to compare our experimental

release of hEGF with theoretical models of diffusion, we normalized the burst release

of hEGF. Furthermore, by using the charge, affinity, molecular weight of hEGF, the

molecular weight and chemical characteristics of our hydrogels along with values from
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Figure 3.21: Relationship between hEGF release, water content, and
hydrogel stiffness.
(a) Final comparison between free water content (circle) and stiffness (square) with
normalized burst release hEGF coefficient. The burst release of hEGF was found to
increase with free water fraction and decrease with stiffness. A statistically significant
difference was found for both variables between Gtn-HPA and HA-Tyr (***p=0.001).
(b) Degradation assay of pure Gtn-HPA, CP and pure HA-Tyr using a collagenase
IV treatment. The percentage of remaining volume post treatment was measured for
all hydrogels. HA-Tyr showed little to no volume decrease while all of Gtn-HPA was
degraded. Image reprinted from [61].

previous studies [128] and our polymers [116], we were able to predict an average value

for the free volume theory as 𝐷𝑔/𝐷0 = 0.1, the hydrodynamic theory as 𝐷𝑔/𝐷0 =

0.2, and the obstruction theory as 𝐷𝑔/𝐷0 = 0.4. These values correspond to the

actual diffusion coefficient normalized by the maximum diffusion coefficient of solute

(hEGF in our case) at infinite dilution (near-pure water in our case). Experimentally,

we observed that all hEGF diffusion release values were around 0.17-0.2, which is

comparable to the hydrodynamic theory prediction of 0.2.
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Table 3.2: Theories of solute diffusion within heterogeneous and
homogenous hydrogels.

Model Equation Predicted
Value Type Refs

Free
Volume

𝐷𝑔

𝐷0
= (1 − 𝑘1𝑟𝑠𝜃

0.75)𝑒𝑥𝑝
(︀
−𝑘2𝑟

2
𝑠

(︀
𝜃

1−𝜃

)︀)︀
0.1

Homo-
geneou
hydrogel

[129]

Hydro-
dynamic

𝐷𝑔

𝐷0
= −𝑒𝑥𝑝(−𝑘𝑐𝑟𝑠𝜃

0.75) 0.2
Homo-
geneou
hydrogel

[106]

Hydro-
dynamic

𝐷𝑒

𝐷0
= 𝑒𝑥𝑝

[︃
−

(︃
𝑎𝜋𝐿𝑐𝑁𝐴

𝑀𝑓 𝑙𝑛

(︂
𝐿𝑐
2𝑟𝑓

)︂
)︃
𝑟𝑠𝜃

0.5

]︃
N/A

Hetero-
geneou
hydrogel

[106]

Obs-
truction
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3.4.4 Hydrogels protect cells from shear stress applied during

injection

Stress and strain modeling in Gtn-HPA and PBS

Velocity profiles were modeled from Poiseuille flow and cell-marginal free layer

model as described previously. Due to the non-Newtonian aspect of Gtn-HPA and its

property of being in the process of gelation in the syringe, its viscosity and shear mod-

ulus are evolving. To characterize a representative value of the shear stress applied on

hRPCs, we first calculated the velocity profile (and therefore the maximum velocity)

for PBS (Figure 3.22A blue curve), using Poiseuille flow equations, and for different

viscosities of Gtn-HPA (Figure 3.22A red curves), using the marginal cell-free layer

model, varying from 1.5 mPa.s to >1000 mPa.s. The maximum velocity (located at

the center of the syringe) is inversely related to viscosity of Gtn-HPA. Gtn-HPA’s

viscosity, after full gelation, crosslinking and, stability (30 minutes incubation) has

been measured at 400 Pa.s [87], when crosslinked with 0.1 U/ml of horseradish per-
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oxidase and 1 mM of H2O2. The modeling we performed here, suggests that, when

the viscosity of the pre-gel Gtn-HPA reaches 1000 mPa.s (lowest red curve on Figure

3.22A) the maximum velocity applied on hRPCs remains constant and is minimal

(1.71*10-3 m/s). Due to the fast gelation time of Gtn-HPA in our experiments (less

than 1 min) and its large viscosity at the end (400 Pa.s) we can consider that minimal

velocity was reached almost immediately in the experiments. The marginal cell-free

layer model also includes another variable to determine (𝛿) which corresponds to the

size of the cell-free layer. Due to Poiseuille flow, cells will be pushed towards the

center of the needle while being pushed through the syringe to reach the subretinal

space or during the seeding process. Therefore, the cell-free layer 𝛿 is playing a major

role in the modeling of shear stress as seen in Figure 3.22B. Different cell-free layer

𝛿 will create different velocity profiles for cells in Gtn-HPA. The cell-free layer 𝛿 dra-

matically increases the maximum velocity and the shear stress applied to the cells.

Due to the size of hRPCs [114], the gelation process of Gtn-HPA [112] and the low

compressive force applied on cells [130], we can assume that only the smallest 𝛿, seen

on Figure 3.22B (bottom red curve), can be used in this model.

These velocity profiles enable us to calculate the differences of maximum velocity

applied to hRPCs in PBS (𝑉𝑚𝑎𝑥= 0.535 m/s) and hRPCs embedded in Gtn-HPA

(𝑉𝑚𝑎𝑥= 1.71*10-3 m/s). By using different constitutive laws [131], and knowing the

viscosity of PBS [132] and Gtn-HPA, we have calculated the final shear stress and

shear strain applied on the cells in both groups (Figure 3.22C). After calculation, some

approximations have been used in order to derive the shear strain exerted on each cell.

By using the Young’s modulus of hRPCs [101] and Gtn-HPA (described in a previous

study [112]), the strain (or elongation) applied on cells can be modeled in PBS (0.7%)

and in Gtn-HPA (0.004%). A 300-fold and 200-fold decrease, respectively for shear

stress and shear strain, was calculated for cells in PBS compare to Gtn-HPA. The

combination of the Poiseuille flow equations and the marginal cell-free layer model

clearly suggests the high impact of Gtn-HPA on protecting cells from stress and strain

exerted during injection, due to its high viscosity.
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Figure 3.22: Shear stress/strain modeling for hRPCs embedded in
Gtn-HPA and PBS.
Data was modeled according to the marginal cell-layer model and Poiseuille flow
using MATLAB code. A. Velocity profile for cells in PBS (blue curve) and velocity
profiles for cells in Gtn-HPA for different viscosity of gel (red curves), viscosity is
labelled on top of each curve. B. Velocity profiles for cells in PBS (blue) and velocity
profiles for cells in Gtn-HPA for different cell-free layer (𝛿 in red). C. Calculation of
maximum velocity, shear rate, shear stress and strain applied to hRPCs both in PBS
and Gtn-HPA. Image reprinted from [75].

hRPCs viability assay in Gtn-HPA with shear stress

hRPCs cultured in different conditions with shear stress applied were analyzed

using a live-dead assay, after 1,3 and 6 days of culture. To measure the protective

aspect of Gtn-HPA on cells subjected to shear stress, direct comparison between

normal and stressed samples was performed for both PBS and Gtn-HPA group (Figure

3.23a). Shear stress substantially reduced cell viability in all the non-gel groups

(media, PBS, and hEGF). hRPCs in Gtn-HPA showed significantly higher viability

in comparison to all the other groups. Furthermore, cell viability on 1, 3 and 6 days

for the Gtn-HPA group remained constant (no statistical differences) with a drop

of less than 5% (Figure 3.23b) after applying shear stress onto the sample. Shear

stress applied on cells cultured in PBS significantly decreases their viability even at

day 1: from 68% to 28%. hEGF, a known component that helps in cellular growth

[133] showed a higher viability than PBS, however, without the protecting covering
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of Gtn-HPA, the percentage of viable cells drops in hEGF group when shear stress

is applied. Our results show that Gtn-HPA gel could make a statistically significant

difference on cellular viability even for hRPCs deprived from media, for 6 days, and

with shear stress applied at seeding.

Figure 3.23: Live/Dead assay of hRPCs by immunohistochemistry with
applied shear stress.
(a) Data comparison of 2D (PBS) and 3D (Gtn-HPA) cultures on hRPCs seeded with
or without shear stress applied. (b) Viability data summary of shear stress applied
on hRPCs on all different groups. Data shown as mean ± SEM of triplicate wells
with 15 different fields for each well. Three-way ANOVA was performed and shows
that shear stress reduces significantly cell viability in all 2D culture wells but not in
Gtn-HPA wells (***p=0.0005). Image modified from [75].

To accurately quantify the number of viable cells, immunohistochemistry was

performed using calcein-AM (FITC) and ethidium bromide (APC) as live/dead assay.

Shear stress (Figure 3.24) resulted in significant drop in cell viability across all the

groups except Gtn-HPA (with or without hEGF). Indeed, cells embedded in Gtn-

HPA show a drop of only 7% in viability when subjected to shear stress while cells

in PBS have their viability decreased by almost 30%. To isolate the effect of shear

stress, cells in all groups were seeded in same density and cultured in the same buffer.

To correlate the in vitro experiments results with the modeling of shear stress the

same seeding strategy was applied to all samples. To keep the results consistent, both

seeding (with 200 µl pipette and with 31-gauge syringe) were performed at a constant
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rate (10 seconds injection time was kept constant).

Figure 3.24: Fluorescence images of live/dead assay for hRPCs with
shear stress applied.
All images were taken at 40X magnification. Fluorescence images of Live/Dead assay
performed on hRPCs with Calcein-AM as live staining (FITC channel), Ethidium
Bromide as dead staining (APC channel) and, merged pictures for Media, PBS, hEGF,
Gtn-HPA and Gtn-HPA & hEGF all with shear stress (SS). Scale bar is 200 µm in
all images. Image modified from [75].

The sharp decrease in cell viability in 2D cultures (PBS or hEGF), deprived

from most nutrients, can be directly correlated to the shear stress exerted from the

31-gauge syringe during cell seeding. It is well known that shear stress modulates

cellular response and directly affects cell-cell and cell-membrane interactions [134].

This could be the reason that despite the same cell seeding density, dramatically

lower number of cells were observed in stressed 2D cultures. Gtn-HPA being a highly

porous environment with an open interconnected geometry, it creates a large surface

area relative to the scaffold’s volume. Therefore, cells are enclosed in a scaffold that

allows for better cell-cell interaction which provides time for cells to recover from

initial stress experienced during the seeding. Our live/dead assay results clearly

demonstrate the harmful effect of shear stress on cell viability and the protective

nature of a 3D culture scaffold (Gtn-HPA) for hRPCs undergoing this stress.
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hRPCs proliferation and apoptosis assays

hRPCs seeded in PBS and in 3D Gtn-HPA, with and without shear stress applied,

were assessed for proliferation and apoptosis. At various time points (1 and 3 days),

cell proliferation rate was monitored using Ki-67 staining. Ki-67 is a protein in

cells that increases during cell division [135]. Staining process can help measure the

percentage of cells expressing this protein and their proliferation index can hence be

calculated. Proliferation was significantly higher in cells embedded in Gtn-HPA than

cultured in 2D monolayer system (Figure 3.25), for stressed and non-stressed samples,

with a drop of approximately 15% in both cases. Furthermore, Ki-67 expression

appears to be reduced by a similar margin following shear stress in PBS conditions as

it is in Gtn-HPA conditions. Indeed, a reduction of approximately 12% is found from

PBS to PBS with shear stress, and 14% from Gtn-HPA to Gtn-HPA with shear stress.

These similar findings suggest that Gtn-HPA, being a more favorable culture condition

than PBS in terms of viability, has low impact on protecting cell proliferation from

shear stress exerted during transplantation.

Mid phase apoptosis is the junction at which 2 different apoptotic pathway con-

verges [136]. However, it is still possible to differentiate between intrinsic and extrinsic

pathways using specific stains. This is a critical point as it helps to determine if the

cell death is due to necrosis or apoptotic process. At this apoptotic phase, mitochon-

drial outer membrane permeabilization (MOMP) is followed by cytochrome-c and

apoptotic protease activating factor-1. They join together to form the apoptosome

and activate Caspase-9 (Cas9) [137]. Cas9 staining has been performed on hRPCs

seeded in PBS and Gtn-HPA with or without shear stress applied. In the experi-

mental groups, the highest apoptosis was observed in the hRPCs cultured in PBS

under shear stress. All other groups show a similar fraction of apoptotic cells around

6-7% (PBS, Gtn-HPA and Gtn-HPA with shear stress). These results indicate the

impact of shear stress on hRPCs. Furthermore, it promotes the aspect that Gtn-HPA

protects cells from apoptosis due to this shear stress.
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Figure 3.25: Apoptosis and Proliferation assay of hRPCs.
Data analysis of proliferation (Ki-67) and apoptosis (Cas9) staining. Data shown as
mean ± SEM of triplicate wells with 15 different fields for each well. One-way ANOVA
was performed and shows a significant difference between hRPCs in PBS and hRPCs
in Gtn-HPA for proliferation (p=0.0001). Apoptosis is significantly higher for cells in
PBS with shear stress compare to all other groups (p=0.0001). Image reprinted from
[75].

hRPCs subjected to shear stress phenotype analysis

We quantified hRPCs expression using a flow cytometer to analyze up or down

regulation of key retinal markers along with stemness and proliferation markers. Oct4

and C-myc are key genes that regulate stemness in progenitor cells [123]. Without

shear stress about 15-18% of hRPCs were expressing both the markers in PBS and

Gtn-HPA samples. The cell expression of these stemness markers dropped to 5-7%

in both groups when shear stress was applied. This result indicates that stemness

is significantly affected by shear stress and that Gtn-HPA alone is not sufficient to

protect stemness expression in hRPCs. However, when cultured in presence of Gtn-

HPA and hEGF, cells were able to retain their stemness with 30% of cells expressing

Oct4 and C-myc (Figure 3.26A) even after shear stress was applied. This result

confirms that hEGF (together with a protective hydrogel Gtn-HPA) is a growth

factor that has the ability to maintain the differentiation potency of stem cells [81].
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Next, we quantified hRPCs expression for typical retinal markers (Figure 3.26B)

such as S-opsin and cone arrestin [138]. Opsins are a group of proteins, light-sensitive,

found in photoreceptors (rods and cones) which regulate the conversion of photons

into electrochemical signal. Interestingly, a higher percentage of cells expressing cone

arrestin was observed in PBS than Gtn-HPA. However, this percentage drops (from

60 to 35%) once hRPCs are stressed, suggesting cells behavior is altered in PBS

but their behavior remains unchanged when cells are encapsulated in Gtn-HPA (40%

cone arrestin expression with and without shear stress). S-opsin expression was signif-

icantly higher in Gtn-HPA compare to PBS, and shear stress doesn’t seem to impact

its expression. Similar trends were observed with PAX6 which is an early retinal

cell marker [125]. PAX6 expression was high in samples without shear stress and

significantly reduced when cells were stressed (Figure 3.26C). A sharp decrease of

PAX6 expression was seen in PBS when shear stress was applied (from 38 to 8%) as

compare to the Gtn-HPA samples which expression remained constant (from 27 to

23%). Finally, Ki-67 expression was studied to confirm the results found in immuno-

histochemistry. About 40% of hRPCs were expressing Ki-67 in Gtn-HPA and hEGF

cultures but less than 10% of cells were found positive in the PBS group. These

results further drop to 20% and 5% respectively after applying shear stress.

Figure 3.26: Flow cytometry data for hRPCs in 2D or 3D cultures.
hRPCs cultured in PBS, within 2%wt Gtn-HPA and, within 2%wt Gtn-HPA with
20 ng/ml hEGF were analyzed with and without shear stress applied (n=3). A.
Percentage of positive hRPCs which express stemness markers (C-myc and Oct4).
B. Percentage of positive hRPCs which express cone cell markers (S-opsin and cone
Arrestin). C. Percentage of positive hRPCs which express retinal and proliferation
markers (respectively PAX6 and Ki67). Image reprinted from [75].
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Flow cytometry data shows a clear pattern in which the percentage of cells ex-

pressing stemness marker drops upon experiencing shear stress, which is also indicated

by a decrease in Ki67 positive cells. Furthermore, in Gtn-HPA cultures, the stem-

ness, retinal and proliferative markers quantification suggest that hydrogel increases

hRPCs expression in comparison to the PBS only culture. Finally, Gtn-HPA (in com-

bination with hEGF) can maintain specific photoreceptor marker expressions in cells

subjected to shear stress. All cells were deprived of most nutrients (no media culture

for flow cytometry assay) but were still proliferative and expressing retinal markers.

This also provides an added advantage for cells during transplantation.

3.5 Discussion

Recently, it has been identified that the natural ECM of retina is composed of

collagen, hyaluronic acid and chondroitin sulfate [139]. Using gelatin, which is nat-

ural derivative of collagen, reduces the immunogenicity associated with the collagen

polymer. Gelatin also retains the RGD motif that helps in cellular attachment and

signaling via integrin receptor. This further promotes cell survival and differentiation

[140]. Using HA can help in tuning the hydrogel for mechanical characteristics and

further driving cell differentiation. To understand the effect of the scaffold on cells,

numerous studies have been performed which have clearly demonstrated scaffolds can

alter cellular behavior [141], [142]. Using apparatus that imparts mechanical strain

to cells in vitro, it has been found that mechanical stress affects cardiac stem cells by

inhibiting cell growth and increasing apoptosis [143]. Furthermore, mechanical strain

increases inflammatory cytokines and angiogenic growth factors production. So far,

no such studies have been performed on retinal cells to evaluate the effect of hydrogel

encapsulation on these cells.

In this study we have observed and analyzed the effect of Gtn-HPA and HA-Tyr

on encapsulated hRPCs for short and long-term. We were able to prove that by op-

timizing our hydrogels with the right catalyst (HRP), crosslinker (H2O2) and gelatin

concentration, we were able to obtain hRPCs with a high viability, proliferation and a
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maintain phenotype and morphology compared to hRPCs culture in defined protocol

(2D). Higher cell survival could also be attributed to the fact that hydrophilic Gtn-

HPA promotes protein adsorption leading to better cell attachment and survival [87].

By changing the hydrogel content (different mixing of Gtn-HPA and HA-Tyr) we were

able to observe different phenotype in hRPCs encapsulated for more than 14 days. As

suggested in many studies [144], stiffness has a critical impact on stem cells differen-

tiation. Of note is that we were able to observe specific differentiation of hRPCs into

retinal subpopulation (such as rods or cones) by only changing our hydrogels content

and therefore their stiffness, without any modification of hRPCs viability. This result

offers the possibility to tune these hydrogels to further differentiate hRPCs into the

specific retinal cell needed for retinal regeneration.

Analysis of the amount and state of bound and un-bound water content in 3D gels

provides valuable information about the architecture and characteristics of hydrogels.

In the case of macroporous materials, unbound water can form an interconnected

network of pores that facilitates the nutrient movement. Researchers have shown

that the presence of macroporous walls allows the ingrowth of cells that over time

can assist in in vitro neo-tissue formation [145]. Designing hydrogels with high vol-

ume fractions of unbound water provides a route to biomaterials that overcomes this

limitation through facile nutrient transport. It has been shown in multiple studies

[146] that the diffusion of small particles, drugs, or cells inside hydrogels happens

mostly through free water, as bound and associated water is either too close or too

attached to polymer chains to allow solute diffusion. Our results, suggesting that free

water content increases with the addition of Gtn-HPA in the mix enable the creation

of a tunable copolymeric network where free or bound water fraction can be selected

by simply changing the fraction of each polymer in the network. Understanding the

state of water in hydrogels allows us to probe their nanoarchitecture and predict the

thermodynamic properties of the matrix, which in turn impacts the diffusion of the

loaded particles. In our experiments with hEGF, we established that a sustained, con-

trolled release of growth factor is possible without compromising the biocompatibility

or mechanical property of the gel. Thus, it is possible to tailor make the hydrogel to
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achieve growth factor or drug release depending upon the end application.

Stem and retinal progenitor cells are promising sources for replacing degenerated

photoreceptors in many retinal diseases [30], [31]. However, the efficiency of the

cell delivery vehicle and its influence on the grafting of the exogenous cells with

the host has remained a major challenge in the field [60], [147]. One of the critical

aspects of cell therapies that needs to be addressed is the stress that these cells

experience during the injection [93]. In the in vitro system, cells are cultured in

abundance with medium and growth supplements without any stress. However, these

cells subsequently experience a substantial shear stress as they are injected into the

eye (subretinal space for photoreceptors) in a small bore needle [94]. The diameter

of these needles is usually around 31-gauge, with the cells mostly suspended at a

concentration of 100k per microliter. Cells cultured in vitro are usually seeded using

pipette tips that have an orifice around 1.2 mm allowing easy flow of cells. However,

for injection in vivo, the 31-gauge needle inner diameter is about 0.15 mm resulting

in 100 times more shear stress on cells (due to the R2 dependence of the maximum

velocity found in our model). This could lead to a higher cell death and failure to

integrate with the host tissue.

In this study, we have tried to mimic the stress experienced by cells in a clinical

setting [53] by mimicking transplantation in vitro. Different culture conditions were

used to optimize the best suited condition for hRPCs culture. This in vitro approach

allowed us to isolate the effect of shear stress from other in vitro factors that affect

stem cell-based therapies [81], [148]. Cells, cultured in vitro, in a 2D environment

with PBS showed the lowest cellular proliferation and the highest apoptosis when

shear stress was applied. In contrast, the 3D culture using Gtn-HPA showed 4 times

higher proliferative and 2 times less apoptotic cells. There could be two reasons

for this: 1) the surface area provided by Gtn-HPA is much higher than 2D culture

[149]; and 2) cells were mixed in pre-gel when casted onto the coverslip, hence, as

the gelation occurred, cells were subjected to a 300 times lower shear stress than

when seeded without the gel (marginal cell-free layer modeling). Because the survival

and engraftment of these cells directly correlate with the functional recovery of the
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retina, shear stress can alter the behavior of these cells by reducing the survival and

proliferation of hRPCs post transplantation. This shear stress, exerted during trans-

plantation, has a significant effect on the growth, proliferation, and differentiation of

hRPCs, as observed with the live/dead assay and flow cytometry results. We found

that shear stress significantly inhibited stemness and retinal cell expression along

with suppressing Ki-67 (proliferation marker). This is critical as the in-vitro setup

mimicked implantation condition. It clearly suggests that using Gtn-HPA aided in

protecting cells from shear stress that was exerted from the needle in the in vitro

seeding.
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Chapter 4

Optimization of retinal cells culture

and NF1-OPG animal model

4.1 Introduction

One important objective to be able to study retinal regeneration using different

stem cells and biomaterials is to optimize cell culture but also the animal models to

be used for in vivo studies. The aims of this following study are to first: optimize the

cell culture protocol, oxygen content and nutrients of hRPCs in order to obtain the

highest viability and controlled differentiation of these cells in vitro; second: to create

a short-term animal model for NF1-OPG by injecting C6 cells in the optic nerve of

rats that would lead to tumor formation, which is typical in NF1-OPG.

Human retinal progenitor cells (hRPCs) hold great promise as potential candi-

date that can be isolated from fetal neural retinal tissue and possess the capacity to

proliferate, survive, differentiate, and ultimately integrate within the host retina fol-

lowing transplantation, as previously described [111], [150], [151]. However, hRPCs

have limited proliferation and differentiation index which can restrict its usage in

large scale clinical application, hence, different techniques need to be explored to

overcome this barrier. For stem cells to be useful in the clinical medicine the dif-

ferentiation protocol needs to be devised in a way that allows large scale production

of retinal cell types. Various groups have used different nutrients combinations [37],
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[39], [147], [152]. This indicates that the culture conditions for such cells play a vital

role determining the fate and eventual differentiation of these cells. Using a combi-

nation of nutrients/growth factors makes it difficult to understand the effect of one

condition and to obtain the highest yield of cells that express stage-specific mark-

ers. When oxygen level offered to stem cells is not at the same level as its niche, it

induces cellular alterations such as metabolism turnover, increased oxidative stress

and reduced cellular proliferation and self-renewal properties [153]. Furthermore, it

effects its motility and changes differentiation potentials along with loss of its po-

tential stemness. The most commonly used small molecule component in stem cell

culture is knock-out serum (KOSR) which has been shown to facilitate the generation

of embryonic stem cells. It serves as a replacement for fetal bovine serum that can

greatly enhance alkaline-phosphate positive colonies. In our study, we compared the

effect of hypoxia and KOSR on human retinal progenitor cells (hRPCs). Cells were

cultured in defined media with and without KOSR in normoxia and hypoxia condi-

tions and cellular expression and viability, using live dead assay, immunostaining and

flow cytometry, were assessed to evaluate the effect of environmental and chemical

conditions on these cells.

The most common form of optic neuropathy is Neurofibromatosis type 1, NF1

(also known as peripheral neurofibromatosis or Recklinghausen’s neurofibromatosis),

with an incidence of approximately about 1 in 3,500 per year [154]. It is known to

occur due to a mutation in the NF1 gene located on chromosome 17. Young children

effected by NF1 are prone to developing low-grade astrocytomas which typically in-

volve the optic nerves chiasm, and optic radiations and have been termed called optic

pathway gliomas (OPG) [19]. To develop a transplantation-based model of OPGs in

a larger animal (vis-à-vis mouse) we have injected C6 cells in the optic nerve of Long

Evans rats. Two-week post injection, eyes were enucleated and tested using different

histologic and immunostaining to confirm formation of gliomas in the optic nerve.

In this experiment, we have created a simple glioma model that can be used to test

various tumoricidal agents that may serve as treatments for NF-1-OPG patients.
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4.2 Experimental design

4.2.1 Overview of animal experiments

Figure 4.1: Experimental design of C6 cell injection.
Rats are left to settle down for 2 days after arrival, then C6 cells are injected. Sacrifice
is performed 1, 5, and 12 days post-injection.

4.2.2 Control and measured outcomes

The control group consisted of healthy rats which had no surgery. These rats

were sacrificed at the same time points as the experimental groups. Outcomes for

this study were based on direct examination and image processing analysis of retinal

and optic nerve sections of injected rats. The measured outcomes were:

• Tumor size at all time points/Optic nerve diameter

• Glioblastoma and neoplastic cells presence with H&E

• Retinal structure (retinal layers)

• % of C6 cells presence and infiltration

• Presence of C6 cells expressing S100 (tumor)

• Presence of C6 cells expressing Foxp3 (tumor genesis)

• Presence of C6 cells expressing Ki67 (proliferation)
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• % of cells engrafted expressing DAPI (Nuclei)

4.3 Materials and Methods

4.3.1 C6 cell culture

C6 cells were cultured based on the protocol provided by ATCC (culture method,

CCL-107). Briefly, confluent T75, fibronectin (Akron)-coated flask (surface 75 cm2,

vented cap, sterile, Nunclon Delta) were washed with HBSS (Hank’s Balanced Salt

Solution, without calcium and magnesium, ThermoFisher) to remove any trace of

serum before treating with 0.25% (w/v) Trypsin – 0.53 mM EDTA (Sigma-Aldrich).

Flasks were observed under an inverted microscope and incubated for 5 mins at 37°C

to reach complete detachment of cells. Cells were then collected, centrifuged, and

resuspended in 1ml culture media containing: F-12K medium (ATCC-formulated),

2.5% of fetal bovine serum (Sigma) and 15% of horse serum (Sigma). Appropriate

amount of the cell suspension was seeded into new culture flasks (usually 2x105 per

flask). Once confluent cells were further detached with Trypsin and frozen in 95%

culture media and 5% dimethyl sulfoxide (DMSO, Sigma) until further experiment.

Cell number and viability were estimated, after each passage, using Trypan blue

(Sigma-Aldrich) and a hemocytometer (Countess™ II FL Automated Cell Counter,

Thermo Fischer scientific). To prepare for injection, C6 cell suspension was prepared

in HBSS at the 10,000 cells/µl.

4.3.2 Knock-out serum replacement and normoxia

To test the effect of different conditions, hRPCs were cultured in Ultraculture

medium in hypoxia condition (37 C, 5% O2, 5% CO2, 100% humidity), Ultraculture

supplemented with KOSR in hypoxia, hRPCs in Ultraculture medium in normoxia

condition (37C, 20% O2, 5% CO2, 100% humidity), and Ultraculture supplemented

with KOSR in normoxia: Normoxia, KOSR-Normoxia, Hypoxia and, KOSR-Hypoxia.

Cells were seeded with cell surface density of 20,000 cells/cm2.
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4.3.3 Optic nerve injection in Long Evans rats and tissue pro-

cessing

Twenty-four domestic rats of the Long Evans strain (age 4 weeks with approxi-

mate weight of 150g) were used as control and test recipients in the experiment. Rats

were sedated using 2-4% isoflurane (Abbott, Solna, Sweden), followed by intraperi-

toneal injection of ketamine (40-80mg/kg) and xylazine (10mg/kg) combination for

anesthesia. A drop of lidocaine (Sigma-Aldrich) was placed on surgical eye and ar-

tificial tears were used every 5 mins to prevent dryness of eyes during the surgical

procedure. Before starting rats were placed on stereotaxic frame with heating pad to

keep them warm throughout the procedure. A 1-inch incision was made in the skin

overlying orbital ridge using size 12 scalpel. Skin was retracted exposing underlying

fascia which was carefully dissected away. Utmost care was taken to avoid blood

vessel which could cause excessive bleeding and cotton swab was used to maintain

hemostasis during dissection of fascia. Furthermore, with lightly traction on the con-

junctiva while pulling eye downwards out of eye socket superior orbital muscle was

exposed. Using a fine tip needle the muscles was teased out which gave complete

access to the optic nerve fascia.

C6 cell suspension was prepared to contain 10,000 cells/µl and each test animal

received 1 µl of injection using a glass micropipette of 105 µm diameters. The glass

needle was mounted onto a micromanipulator attached to Hamilton syringe stand.

After completion, the microneedle was retracted, and eyes were gently pushed back.

The skin was sutured, and the animal was return to cage after full recovery. The

research protocol was reviewed and approved by the Schepens Eye Research Institute

Animal Facility and was in accordance with the Association for Research in Vision

Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research.

Day 1, 5 and 12 were the time points to check the effect of C6 injection and its tu-

mor formation ability. Both control and test animals were sacrificed by using CO2

suffocation and secondary step of puncturing major organ was used to ensure death.

Eyes were enucleated by dissecting from the superior orbital side to obtain part or
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complete optic nerve and placed in 4% paraformaldehyde for 12 hrs. Tissues were

subsequently treated with sucrose in increasing concentration (5%, 10%, 20%) con-

taining Sorensen phosphate buffer. One day before dissection eyes were transferred

into sucrose: OCT solution (1:1) and, before mounting, with compete OCT media.

About 15 µm sections were collected in poly-lysin coated slides.

4.3.4 Histological and immunostaining of ONG

Both control and test slides were examined using different stains. For histology,

Thermo-scientific Rapid-Chrome H&E staining kit was used. This was 18 step pro-

cess which permanently stains cytology specimens. Slides were dipped into series of

solution containing 95% alcohol, distilled water, Hematoxylin, Bluing reagent, and

Eosin-Y stain followed by series of wash before final fixing step. Slides were then

mounted and observed under upright microscope (Leica DM2500). Sections were

stained with Luxol blue staining kit (Abcam ab150675). Slides were washed with PBS

and incubated with Luxol blue solution for 2 hours at 60℃. Following which slides

were rinsed with distilled water and differentiated by dipping into lithium carbonate

solution. To develop further differentiation slides were dipped in alcohol reagent pro-

vided with the kit. For the final staining slides were dipped in Cresyl Echt Violet for

2-5 min following which rinsing and dehydration was performed before mounting the

slides for visualization.

For IHC staining, cryosections from Long Evans rats left eyes, were fixed with 4%

paraformaldehyde in 0.1 M PBS (Irvine Scientific) at room temperature for 20 min.

These sections were blocked and permeabilized with a blocking solution [(Tris-buffered

saline (TBS), 0.3% Triton X-100 and 3% goat serum (Jackson Immunoresearch Lab-

oratories, West Grove, PA, http://www.jacksonimmuno.com)] for 15 min. Samples

were then rinsed twice with 0.1 M TBS buffer for 15 min each time, mounted on

polysine microscope slides and incubated with primary antibodies overnight at 4℃:

S100-FITC (major protein expressed by C6 cells [155]); Beta-tubulin III-FITC (neu-

rofibroma presence); Ki67-FITC (proliferation marker); Vimentin-APC (expressed by

C6 cells [156]); Foxp3-APC and CD45 (Immune response markers). After overnight
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incubation, samples were rinsed three times with TBS for 15 min. Secondary antibod-

ies (goat-derived anti-mouse and anti-rabbit, DAPI-VioBlue) staining was performed

for 1h at room temperature. Samples were then washed a final time with TBS before

being mounted on poly-l-lysine microscope slides with low viscosity slide mounting

medium. Digital images were obtained with an epifluorescence microscope using 20x

objective (Leica, DM2500). Electronic image files were processed using MATLAB

software (MathWorks Inc., R2019a).

4.3.5 Flow cytometry assay of C6 cells

The phenotype of C6 cells was analyzed using flow cytometry with the MAC-

SQuant flow cytometer (Miltenyi, San Diego). Cells were collected and fixed with

Perm/Fix buffer (BD Biosciences) at 4 ℃ for 15 min. Cells were then washed in

wash buffer (BD Biosciences) and incubated, at room temperature, in blocking buffer

(Pharmingen staining buffer with 2% goat serum) for 30 min. Blocked cells were

seeded onto a flat bottom 96-well plate (polystyrene, Thomas Scientific) and labeled

overnight at room temperature with the following conjugated primary antibodies as

seen in Table 4.1: S100-FITC, Vimentin-FTIC, CD45-APC, Ki67-APC, GFAP-APC.

Primary antibodies were diluted in 200 µl of antibody buffer (TBS, 0.3% Triton X-

100 and 1% goat serum). After overnight incubation cells were washed three times

for 15 min and incubated in secondary antibodies (goat-derived anti-rabbit and anti-

mouse, DAPI-VioBlue) which were diluted 1:200 in antibody buffer (Jackson Im-

munoresearch Laboratory). Incubation was performed at room temperature for 3h.

Forward and side scatter and fluorescence signals from each sample were measured

using the MACSQuant (Miltenyi Biotech, Germany) flow cytometer. The results were

analyzed using the MACSQuantify software (https://www.miltenyibiotec.com). For

each primary antibody the DAPI-positive single cell population was gated. The ratio

of positive cells in the gated population was estimated in comparison with blank and

species-specific isotype controls.
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Table 4.1: Primary antibodies used for analysis of gliomas.

Antibody Isotype Dilution Source Target
DAPI-VioBlue IgG1 1:1000 BD Biosciences Nuclei
S100-FITC IgG1 1:200 BD Biosciences Tumor
Vimentin-FITC IgG1 1:200 BD Biosciences Filament
CD45-PE IgG H&L 1:100 Abcam Macrophage
GFAP-PE IgG H&L 1:50 TakaraBio Muller cells
Ki67-APC IgG H&L 1:50 Santa Cruz Proliferation
Isotype Rabbit IgG1 1:100 Abcam Control
Isotype Mouse IgG H&L 1:100 Abcam Control
Anti-Rabbit 1:200 BD Biosciences Secondary
Anti-Mouse 1:200 BD Biosciences Secondary

4.3.6 Image processing and analysis of ONG sections

Seven randomly selected images were taken for each sample. To statistically an-

alyze the field of view, an image processing MATLAB code was created., based on

Otsu’s method [157] (thresholding algorithm). For each image taken, the code calcu-

lates (with a tolerance of 0.01%) the surface covered by the cells of interest (in images

taken with 20x magnification). The number of colored pixels (Green for FITC chan-

nel and Red for APC channel) were counted, and a percentage of cell surface coverage

was created.

4.3.7 Statistical analysis

All experiments were conducted in n= 5 set. Values were expressed in graphs is

mean ± standard error mean (SEM) using GraphPad software. One-way ANOVA

was used following student’s t-test for statistical analysis. The p < 0.005 value was

considered as significant difference.
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4.4 Results

4.4.1 Viability and phenotype of hRPCs in hypoxia

Cells cultured in different condition were assessed for viability using calcein-AM

and ethidium bromide for live/dead staining (N=4 replicates). Four different hRPCs

groups are analyzed throughout all the experiments: Normoxia, KOSR-Normoxia,

Hypoxia, KOSR-Hypoxia. Live & dead results (Figure 4.2) show that hRPCs cultured

in hypoxic conditions have a significantly higher number of viable cells compared

to normoxia condition, both with and without KOSR. However, no difference was

found between cells cultured with or without KOSR supplement. Statistical analysis

performed using two-way ANOVA, followed by Tukey’s test, indicates a significantly

higher viability (5-7%, p=0.006) in KOSR-hypoxia and hypoxia when compared,

respectively, to the KOSR-normoxia and normoxia groups (Figure 4.2). At all-time

points the viability of cells was above 80%. The cells were more elongated and

fibroblastic, morphologically, in both Normoxia and KOSR-Normoxia groups when

compared to the hypoxic conditions.

Proliferation of hRPCs in all groups was monitored using Ki67 (N=4 replicates).

By day 3, immunostaining suggest that the percentage of proliferating cells decreased

in normoxia condition (with or without KOSR) when compared to cells in hypoxia

(Figure 4.3). A quantitative measurement of the percentage of Ki67 expression is

performed using flow cytometry analysis.

Markers for stemness, like Oct4 and C-myc, are key genes that maintain and

regulate cells in the progenitor state. A qualitative difference in expression of these

markers was found between groups of different oxygen tension. hRPCs cultured in

hypoxic conditions, with and without KOSR, showed the highest Oct4 expression and

cells in normoxia showed the least expression (Figure 4.4).

The opposite trend can be seen for Recoverin expression, where cells in normoxia

shows a higher expression than cells in hypoxic conditions, suggesting that lower

oxygen tension tends to decrease the maturation of hRPCs (Figure 4.5).

Flow cytometry analysis showed that less than 5% of the cells cultured in normoxia
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Figure 4.2: Live/Dead assay performed on hRPCs using
immunohistochemistry for different culture conditions.
Quantitative analysis of viability in all groups. Data shown as mean ± SEM of N=15
field of views. Two-way ANOVA was performed and shows a statistically significant
difference, **p=0.008. Scale bar 200 µm. Image reprinted from [158].

Figure 4.3: Ki67 staining for proliferation assay using
immunohistochemistry for different culture conditions.
Hypoxia shows more proliferative cells than normoxia. Cells cultured in KOSR shows
higher proliferative cells indicating its effect on cells. Images taken on 3rd day of
culture at 20x magnification. Scale bar 75 µm. Image reprinted from [158].
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Figure 4.4: Stemness marker C-myc was used to identify the effect of
culture condition of hRPCs.
Oxygen gradient affects the stemness of hRPCs as significantly fewer positive cells
were seen in hRPCs in normoxia in comparison to hypoxia and KOSR-hypoxia con-
ditions. Images taken on 3rd day of culture, at 20x magnification. Scale bar 75 µm.
Image reprinted from [158].

(with or without KOSR) were expressing C-myc and even lesser percentage of cells

expressed Oct4 which was significantly different from hRPCs cultured in hypoxic

condition (from 4% to 7%, p=0.0001). No significant difference was found between

hRPCs with KOSR (in both oxygen tension conditions) and without KOSR (Figure

4.6). These results, in addition to the immunostaining, suggest that stemness is

driven by the oxygen tension (hypoxic conditions increasing the stemness in hRPCs

cultures) while KOSR has little effect on the differentiation.

C-myc expression was found highest in both Normoxia conditions compare to both

Hypoxia conditions. The stemness marker Oct4 shows a similar trend. The mature

retinal markers Rhodopsin and Recoverin was significantly increased in Normoxia,

compared to KOSR-Normoxia, and even more compared to both Hypoxia conditions.

This suggest that differentiation of hRPCs from progenitor to mature state is driven

by normoxia conditions and that KOSR helps in keeping cell in an undifferentiated

state. The opposite trend is seen for proliferation, where both Hypoxia conditions
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Figure 4.5: . Differentiation assay performed with recoverin
(photoreceptor marker) to identify the effect of culture condition on
hRPCs fate.
Normoxia and KOSR-Normoxia cultures show the highest Recoverin expression and
the least expression was observed in hypoxia conditions. Oxygen tension and KOSR
influences Recoverin and therefore the differentiation of hRPCs. Images taken on 3rd
day of culture, at 20x magnification. Scale bar 75 µm. Image reprinted from [158].

have an increased expression of Ki67 compare to Normoxia.

Maturation markers of retinal lineage like rhodopsin and NRL, which are charac-

teristic of rod photoreceptor cells, recoverin (rod and cone photoreceptor and some

bipolar neurons) and, PAX6 (retinal marker) was used to identify and quantify ef-

fects of culture condition on maturation and differentiation of hRPCs. Expression

of these key differentiation markers were significantly higher in normoxia conditions

(rhodopsin, recoverin and, PAX6 positive 15%, 10% and, 14% respectively, p=0.0003)

compare to hypoxia groups (respectively 7%, 4% and, 9%). A significant difference

was seen by the addition of KOSR for the rhodopsin expression. hRPCs cultured

in Normoxia-KOSR shows a significantly lower expression of rods markers compare

to Normoxia (respectively 15% and 18%, p=0.003). However, no other difference in

differentiation markers was found by the addition of KOSR supplement. Proliferation

measurement (Ki67) shows higher value for cells cultured in hypoxic conditions with
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Figure 4.6: Statistical analysis for flow cytometry assay for hRPCs
expression in different culture conditions.
Data shown as mean ± SEM of N=3 replicates. Two-way ANOVA was performed
followed by Tukey’s multiple comparison test.(*p=0.01, **p=0.003, ***p=0.0003,
****p=0.0001). Image reprinted from [158].

KOSR supplement than without KOSR (respectively 18% and 15%, p=0.01). hRPCs

in normoxia with and without KOSR shows a significantly lower proliferation.

4.4.2 Mouse animal model for NF1-OPG

CD6 cells tumor formation and phenotype analysis

C6 cells were injected into the optic nerve anterior of the optic chiasm of the left

eye (test) of each animal (right eye serving as control) as shown in the diagram in

Figure 4.7A. Macroscopic examination (using a surgical microscope) was performed

at day 1, 5 and 11 after surgery. At day 1 after C6 injection in the optic nerve, no

visible difference was noted between the control and tumor injected test group. How-

ever, 11 days post injection, upon macroscopic examination, significant lens opacity

was observed, likely due to increased intraocular pressure (Figure 4.7B). This along
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with slight proptosis that is typical of optic nerve glioma was only be observed in

the test animals. Post-enucleation, large tumors were observed in the test animals,

while control eyes showed normal sized optic nerve (Figure 4.7B). The macroscopic

examination suggests tumor evolution from day 1 to day 11 after tumor induction.

Quantification of tumor size and formation at day 11 was performed by measuring

the size of the tumor in each test eye and compare it to the healthy optic nerve in

the control eye (n=5). Tumor surface coverage analysis was performed using student

t-test and was significantly larger than control animals which did not received any

injections (Figure 4.7C). The actual area measured for the control eyes corresponded

to the area of the healthy optic nerve. This examination suggests the presence and

formation of a large tumor, after 11 days post C6 cells injection in the optic nerve.

Figure 4.7: Macroscopic examination of ONG formation and statistical
analysis.
A. Diagram of optic nerve anatomy and injection site of C6 cells. B. Photography,
in brightfield, of rat eye, optic nerve and tumor for control eye and at day 5 and
11 post-surgery. C. Analysis of tumor size by measure of visible area around the
optic nerve. Statistically significant differences were observed in the size of the tumor
between control and test group (p<0.005). Image reprinted from [159].

We quantified C6 expression using flow cytometry to analyze up- or down-regulation

of key tumor and immune cell markers along with stemness markers (Figure 4.8). The
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absence of standard errors of the mean in Figure 4.8B is due to the methodology of

averaging events measured by the flow cytometer. The same gating strategy (i.e., the

population of events, to be considered as positive) was applied for all markers: gating

the cell population (FSC-A vs SSC-A), gating the single cell population (FSC-A vs

FSC-H), and then gating the DAPI positive population (VioBlue-A vs FSC-A), as

seen in Figure 4.8C. The single-cell-DAPI-positive gate yielded the number of cells

to be employed for comparison of all of markers. Both GFAP (glial fibrillary acidic

protein - an activated muller cell marker,) and CD45 (immune cell marker) expres-

sion were lower than the isotype control used. This finding indicates that, as seen in

other studies [156], C6 cells do not express GFAP nor immune cell markers. However,

S100 (tumor cell markers) was expressed in about 25% of the population, indicating

the expression of tumor markers in C6 cells while Ki67 (proliferative marker) was

expressed in 47% of the population, indicative of their ability to rapidly proliferate.

Finally, Vimentin was found to be expressed in almost all C6 cells analyzed (98%),

which is consistent with other studies stating the high expression of Vimentin in C6

cell population. Overall, the phenotype analysis of C6 cells suggest their ability to

proliferate and their specific tumor cell phenotype, suggesting this cell line may be a

suitable candidate for induction of optic nerve tumors through transplantation and

creating a model for studying NF1-OPG conditions in a rat.

Histological and immunostaining analysis of gliomas

Histological analysis was done using hematoxylin-eosin (H&E) and Luxol Fast

Blue staining on control and test ocular tissue 11 days post-injection. H&E staining

of the control tissue showed normal optic nerve fibrous structure with well-defined

cell nuclei (Figure 4.9A). The histopathology patterns of glioma tumors with diffused

astrocytoma characterized by highly pleomorphic nuclei with low cell density was

observed. Distinct areas of high cell density show clear protoplasmic area with round

bland nuclei indicating few oligodendroglioma (Figure 4.9B). Near the injection site,

large irregular shaped neoplastic cells could be clearly seen (Figure 4.9 right panel).

Prominent areas of necrosis around the injection site were visible with palisades of
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Figure 4.8: In vitro and in vivo phenotype assay of C6 cells. C6 cells
were analysis by flow cytometry using MACSQuantify software.
A. Surface coverage analysis of C6 cells in vivo for control and test group for S100
and Foxp3 markers. High statistical difference was observed between control and test
groups for both markers (p<0.005). B. In vitro phenotype analysis of C6 cells with
flow cytometry. Markers analyzed: Isotype control, GFAP, CD45, S100, Ki67 and
Vimentin. C. Cell, single cells and DAPI gating for flow cytometry analysis. High
number of events was observed in all population. Image reprinted from [159].

neoplastic cells nearby. This morphological analysis suggests the formation of a glioma

in the optic nerve, near to the injection site, 11 days post C6 cells injection.

H&E staining of retina was also performed to look at possible tumor formation in

retinal layers, however, we have looked extensively at retina slices and tiling and did

not find any tumor formation. Luxol fast Blue staining (Figure 4.10A) shows no sign

of demyelination and the lamellar structure was found to be intact in control tissues.

However, Luxol Fast Blue images of test tissues (Figure 4.10B) shows significant

difference suggesting demyelination after C6 injection.
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Figure 4.9: Hematoxylin-eosin staining and analysis of injected and
control tissues.
H&E staining was performed, and slides were observed under brightfield with upright
microscope. Control tissue. A. shows healthy optic nerve with normal and uniformly
distributed nuclei while test tissue. B. suggest the presence of necrotic areas with
neoplastic and infiltrating cells. Image reprinted from [159].

Different stains were used to evaluate expression of tumor markers in resultant

gliomas. The S100 protein family are useful as markers for certain tumors and epider-

mal differentiation. It can be found in melanomas, 100% of schwannomas, 100% of

neurofibromas (weaker than schwannomas), 50% of malignant peripheral nerve sheath

tumors (may be weak and/or focal), paraganglioma stromal cells, histiocytoma and

clear cell sarcomas [155]. S100 protein is secreted at high levels by glial tumors and

was found to be highly expressed in the C6 injected test animals (Figure 4.11B). Neg-

ative control eyes, which were not injected with C6 cells, showed no S100 expression.

The macrophages, microglia and immune surveillance cells of the Central Nervous

System (CNS) are largely quiescent in normal conditions but become activated in

injured neural tissue and can be detected by antibodies directed against CD45 [160].

CD45 staining of the test animals shows typical minimal staining usually seen in the

rodent models in which resident microglial are not highly activated for low-grade tu-

mors, while control eyes show no presence of CD45 expression (Figure 4.11A). These
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Figure 4.10: Luxol Fast Blue/Cresyl Violet staining and analysis of
injected and control tissues.
Luxol Fast Blue staining was performed, and slides were observed under brightfield
with upright microscope. Control tissue A. and test tissue B. images of retina show
effect of C6 injection on retina with ganglion cell layer showing sign of degeneration in
the test tissue C. Optic nerves staining show increased cell infiltration in C6 injected
rats (red arrow) D. Image reprinted from [159].

staining suggest the formation of glial tumor next to the injection site with a minimal

immune response.

Foxp3 (forkhead box P3), also known as scurfin, is a protein involved in immune

system responses. Foxp3 expression was not detected in the control eyes (Figure

4.12A) while relatively high marker expression was found in test tissues. Beta tubulin

III is a useful marker to corroborate neurofibroma diagnosis (Figure 4.12B). Co-

localization of Foxp3 and beta tubulin III was observer in the test eyes next to the

injection site while control eyes were found negative for both markers. The expressions

of these markers in the test group suggest the formation of neuroglioma with a low-

level immune response. Quantitative analysis of S100 and Foxp3 was performed using

Otsu’s method of image processing. Analysis of the surface coverage of each marker
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Figure 4.11: Immuno-staining for optic nerve tumor presence (S100) and
immunoreaction of the host (CD45).
Images taken under fluorescence microscopy to assess presence of tumor and immune
reaction due to injection of C6 cells. All images were taken at 20x magnification.
DAPI (VioBlue) staining was performed to show cell nuclei, S100 (FITC) staining for
optic nerve tumor and CD45 (APC) staining for host immune reaction. A. Control
tissue. B. Test tissue. Image reprinted from [159].

was performed for the test and control tissues (n= 7 fields of view). S100 surface

coverage was significantly higher in the test tissue (16%) compare to the control test

(1.4%). The same expression pattern was seen with Foxp3 (respectively 12% and

1.5%). This quantitative data confirms the immunostaining results found – C6 cells

injection promotes tumor formation with a low-level immune reaction.

Finally, to determine if these effects were due to the injection of C6 cells in the optic

nerve, we analyzed the proliferation and Vimentin (type II intermediate filament)

expression near the injection site. Ki67, proliferation marker, expression was found

to be high in the region near the injection site while being negative in the control eyes

(Figure 4.13A). Vimentin is highly expressed in C6 cell line [156]. Co-localization of

proliferative and Vimentin positive cells were found in the test eyes (Figure 4.13B)

suggesting the presence of C6 cells creating a tumor near the injection site.
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Figure 4.12: Immuno-staining to confirm neurofibroma diagnosis.
Images taken under fluorescence microscopy to assess immune response (Foxp3)
and neurofibroma (𝛽-tubulin) presence. A. Control tissue. B. Test tissue. Image
reprinted from [159].

Figure 4.13: In vivo immunostaining of C6 cells with vimentin.
Images taken under fluorescence microscopy to assess C6 cells proliferation (Ki67)
and Vimentin expression. A. Control tissue. B. Test tissue. Image reprinted from
[159].
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4.5 Discussion

Optic nerve glioma is termed as pilocytic astrocytoma WHO grade I [161]. These

are extremely benign compared to other types of astrocytoma, with the most ag-

gressive form reported being glioblastoma multiforme. OPG primarily involves and

impacts astrocytes. Tumors are architecturally well defined and can be found at al-

most any site within the CNS. This is a gene abnormality that causes overproduction

of astrocytes and can be linked to the malfunction of a gene that controls proteins in

several cell proliferation pathways such as mTOR and MAPK [20]. Most OPG cases

present in first two decades of life and can form anywhere along the optic pathway

including nerves, chiasm and post-chiasmatic tracts. Depending upon the location of

the tumor, signs and symptoms of the disease varies. Most of the OPG models in

mice or rats have described C6 cells injection into the brain [162], [163], however, to

simulate the optic nerve glioma we have injected C6 directly into the optic nerve and

allowed C6 cells to invade the host tissue. The growth characteristics resemble that

of human glioma and these models can be readily made at lower cost and shorter

time than comparable large animal models. Moreover, the larger size of the rat eye

compared to mouse enables surgical and other interventional studies. This technique

has advantages over brain inoculation, which often causes a degree of brain damage

due to the surgical procedure and growth into adjacent structures. In our experi-

ment, 2 weeks post injection, all animals showed formation of cataract and cloudy

lens due to increase in the intraocular pressure [164]. Out of 30 rats injected 27

showed varying form of proptosis. Upon enucleation, fusiform appearance is noted

in the C6 injected rats which is typically noted in optic nerve gliomas. Besides the

gross examination, statistical analysis was performed to evaluate the surface cover-

age of tumors. In all the test animals the tumor was noted, however, in 3 animals

the size of tumor was smaller in diameter in comparison to the other test tissues.

Post sectioning, H&E was performed and showed massive infiltration of cells with

hyperchromatism and pleomorphism markers. The large multi-lobe, irregular nuclei

showing neoplastic characteristics were observed. A prominent area of necrosis could
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also be seen in the test animals. Direct comparison between control and test optic

nerves indicated alteration in lamellar structure.

One of the most common markers to study the immune response is CD45 staining

for infiltrating cells [160]. FOXP3 staining of the C6 injected animals showed high

expression along the entire length of optic nerve. FOXP3 (forkhead box P3), also

known as scurfin, is a protein involved in immune system responses. A member of

the FOX protein family, FOXP3 function as a master regulator for the regulatory

pathway involved in development and function of regulatory T cells. In C6 injected

tissues, vimentin positive areas colocalizing with ki67 positive cells were observed.

In case of neurodegeneration, inflammation or trauma upregulation of cytoskeletal

components like vimentin and GFAP can be seen [165]. Vimentin filament protein

is often used as marker of tumor cell invasion. In this experiment, vimentin expres-

sion was negative in control eyes whereas in area of tumor (test), necrosis vimentin

staining was high suggesting initial phase of astrocyte activation. In conclusion, the

pathological mechanism of OPG development in NF1 is not completely understood

and this has made the development of effective therapeutics difficult. One limitation

is due to limited availability of biological samples due to low rate of surgery, therefore

patient-derived models for these tumors remain sparse. There is no one model that

can fully recapitulate the NF-1 OPG phenotype, but a combination of animal models

using patient derived or engineered cells can aid development of future translational

science. Developing a rat model for NF-1 OPG is potentially useful as it provides a

relatively small and rapidly developing target to test novel therapeutics. A preclinical

model for this disease can help understand the pathophysiology and promote clinical

trials for biological drugs and small molecules that are presently difficult to advance.

Our aim for this OPG study for creating a simple and short-term model for drug

screening. The NF-1 OPG is an extremely slow growing tumor and we have tried

to create a model that can replicate the disease progression in short duration that

makes testing therapeutics more feasible.

The principal objective of the hRPCs study was to investigate the effects of oxy-
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gen tension (especially hypoxia) and knock-out serum replacement (KOSR) on human

retinal progenitor cells (hRPCs). The role of these two factors on viability, prolifer-

ation, maintenance of stemness and, driven differentiation was evaluated in vitro in

four different conditions: Normoxia, KOSR-Normoxia, Hypoxia and, KOSR-Hypoxia.

Hypoxic conditions (usually 5-10% O2) are known to be beneficial for stem and pro-

genitor cell culture [34]. They are, in fact, physiologically normal for many stem

cells niches [117]. A number of studies have shown significant benefits in terms of

cellular expansion and viability using lower than 20% oxygen tension. In the case

of embryonic stem cells specifically, low oxygen tension appears to favor cell growth

more efficiently than standard oxygen concentration. Our current work confirmed this

effect with a significantly higher viability seen in hRPCs cultured in both Hypoxia

conditions (with or without KOSR). However, the addition of KOSR seems to have

a low effect on hRPCs viability in both oxygen tension conditions.

It is well established that mammalian cells have limited proliferative potential

when in culture condition. There is progressive loss of mitotic activity with increased

cellular division that is referred to as senescence [166]. Due to this, many researchers

have developed protocols to maintain and increase the proliferative capacity of cells

in culture conditions [81], [87]. However, both genetic and environmental factors

play vital roles in cellular behavior in in vitro conditions. Rubin et al., postulated

that the limited proliferative capacity of cells in vitro could be attributed to inability

of cells to survive dissociation and culture conditions [167]. These and other such

studies suggest that improving the methods used to culture progenitor cells would

have a major influence on their proliferative and differentiation efficiency [117]. In

this study, we have examined chemical (KOSR) and environmental (Hypoxia vs Nor-

moxia) effects on human retinal progenitor cells. Flow cytometry and immunostain-

ing, in our study, suggest that hypoxia can significantly improve the proliferation

(measured with Ki67 expression) of hRPCs: expression doubles by culturing cells in

hypoxic conditions compare to both normoxia conditions (with and without KOSR).

Furthermore, KOSR supplement enables a higher proliferation by combining it with

hypoxic conditions (KOSR-Hypoxia) compare to all other conditions. In addition,

135



hypoxia can improve differentiation of stem and progenitor cells into specific lineages,

and has been shown to increase differentiation of adipose stem cells into functioning

smooth muscle cells [168], implying that the impact of hypoxia is complex, and a

more complete understanding its influence of cultured cells would benefit the field

of developmental biology, and improve our ability to translate stem cells into treat-

ment for disease. While improving the viability and proliferation of cell cultures, it

has been shown that hypoxia can also preserve the stemness expression of embryonic

stem cells [117], [169]. Here, we have evaluated this effect of hypoxia and KOSR

on specific stemness markers (Oct4 and C-myc) for hRPCs [170]–[172]. We confirm

that hRPCs specifically require hypoxic conditions to maintain proliferation and may

be providing a biomimetic environmental niche for these cells by mimicking in vivo

conditions. There was no significant effect seen using KOSR on the preservation of

hRPCs stemness.

Oxygenation of the inner retina is usually achieved through the intraretinal mi-

crovasculature and RPE and photoreceptor oxygenation is by diffusion from the chori-

ocapillaris [173]. Due to these different vascular sources, there is an uneven oxygen

tension across the retina with significantly less oxygenation at the level of the outer

nuclear layer (ONL). This fluctuation is also due to divergent oxygen utilization by

retinal neurons and glial cells. Since photoreceptors are highly metabolically active,

they utilized high amounts of retinal oxygen [174], [175]. As hRPCs are primary rod

progenitor cells, there is likely to be a significant effect of oxygen tension on these cells.

hRPCs and their rhodopsin expressing progeny are cells that are most active during

dark conditions with high cytoplasmic calcium levels maintained through cGMP-

gated calcium channels. This process is extremely ATP-dependent and it has been

suggested these retinal neurons can consume about 4 times more oxygen under sco-

topic condition [176]. Expression of mature retinal lineage markers such as rhodopsin

and recoverin was evaluated to examine the cell differentiation profile under different

physiological conditions. Immunostaining and flow cytometric analysis show there is

a significant increase in rhodopsin (15%) positive cells in both normoxia conditions

compare to hypoxia, with less than 8% positive cells found. Similarly, recoverin ex-
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pression was significantly higher in the normoxia conditions than hypoxia. In retinitis

pigmentosa, loss of rod photoreceptors leads to a reduced metabolic demand that in

turn causes reduction of retinal oxygen consumption [177]. Higher expression of both

rhodopsin and recoverin in normoxia conditions indicates the tendency of hRPCs to

leave exit the cell cycle and differentiate into mature cells when exposed to higher

oxygen tension. There was no significant difference with the addition of KOSR, which

may be due to the fact these are normally cultured in serum-free condition hence,

KOSR shows no differentiation effect on hRPCs. This study demonstrates the effect

oxygen tension has on hRPCs. Hypoxia may provide environmental cues that helps

hRPCs maintain their progenitor cell state, while the addition of KOSR can improve

their proliferation. Normoxia might be used as one mechanism to differentiate these

cells into mature phenotypes without their need for exogenous chemical stimulus.
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Chapter 5

Human retinal progenitor-seeded

hydrogels in vivo transplantation

5.1 Introduction

Human retinal degeneration caused by age-related macular degeneration and re-

tinitis pigmentosa results in irreversible loss of vision [178]. Due to the lack of self-

renewal ability of this tissue, replacing photoreceptors and other retinal cells is critical

[37], [179]. Numerous cell therapy techniques have been explored to regenerate or re-

place affected tissue or cells [180], [181]. Rescue treatments yield some improvement

in vision, but it requires some number of surviving host photoreceptor cells for the

technique to be successful. For cell replacement to become reality, functionally com-

petent neural retinal cells in therapeutically applicable quantities is vital. To achieve

this goal, human retinal progenitor cells (hRPCs) have demonstrated ability to sur-

vive, differentiate and, engraft into the host retina promoting host photoreceptor

rescue thereby, improving the visual function in animals [111]. Presently, hRPCs are

in a multi-center phase 2 clinical trials and have shown early indication of improving

visual acuity [53].

Failure during transplantation is largely attributed to the cells themselves, but

other major factor could be the lack of a suitable carrier capable of forming a protec-

tive envelope around the cells. Most cells when delivered using conventional injection
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techniques show decrease in viability and poor integration with the host tissue. There

is a lack of proven polymeric cell carrier that could aid in the delivery of cells into the

subretinal space of patients. An ideal polymer would enhance cell survival and de-

grade within an acceptable time frame without triggering an inflammatory response

from the host [65]. Moreover, the environment at the degenerative site in the eye

is highly unfavorable for the induction of progenitor cells [182]. Without structural

support within the retina, transplanted cells lack matrix protection and may undergo

apoptosis. Of the cells that survive, most lack a matrix to be spatially retained and

organized within the lesion and typically leave the lesion for the surrounding viable

host tissue [67]. Therefore, it becomes even more critical to identify the suitable scaf-

fold for retinal regeneration [183]. Moreover, biomaterial properties have been shown

to play major roles in maintaining cell phenotype, proliferation and differentiation.

Various studies have shown that material properties such as stiffness can influence

and even direct stem cell differentiation [144], [184]. The principal objective of this

study was to use our in-situ crosslinking hydrogels and analyze its effect on the in

vivo transplantation of hRPCs into the subretinal space of Long Evans rats at short

and long time points. We formulated a Gtn-HPA and HA-Tyr hydrogel with gelation

time of 30 to 180 seconds. The aim of this study is to explore the use of a hydrogel as

a “protective envelope” for cells that experience high stress during injection. We per-

formed an in vivo xenograft transplantation of hRPCs, in PBS, in Gtn-HPA, and in

IPN75 into the subretinal space of immunosuppressed rats of the Long Evans strain.

Injected retinas were analyzed 3 days and 3 weeks post-surgery for the presence,

engraftment and viability of hRPCs.
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5.2 Experimental design

5.2.1 Experimental groups

Table 5.1: Long Evans experimental groups for subretinal injection of
hRPCs.

3 days injection
groups

Total no of
injected rats

Successful
injections

No of rats with
presence of cells

Gtn-HPA 5 4 4
Gtn-HPA & EGF 6 5 5

PBS 6 5 3
SHAM 4 4 N/A
Control 3 3 N/A

3 weeks injection
groups

Total no of
injected rats

Successful
injections

No of rats with
presence of cells

Gtn-HPA 4 3 3
Gtn-HPA & EGF 4 3 3

IPN75 4 3 3
IPN75 & EGF 4 3 3

PBS 4 4 3
SHAM 4 4 N/A
Control 3 3 N/A

5.2.2 Overview of animal experiments

Figure 5.1: Experimental design of hRPC injection in Long Evans rats.
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5.2.3 Control and measured outcomes

The control group consisted of healthy rats which had no surgery. The SHAM

group consisted in rats which had only a minimal surgery consisting in poking the

eyeball with a 31-gauge needle without injecting anything. This is performed in order

to replicate the trauma of needle injection itself. These rats were sacrificed at the

same time points as the experimental groups. Outcomes for this study were based on

direct examination, image processing and machine learning analysis of retinal sections

of injected rats. The measured outcomes were:

• % of cells engrafted expressing STEM121 (human)

• % of cells engrafted expressing Cone Arrestin (Cones)

• % of cells engrafted expressing R/G opsin (Cones)

• % of cells engrafted expressing DAPI (Nuclei)

• Position of engrafted in cells in retinal layer

• % area of IBA1 (immune cells)

• % area of CD45 (macrophages)

5.3 Materials and Methods

5.3.1 In vivo xenograft study - animals and surgery

Thirty-seven male rats of the Long Evans strain (age 12 weeks, approximate weight

200g), from Charles River (Wilmington, MA) were used as recipients in the experi-

ment. Transplantation was performed on cyclosporin immuno-suppressed rats. Rats

were sedated using 2%-3% isoflurane (Abbott, Solna, Sweden, http://abbott.com) in

combination with oxygen by placing the rats in the inhalation chamber, followed by

intraperitoneal injection of ketamine (40-80mg/kg) and xylazine (10mg/kg) for anes-

thesia. Eyes were first anesthetized using topical ophthalmic proparacaine (0.5%)

followed by Genteal to keep the lens moist during the surgery.
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Recipient rats were injected in sub-retinal space with hRPCs encapsulated in

composite suspension of hydrogels or single-cells injections (in PBS). A conjunctival

incision and a small sclerotomy were performed using a fine disposal scalpel. Cells

were injected into the subretinal space using a glass pipette (internal diameter, 150

µm) attached to a 10 µl Hamilton syringe via a polyethylene tubing. The hRPCs were

injected into the retina bleb as a single-cell suspension in PBS (n=10), encapsulated

in 2%wt Gtn-HPA (n=9), encapsulated in 2%wt Gtn-HPA with 20 ng/ml hEGF

(n=10), encapsulated in 2%wt IPN75 (n=4), encapsulated in 2%wt IPN75 with 20

ng/ml hEGF (n=4). All samples contained approximately 1 x 105 cells and the

injection volume were 2 µl for all replicates. Using a glass coverslip applied on the

eye bleb presence was checked. Subretinal space injection was considered successful if

a shiny bleb was seen under the dissection surgical microscope (Alcon Vitreoretinal,

Constellation Vision System). Triple antibiotic (Bac/Neo/Poly) was given locally at

the end of the surgery to prevent infection. The rats were then placed in their cages

for 3 days or 3 weeks. 100 mg/L of Cyclosporine was added to the water container

of all cages and was changed every 3 days.

The research protocol was reviewed and approved by the Schepens Eye Research

Institute Animal Facility and was in accordance with the Association for Research in

Vision Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision

Research.

5.3.2 Tissue processing

Three days or three weeks post transplantation rats were sacrificed by CO2 suf-

focation for 5 min. Cervical dislocation was performed to certify death. Eyes were

enucleated and placed in 4% paraformaldehyde for 24 hours. Tissues were subse-

quently saturated with increased concentrations of sucrose (5%, 10%, 20%) containing

Sorensen phosphate buffer. Eyes were left in 30% sucrose overnight or until dissection.

The tissues were embedded in cryosection gelatin medium overnight and sectioned at

18 µm thickness on a cryostat. During the sectioning process, every 5th section was

stained and examined by epifluorescence for hRPCs presence with STEM121-FITC
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(human cells marker), Cone Arrestin-APC (host photoreceptor marker) and DAPI-

VioBlue (cell nuclei), every 6th section was stained with RGopsin-APC (photoreceptor

marker) instead of Cone Arrestin and every 7th section was stained with CD45-PE

(leukocytes marker), Cone Arrestin-FITC and DAPI-VioBlue.

5.3.3 Immunofluorescence staining

Cryosections from Long Evans rats left eye were fixed with 4% paraformaldehyde

in 0.1 M PBS (Irvine Scientific) at room temperature for 20 min. These fixed cells

and sections were blocked and permeabilized with a blocking solution [(Tris-buffered

saline (TBS), 0.3% Triton X-100 and 3% goat serum (Jackson Immunoresearch Lab-

oratories, West Grove, PA, http://www.jacksonimmuno.com)] for 15 min. Samples

were then rinsed twice with 0.1 M TBS buffer for 15 min each time, mounted on poly-

sine microscope slides and incubated with primary antibodies overnight at 4℃ (Cone

Arrestin-FTIC, Cone Arrestin-APC, RG-opsin-APC, CD45-PE, STEM121-FITC) at

concentrations determined in laboratory (Table 5.2). Post overnight incubation, sam-

ples were rinsed three times with TBS for 15 min. Secondary antibodies (goat-derived

anti-mouse and anti-rabbit, DAPI-VioBlue) staining was performed for 1h at room

temperature. Samples were then washed one last time with TBS before being mounted

on poly-l-lysine microscope slide with low viscosity slide mounting medium. Digital

images were obtained with an epifluorescence microscope using 20x objective.

5.3.4 Image processing and analysis

Seven randomly selected images were taken for each sample. To statistically an-

alyze the field of view, an image processing MATLAB code was created. For each

image taken, the code calculates (with a tolerance of 0.01%) the surface covered by

the cells of interest (in images taken with 20x magnification). The number of colored

pixels (Green for FITC channel and Red for PE or APC channels) were counted and

a percentage of cell surface coverage was created. The code can be seen in Appendix

A.1.
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Table 5.2: Primary antibodies used for testing of injected hRPCs.

Antibody Isotype Dilution Source Target
DAPI-VioBlue IgG2a 1:1000 BD Biosciences Nuclei
Cone arrestin-FITC IgG1 1:200 BD Biosciences Cones
Cone arrestin-APC IgG2a 1:200 BD Biosciences Cones
RGopsin-APC IgG1 1:200 BD Biosciences Cones
CD45-PE IgG1 1:100 Abcam Macrophage
STEM121-FITC IgG1 1:100 Abcam Human cells
Isotype Rabbit IgG1 1:100 Abcam Control
Isotype Mouse IgG2a 1:100 Abcam Control
Anti-Rabbit 1:200 BD Biosciences Secondary
Anti-Mouse 1:200 BD Biosciences Secondary

5.3.5 Statistical analysis

All experiments were performed with n=4-6. Values were expressed as mean ±

standard error mean (SEM) using GraphPad software (https://www.graphpad.com/).

Analysis of variance (one-way and two-way ANOVA) followed by Student’s t-test were

performed for statistical analysis. Statistical significance was set at p < 0.01.

5.4 Results

5.4.1 Short-term effect of Gtn-HPA on hRPCs injected in the

subretinal space

Survival and engraftment of hRPCs into the subretinal space

Short-term survival of transplanted hRPCs (in PBS or Gtn-HPA) was evaluated

using immunohistochemistry and statistical analysis, for every 5th section of each

enucleated rat eye of each group. To identify hRPCs, STEM121-FITC staining, a

mouse monoclonal antibody that is normally used to detect migration, engraftment,

and differentiation of human cells after in-vivo transplantation in animal models, was

used. The STEM121 antibody is specific to a human cytoplasmic protein expressed

in brain, liver, pancreas, and central nervous system (CNS) cells. Cone Arrestin
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(APC) was used to distinguish host cone photoreceptor architecture in the animal

from transplanted hRPCs. It belongs to super family of multi-functional proteins,

which regulates signaling and trafficking of G-protein coupe receptor (GPCRs) along

with sub-cellular localization of many other proteins critical to visual cycle [138].

DAPI was used as a counter stain for cell nuclei and is important to separate cells from

auto-fluorescence signal in immunohistochemistry. Upon triple staining of the retina,

we observed that hRPCs injected in PBS showed poor engraftment and were mostly

localized near the retinal ganglion cell layer or in the vitreous (Figure 5.2A). However,

cells injected in pre-Gtn-HPA solutions showed higher survival and engraftment in

the subretinal space (Figure 5.2B). Using hEGF showed no significant improvement

in cell engraftment compare to Gtn-HPA alone (Figure 5.2C). The gel used as cell

carrier is an in-situ crosslinking hydrogel and as the gelation occurs in the syringe, we

were able to entrap cells in pre-gel station. This viscous microenvironment, injected

between the RPE and photoreceptor layers, ensures that hRPCs will stay in the

subretinal space for longer duration. This improves the chances of cell interacting

with the host retina thereby leading to higher engraftment. Gtn-HPA degradation

rate [116], in this study, is relatively fast and only small islands of gel (Figure 5.2D)

can be seen after a short period of time in vivo (3 days).

Presence of hRPCs was measured, 3 days post injection, by calculating the cell

surface coverage for the 3 different groups. Surface coverage by hRPCs in the control

was significantly lower than hRPCs-Gtn-HPA and hRPCs-Gtn-HPA-hEGF (Figure

5.3). However, even though hEGF plays major role in the in-vitro culture there

seems to be no major advantage of injecting cells with hEGF in the short-term in-vivo

xenografts. This short-term survival study aims at showing the rapid death of hRPCs

when injected in PBS (pre-clinical and clinical trial approved solute) compare their

encapsulation in an in-situ crosslinking hydrogel (Gtn-HPA) which can protect them

from the shear stress exerted during transplantation. Adding this polymeric material

in the transplantation process improves the localization of cells in the right layers

(INL and ONL layers of photoreceptors) and reduces the rapid cell-death happening

less than 3 days post transplantation.
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Figure 5.2: Transplantation of hRPC in PBS & Gtn-HPA.
hRPCs survived in the non-immuno-suppressed rat for 3 days following subretinal
injection. Images taken under fluorescence microscopy to assess transplanted human
cells and host photoreceptors presence. All images were taken at 40X magnification.
A1-D1 are different test conditions stained with cone Arrestin (red) for photoreceptor
orientation in the retina, A2-D2 shows Stem 121 (green) staining for human cells.
Nuclei are counterstained with DAPI in A3-D3 and the last column (A4-D4) shows
the merge overlay image. Scale Bar-200 µm. Image reprinted from [75].

Figure 5.3: hRPCs survival and engraftment.
A. Statistical analysis, using one-way ANOVA, of the percentage of cell surface cov-
erage for the 3 in injected groups. ****p<0.0001. B. Immunohistochemistry of 5th

slide, for each group, stained with Stem121 (green), cone Arrestin (red) and DAPI
(blue). Scale Bar-200 µm. Image reprinted from [75].
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Immunologic response to xenograft transplantation

We entrapped hRPCs in pre-gel and the protective nature of Gtn-HPA by im-

planting them into the sub-retinal space of non-immuno-suppressed rats from the

Long Evans strain. Three different hRPCs groups were injected: PBS, Gtn-HPA

and, Gtn-HPA with hEGF with n=6 replicates in each group. Most FDA approved

stem-cell therapies [33], [38] and current clinical trials [42], [47], [53] rely on retinal

stem cells injected in HBSS or PBS, deprived from nutrients or scaffolds. In order to

mimic the pre-clinical trial conditions, we considered injected hRPCs with a 31-gauge

syringe in PBS as the control group in the in vivo experiments. After injecting the

cells into the subretinal space, eyes were harvested, cryo-sectioned and stained for

CD45 (APC) for leukocytes, cone Arrestin (FITC) to reveal the location of host pho-

toreceptors, and DAPI (VioBlue) for retinal structure. The goal of this short-term

study (eyes harvested 3 days post injection) is less to prove the long-term effect of

Gtn-HPA and hRPCs treatment rather than showing the immune system response to

such an injection. A xenograft transplantation of human cells (in PBS or gel) into the

subretinal space of non-immuno-suppressed rats may be able shows the immediate

differences in immune response from the host.

The Overall success percentage is defined as the number of times a successful bleb

is formed and cells are delivered into the sub-retinal space in function of the total

number of animals used in the study. Success rate of transplantation was around 75%

in hRPCs in PBS and 50% for hRPCs in Gtn-HPA. The gelation time for Gtn-HPA is

about 30 seconds which sometimes resulted in clogging of the syringe and subsequent

reduction in the total success rate.

Three days after transplantation, presence of CD45 positive cells was observed

near the sub-retinal space and at Bruch’s membrane (interface between RPE and

choroid). Sub-retinal grafts, irrespective of the carrier (PBS or Gtn-HPA) showed

infiltrating CD45+ cells in the inner nuclear layer (INL) or the retina. However,

significantly lower leukocytes staining was observed in the Gtn-HPA groups (Fig-

ure 5.4A). Furthermore, the retinal architecture was found intact, and no cell layer
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degradation was observed in the animals injected with success (Figure 5.4). Statisti-

cal analysis was performed using one-way ANOVA and shows significant differences

between control (hRPCs in PBS) and hRPCs in Gtn-HPA groups. There was no

difference between Gtn-HPA and Gtn-HPA with hEGF, suggesting that hEGF has a

low immunogenic impact. Percentage cell surface coverage, measured by calculating

the number of APC positive pixel per area, in both these groups was found to be in

0.2 range. CD-45 staining, in the PBS group, was mostly localized in the sub-retinal

space and ganglion cell layer (Figure 5.4B) while localized in the INL and ganglion

cell layer (GCL) for both Gtn-HPA groups. Only 3 days post injection (short-term

study) these results suggest that the immediate immune response is lowered by the

presence of Gtn-HPA as a carrier for hRPCs. This data can be explained by the

biocompatibility and biodegradability of Gtn-HPA, but also by its capability of hid-

ing xenogeneic cells from the host immune system. Indeed, the longer hRPCs are

embedded in Gtn-HPA (in the subretinal space) the slower the immune system will

react to the presence of exogeneous transplantation.

Figure 5.4: Immune response staining of xenografts.
Images taken under fluorescence microscopy to assess leukocytes and host photore-
ceptors presence. All images were taken at 40X magnification. A. CD45 stain-
ing data, obtained from number of colored pixels, analyzed using One-way ANOVA
(**p<0.006). B. Immunohistochemistry staining of 3 different groups (PBS, Gtn-
HPA and Gtn-HPA with hEGF) for CD45 (APC), Cone Arrestin (FITC) and, DAPI
(VioBlue). Scale bar- 200 µm. Image reprinted from [75].
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5.4.2 Subretinal transplantation of encapsulated hRPCs in gel

with different stiffness

The second timepoint of this in vivo experiment (three weeks) enabled the study

of a long-term survival of transplanted hRPCs (in PBS, Gtn-HPA, or IPN75). hRPCs

engraftment was evaluated using immunohistochemistry and statistical analysis, for

every 4th or 6th section of each enucleated rat eye of each group. Sections were triple

stained, as previously described, with DAPI-VioBlue (nuclei stain), STEM121-FITC

(human marker), and either Rhodopsin-APC (rod marker) or RGopsin (cone marker).

These different stains enable us to analyze not only the engraftment of hRPCs (by

using the human marker) but also their different expression in each group. The

different injection groups are: hRPCs in PBS, in Gtn-HPA, in Gtn-HPA with hEGF,

in IPN75 or in IPN75 with hEGF. These groups were chosen due to the result of in

vitro phenotype assay, shown in chapter 3. By analyzing the result of this long-term

in vivo injection at 3 weeks, we have been able to measure the effect of stiffness (due

to different biomaterials) and nutrients.

Upon triple staining of the retina, we observed in all groups, engrafted hRPCs in

the subretinal space of Long Evans rats with different morphology and phenotypic

expression. Cells were analyzed for DAPI, human marker and cone marker to measure

overall engraftment (Figure 5.5). Specifically, cells injected in PBS showed poor

engraftment with a low number of cells expressing STEM121 and being clustered at

the injection site with really slow migration, as seen in Figure 5.5A. Cells encapsulated

in Gtn-HPA and IPN75 show high survival and engraftment in the subretinal space.

These cells have a morphology close to photoreceptors and have a higher surface

coverage, showing a higher migration from the injection site (Figure 5.5B and 5.5D).

This suggests that encapsulating hRPCs in hydrogel could enhance the regeneration

by increasing the migration of cells, therefore improving the surface of engraftment

of stem cells. The addition of hEGF showed little to no significance in the overall

engraftment of hRPCs. However, as seen in Figures 5.5C and 5.5E, we observed that

hEGF increased the presence of double stained cells (expressing both cone and human
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marker), with cells showing a yellow color (red arrows). This result is coherent with

our in vitro experiment, showing that hEGF doesn’t impact the viability of hRPCs

but can drive their differentiation in vitro and in vivo.

These long-term results confirm our findings for the short-term in vivo experi-

ments: hRPCs encapsulated in gel show higher engraftment than those injected in

PBS. However, due to the result of the in vitro data, we also analyzed the spe-

cific expression of injected cells with two specific markers: Rhodopsin and RGopsin.

Rhodopsin is a biological pigment found in the rods of the retina and is a G-protein-

coupled receptor (GPCR). It is extremely reactive to light. Opsins are a group of

proteins made light-sensitive via the chromophore retinal (or a variant) found in pho-

toreceptor cells of the retina. RGopsin targets a specific class of cone reacting to

red/green light.

To analyze the co-localization and engraftment of hRPCs expressing both human

and either rod/cone marker we used an image processing algorithm explained previ-

ously which relies on Otsu’s method of thresholding. The analysis of RGopsin and

STEM121 co-localization showed high significant difference between group, as seen in

Figure 5.6B. Figure 5.6A shows an example of a field of view with hRPCs engrafted in

the subretinal space and expressing both human marker (in green) and RGopsin (in

red). By analyzing the surface coverage of the cells expressing both markers we are

able to compare not only the engraftment of hRPCs but the presence of specific sub-

population of hRPCs between different injection groups. By normalizing the surface

coverage of double-stained hRPCs we observed that cells encapsulated in Gtn-HPA

with hEGF shows the highest amount of cone-hRPCs which is followed by the group

of IPN75 with hEGF. Those two groups are significantly higher than both gel groups

without hEGF. Finally, all groups with gel are significantly higher than cells injected

in PBS. This is a really important result which strongly confirms the results we ob-

served in the invitro study: encapsulating hRPCs in Gtn-HPA with hEGF shows the

highest controlled differentiation into cone-hRPCs in vitro and in vivo at long-term

time points. Of note is that a low amount of RGopsin cells was observed in the PBS

groups, which is coherent with the fact that hRPCs are mostly rods.
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Figure 5.5: Long-term transplantation of hRPC in IPN & PBS.
hRPCs survived in immuno-suppressed rats for 3 weeks following subretinal injection.
All images were taken at 40X magnification. A2-E2 are different test conditions
stained with RG-opsin (red), A3-E3 shows Stem 121 (green) staining. Nuclei are
counterstained with DAPI in A1-E1 and the last column shows the merge overlay
image. Red arrows show engrafted hRPCs aligned with DAPI near the ONL layer.
Scale Bar-200 µm.

The second marker we analyzed for co-localization is rhodopsin, which should be

significantly higher due to the high presence of rods in hRPCs. As seen in Figure

151



Figure 5.6: hRPCs survival, engraftment, and cone expression
post-transplantation.
A. Immunohistochemistry of 5th slide, for Gtn-HPA with hEGF group, stained with
Stem121 (green), RG-opsin (red) and DAPI (blue). Scale Bar-200 µm. B. Statistical
analysis, using one-way ANOVA, of the percentage of cell (expressing RG-opsin)
surface coverage for the 5 in injected groups. ****p<0.0001.

5.7A, we were able to observe hRPCs engrafted in the subretinal space and expressing

both human and rod marker in all groups, which allowed us to measure their surface

coverage and statistically compare it. The results, showed in Figure 5.7B, are different

from the results we got for RGopsin, with, for rhodopsin, the highest group being

cells encapsulated in IPN75 with hEGF. Of note is IPN75 and Gtn-HPA with hEGF

had a similar cell surface coverage being higher than Gtn-HPA. All gels groups were

significantly higher than cells in PBS. This result confirms the in vitro phenotype

assay which suggested that cells encapsulated in IPN75 with hEGF show the highest

expression of rhodopsin.

Overall, our findings in the long-term in vivo experiment are crucial as they con-

firm all our results in the in vitro phenotype assay. Finally, we found that, to en-

hance hRPCs in vivo differentiation into cones Gtn-HPA with hEGF was the optimal
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Figure 5.7: hRPCs survival, engraftment, and rod expression
post-transplantation.
A. Immunohistochemistry of 5th slide, for Gtn-HPA with hEGF group, stained with
Stem121 (green), rhodopsin (red) and DAPI (blue). Scale Bar-200 µm. B. Statistical
analysis, using one-way ANOVA, of the percentage of cell (expressing rhodopsin)
surface coverage for the 5 in injected groups. ****p<0.0001.

hydrogel while to promote cell differentiation into rods IPN75 with hEGF was opti-

mal. These findings can be related to the difference in stiffness in our hydrogels (as

measured previously in chapter 3) but also their chemical composition with HA-Tyr

present in IPN75 compared to pure Gtn-HPA. We also confirmed that our hydrogels

can strongly enhance regeneration by acting as passive carrier in which a growth fac-

tor (hEGF in this case) can be added. This addition strongly enhanced the controlled

differentiation of hRPCs into either rods or cones.

5.5 Discussion

In this study, we have tried to analyze the short- and long-term in vivo injection of

hRPCs in rats. We injected hRPCs in PBS, Gtn-HPA, IPN75 with or without hEGF

in the subretinal space of non-immunosuppressed rats of the Long-Evans strain. Cell
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suspensions (in PBS), injected into the subretinal space, showed the least viability

and engraftment. In contrast, cells encapsulated in Gtn-HPA or IPN75 show evidence

of better engraftment and cellular migration in the host retina. Cells were found

migrating in the ONL and INL layers in the retina, while cells in PBS were clustered

in the vitreous or RGC side of the retina. The percentage of cells that survived in the

host retina was higher in Gtn-HPA grafts than in cell suspensions, suggesting Gtn-

HPA was a superior cell carrier. The short-term (3 days post transplantation) immune

reaction showing the injury caused due to the injection was also analyzed. hRPCs

injection (independent on the carrier) can trigger a reaction from the host as seen

with leukocytes staining. In the control group (PBS), hRPCs suspension are exposed

to the invading leukocytes especially in non-immunosuppressed animals. Gtn-HPA

is an FDA approved biocompatible and bio-degradable polymer [183] that forms a

protective barrier for hRPCs, therefore protecting them from the migrating immune

cells. This short study aimed at proving the significant decrease of hRPCs presence,

viability and migration right after transplantation when injected in PBS compare to

Gtn-HPA. The formulation we are proposing here (2wt% Gtn-HPA or IPN75, 0.1

U/ml HRP and 1 mM H2O2) showed the highest viability assay for multiple cell

lines. Indeed, it is known that hydrogen peroxide can greatly affect cell viability

and proliferation even at low doses [87], [185], [186]. This This suggest that we have

found an optimal hydrogel to enhance the engraftment of hRPCs and increase the

possible regeneration process. As explained in the next chapter we have been able

to modify the stiffness but more importantly the gelation time of our pure hydrogel

made of Gtn-HPA by mixing it with a different biodegradable and biocompatible

hydrogel which possess a higher gel point (HA-Tyr). Therefore, we observed the

creation of an IPN, as explained in chapter 2, with is included in the class of in-

situ crosslinking hydrogels catalyzed with horseradish peroxidase that possess a high

gelation time while keeping cell viability and proliferation at an acceptable level [77],

[88]. The long-term (3 weeks post transplantation) in vivo experiment allowed us to

compare our in vitro phenotype analysis explained in chapter 3, with the possible

phenotype expression of injected hRPCs in the subretinal space of Long Evans rats.
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We were able to confirm our in vitro results by showing a similar trend for hRPCs

encapsulated in different hydrogels with the addition of hEGF in the mix. Specifically,

using Gtn-HPA with hEGF can enhance the differentiation of hRPCs into cones both

in vitro and in vivo while IPN75 with hEGF promotes rods differentiation. These

results are of utmost importance due to the high heterogeneity of hRPCs [111] which

are derived from fetal source and therefore can differentiate into any type of retinal

cells (photoreceptors, RGC, bipolar, amacrine or horizontal cells). Being able to

control their differentiation in vivo could lead to new therapies focused on specific

cell replacement, such as retinitis pigmentosa or rod-cone dystrophy.

To explain these in vivo results we analyzed, in previous chapters, the stiffness of

our different hydrogels. We measured that the addition of HA-Tyr in the hydrogel

mix can linearly increase the shear and Young’s moduli of our gels. Therefore, by

increasing the stiffness of our hydrogels and using IPN75 we were able to control the

differentiation of hRPCs into rods progenitors. The stiffness effect on stem cells in

vitro and in vivo has been analyzed and observed in a lot of studies [187]. Here, we

have considered stiffness which is one of the many factors which can influence the

fate of hRPCs in vitro and in vivo. Other factors, such as oxygen content, chemical

content, ligand density, can also influence hRPCs fate and should be analyzed in our

hydrogels to understand their exact effect. The addition of hEGF into our hydrogels

can greatly improve the differentiation of hRPCs into rods or cones. hEGF is already

being used in the defined media of many stem cell types, especially in the retina

[188]. Our hydrogels serve as passive carrier in which we can include growth factor

to promote cell viability, proliferation, and differentiation. In our in vitro study we

have looked at both hEGF and hFGF which are used to culture hRPCs, however,

many other growth factors could be used in order to drive the in vivo differentiation

of hRPCs into rods, cones or other type of cells in the retina (such as GDNF) [189].
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Chapter 6

Human retinal ganglion cells

encapsulated in IPN vitreal injections

6.1 Introduction

Biomaterial-based cell replacement approaches to regenerative medicine are emerg-

ing as promising treatments for a wide array of profound clinical problems. Cell re-

placement therapies critically depend on: the viability of the cells being delivered;

maintenance of their phenotype; and their engraftment in the targeted tissue [32],

[190]. Many cell therapies have failed to achieve desired outcomes, partly due to low

cell viability and failure to attach to the site of injury or disease [191]. In most cases,

the exogenous cells are delivered to the target site in a buffered saline solution, raising

questions: are the cells receiving the necessary physical and chemical stimuli; and are

the cells being retained at the target site long enough for them to bind to the host

cells or extracellular matrix to become integrated into the tissue (i.e., engraft)? [192]

Several neurodegenerative diseases including Glaucoma and NF1-OPG, a leading

cause of blindness [193], result in a progressive loss of retinal ganglion cells (RGC) re-

quiring an investigation of the intravitreal injection of neuro-modulatory cells [194] or

RGC [195], [196]. While all cell replacement therapies, require the exogenous cells to

migrate from the delivery site to their natural location within the host, RGC replace-

ment therapy faces special challenges [58], [197]: intravitreally delivered RGC need to
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penetrate the inner limiting membrane (ILM), extend afferent processes to connect

with bipolar and amacrine cells; and extend efferent processes (axons) to connect with

specific targets in the brain. Migration of exogenous RGCs through the ILM into the

ganglion cell layer and their adhesion to other retinal and brain cells is dependent

on the cell adhesion molecules that they express. Transplantation of RGC into the

vitreous, a large Interpenetrating network made of collagen fibers and hyaluronic acid

[84], could be regulated by an injectable polymeric network. The molecular frame-

work of a composite gel could provide adhesion ligands for cell integrins [121], as

well as facilitate attachment of the gel to tissue structures: e.g., to the ILM of the

retina. Toward those ends we formulated a gel comprising Gtn-HPA and hyaluronic

acid tyramine (HA) . In order to enable enzyme-induced covalent crosslinking of HA,

it was conjugated with tyramine (Tyr) [198]. Horseradish peroxidase and hydrogen

peroxide incorporated into the gel enabled the independent control of gelation rate

and cross-link density of Gtn-HPA/HA-Tyr (Gtn-HA) formulations.

Here we show that by designing a hybrid IPN composed of gelatin-hydroxyphenyl

propionic acid and hyaluronic acid-tyramine suitable for vitreal injection, we are able

to transplant, grow and engraft hRGC which eventually display signs of regenerating

processes along the optical nerve. By precisely matching the chemical and mechanical

properties of our hydrogel with the vitreous we achieved attachment to the retina

(overcoming the ILM barrier) and enhanced cell migration, engraftment and retinal

regeneration. By tuning our bioinspired hydrogel to mimic the vitreous chemical

composition and mechanical characteristics we were able to improve in vitro and in

vivo viability of human retinal ganglion cells (hRGC) incorporated into the IPN.

In vivo vitreal injections of cell-bearing IPN in rats showed extensive attachment

to the inner limiting membrane of the retina, improving with hydrogels stiffness.

Engrafted hRGC displayed signs of regenerating processes along the optic nerve. Of

note was the decrease in the immune cell response to hRGC delivered in the gel. The

findings compel further translation of the gelatin-hyaluronic acid IPN for intravitreal

cell therapy. Our work will be useful for regenerating vision in patients suffering

from retinal diseases, but more generally, the materials design principles herewith
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put forward should help other stem cell therapies.

6.2 Experimental design

6.2.1 Experimental groups

Table 6.1: Long Evans experimental groups for subretinal injection of
hRGCs.

Injection
groups

Total no of
injected rats

Successful
injections

No of rats with
presence of cells

Gtn-HPA 5 4 4
IPN75 5 3 3
IPN50 5 4 4
PBS 5 4 4

SHAM 4 4 N/A
Control 3 3 N/A

6.2.2 Overview for SD-OCT

Figure 6.1: Experimental design of hRGC injection in Long Evans rats.

6.2.3 Control and measured outcomes

The control group consisted of healthy rats which had no surgery. The SHAM

group consisted in rats which had only a minimal surgery consisting in poking the
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eyeball with a 31-gauge needle without injecting anything. This is performed to

replicate the trauma of needle injection itself. These rats were sacrificed at the same

time points as the experimental groups. Outcomes for this study were based on direct

examination, image processing and machine learning analysis of retinal sections of

injected rats. The measured outcomes were:

• % of hydrogel mass present on top of retina (SD-OCT)

• % of hydrogel mass present in vitro (degradation assay)

• % of gel-retina interface (attachment)

• % of cells engrafted expressing STEM121 (human)

• % of cells engrafted expressing Brn3B (RGC)

• % of cells engrafted expressing DAPI (Nuclei)

• Position of engrafted in cells in retinal layer

• Orientation and size (including processes) of engrafted cells

• % area of IBA1 (immune cells)

• % area of CD45 (macrophages)

• % area of GFAP (Muller cells)

6.3 Materials and Methods

6.3.1 Passive microrheology and PLGA microbeads tracking

All samples having an extremely short gelation time, common oscillatory rheology

was not able to capture their gel point. Hence, to characterize this specific viscoelastic

characteristic passive microrheology was performed. A volume of 10 µl of 10-20 µm

PLGA microbeads (Sigma-Aldrich), at a concentration of 105/ml, were thoroughly

added and mixed with all polymers. Then, after addition of the catalyst (HRP) and
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the crosslinker (H2O2), 200 µl of each sample was pipetted as fast as possible onto a

microscope slide and particles movement were tracked for a period of approximately

4 minutes by taking a video of their Brownian motion inside the hydrogel in process

of gelation. ImageJ (Fiji, NIH) was used to track the center of n=15-17 particles

for each sample for 6 minutes. A MATLAB program was then used to calculate the

mean square displacement and fit the data with an exponential function as presented

in [199]. This fit function was then used to calculate the complex modulus by feeding

the data into a MATLAB function that fits this data with a second-order polynomial

function from which the first- and second-time derivatives are computed and from

that the complex modulus [200]. Finally, the storage modulus (elastic) G’ and loss

modulus (viscous) G” were measured to calculate the gel point (defined by the crossing

of G’ and G”).

6.3.2 Source, viability and phenotype analysis of hRGCs

Human retinal ganglion cells (hRGC), gifted from Dr. Donald Zack laboratory,

were described in previous studies [80], [201], being Brn3b-TdTomato positive. Cells

at 1 x 105/ml, suspended in saline or medium (mTeSR1 media: Stemcell Technolo-

gies) were added to 1 ml of the IPN formulations, along with different catalyst and

crosslinker concentrations and were pipetted onto fibronectin-coated round glass cov-

erslips (thickness 5mm, diameter 1 cm, VWR). After 1,3,5 and 7 days of incubation

with medium or PBS, they were incubated with 2.5 µM calcein AM (FITC) and 10

µM ethidium homodimer-1 (Cy3) in PBS for 15 min at 37 ℃ and 5% CO2. hRGC

were then washed three times with PBS for 10 min, at room temperature. Coverslips

with cells encapsulated in hydrogels were mounted on poly-l-lysine microscope slides

(thickness 1mm, L x W 75 x 25 mm, Thermo Scientific Shandon) with low viscosity

slide mounting medium (Fisher Scientific) before imaging with an epifluorescence con-

focal microscope (Leica SP8, USA), in order to capture the 3D configuration of cell

distribution through the different hydrogels. hRGC were harvested for immunohisto-

chemistry and flow cytometry with the same protocols explained previously. Primary

antibodies and their dilutions are listed in Table 6.2.
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Table 6.2: Primary antibodies used for testing of injected hRGCs.

Antibody Isotype Dilution Source Target
DAPI-VioBlue IgG2a 1:1000 BD Biosciences Nuclei
STEM121-FITC IgG1 1:200 Abcam Human cells
Brn3a-FITC IgG1 1:100 ThermoFisher RGC
RBPMS-APC IgG2a 1:100 EMD Millipore RGC
Thy1.1-APC IgG2a 1:100 Miltenyi RGC
NeuN-APC IgG2a 1:100 Abcam Neural cells
Caspase9-FITC IgG1 1:50 Santa Cruz Apoptosis
IBA1-FITC IgG1 1:100 Abcam Immune cells
CD45-PE IgG2a 1:100 Abcam Macrophage
GFAP-PE IgG2a 1:50 TakaraBio Muller cells
Oct4-APC IgG2a 1:200 BD Biosciences Stemness
C-myc-APC IgG2a 1:200 BD Biosciences Stemness
Ki67-APC IgG2a 1:50 Santa Cruz Proliferation
Isotype Rabbit IgG1 1:100 Abcam Control
Isotype Mouse IgG2a 1:100 Abcam Control
Anti-Rabbit 1:200 BD Biosciences Secondary
Anti-Mouse 1:200 BD Biosciences Secondary

6.3.3 In vivo xenograft study - animals, surgery and tissue

processing

The research protocol was reviewed and approved by the Schepens Eye Research

Institute Animal Facility and was in accordance with the Association for Research in

Vision Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision

Research. Twenty-seven female Long Evans rats (age 12 weeks, approximate weight

200g, Charles River. Wilmington, MA) were used in the experiments. Transplanta-

tions were performed on Cyclosporine (Atopica, oral solution 100 mg/ml, Novartis,

USA) immunosuppressed rats. Animals were sedated using 2%-3% isoflurane (Ab-

bott, Solna, Sweden, http://abbott.com) in combination with oxygen by placing the

rats in an inhalation chamber, followed by intraperitoneal injection of ketamine (40-

80mg/kg) and xylazine (10mg/kg) for anesthesia. Eyes were first anesthetized using

topical ophthalmic proparacaine (0.5%) followed by Genteal to keep the lens moist

during the surgery. A conjunctival incision and a small sclerotomy were performed
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using a fine disposal scalpel in all rats. A 2%wt Gtn-HPA/hRGC hydrogel (n=5),

2%wt IPN75/hRGC (n=5), 2%wt IPN50/hRGC (n=5) or a cell suspension in PBS

(n=5), were injected into the vitreous of the rats. 3 rats were taken as control and

n=4 rats were subjected to only SHAM injection. All injections were performed using

a glass pipette (internal diameter, 150 µm) attached to a 10 µl Hamilton syringe via

a polyethylene tubing. Approximately 5 x 104 cells in an injection volume of 3 µL

were used in each of the 4 groups. The presence of islands of gels onto the back of the

eye was checked using a glass coverslip applied to the eye. Vitreal injection was con-

sidered successful if shiny islands were seen under the dissection surgical microscope

(Alcon Vitreoretinal, Constellation Vision System). Triple antibiotic (Bac/Neo/Poly)

was given locally at the end of the surgery to prevent infection. The rats were then

placed in their cages for 4 weeks. 100 mg/L of Cyclosporine was added to the water

container of all cages and was changed every 3 days.

Four weeks post transplantation, immunosuppressed rats were sacrificed by CO2

inhalation for 5 min. Cervical dislocation was performed to certify death. Eyes were

enucleated and placed in 4% paraformaldehyde for 24 hours. Tissues were subse-

quently saturated with increased concentrations of sucrose (5%, 10%, 20%) contain-

ing Sorensen phosphate buffer. Eyes were immersed in 30% sucrose overnight or until

dissection. The tissues were embedded in cryosection gelatin medium overnight and

sectioned at 15 µm thickness on a cryostat. Cryosections from Long Evans rats left

eyes, were fixed with 4% paraformaldehyde in 0.1 M PBS (Irvine Scientific) at room

temperature for 20 min. These fixed sections were blocked and permeabilized with a

blocking solution (Tris-buffered saline (TBS), 0.3% Triton X-100 and 3% goat serum

(Jackson Immunoresearch Laboratories, West Grove, PA) for 15 min. Samples were

then rinsed twice with 0.1 M TBS buffer for 15 min each time, mounted on polysine

microscope slides. During the sectioning process, every 4th section was stained and

examined by epifluorescence for hRGC presenting with STEM121-FITC (human cell

marker) and DAPI-VioBlue (cell nucleus). Every 5th section was stained with CD45-

PE, IBA1-FITC (immune cell marker) and DAPI-VioBlue. Every 6th section was

stained with GFAP-PE (Muller cells marker) and DAPI-VioBlue. After overnight in-
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cubation, samples were rinsed three times with TBS for 15 min. Secondary antibodies

(goat-derived anti-mouse and anti-rabbit, DAPI-VioBlue) staining was performed for

1h at room temperature. Samples were then washed a final time with TBS before

being mounted on poly-l-lysine microscope slides with low viscosity slide mounting

medium. Digital images were obtained with an epifluorescence confocal microscope

(Leica SP8) using 63x-oil objective.

6.3.4 Vitreal injections and optical coherence tomography imag-

ing

The same protocol for sedation and anesthesia as for the xenograft study was used

for vitreal injections of hydrogels and SD-OCT imaging. Rats left pupils were dilated

with tropicamide (VetRXDirect, USA). Animals were then anesthetized and a con-

junctival incision and a small sclerotomy were performed using a fine disposal scalpel

in all rats. A 2%wt Gtn-HPA hydrogel (n=5), 2%wt IPN75 (n=5) and 2%wt IPN50

(n=5), all samples without cells, were injected into the vitreous of the rats. Animals

were then placed in front of the SD-OCT imaging device (Spectralis HRA+OCT,

Heidelberg Engineering, MA, USA). Eyes were kept moisturized with HBSS during

the whole procedure. Images were taken before, right after injections, 1h after and

each day until no more gel was visible. Presence of gel was assessed by visible islands

of gel sitting on top of the retina in IR images. Images of the back of the eye with

4B-scans 30 frames were taken and retinal sections with 4B-scans 60 frames, all done

in rectangular scan. Acquired images were saved as .tiff files. First, image artifacts

due to breathing movements were eliminated by using the StackReg Plugin. Then, all

frames were converted into a single image by applying the z-projection. This average

enables for the elimination of most of the noise observed on individual images, which

help to see the presence of gel and its volume, or degradation time. Comparison

before and after injection was performed to see the impact of gel injection on retina

morphology and detachment.

Three days post vitreal injection, rats were sacrificed by CO2 inhalation for 5

163



min. Cervical dislocation was performed to certify death. The same protocol as for

xenograft study was applied to enucleated eyes. After sectioning, every other section

was stained and analyzed with Hematoxylin and Eosin (H&E) in order to measure

and locate the different gels on top of the retina. Thermo-scientific Rapid-Chrome

H&E staining kit was used. This consists in an 18-steps process which permanently

stains cytology specimens. Slides are dipped into a series of solutions containing 95%

alcohol, distilled water, Hematoxylin, Bluing reagent and Eosin-Y stain followed by a

series of washings before the final fixing step. Slides were then mounted and observed

under an upright microscope (Leica DM2500) at different magnifications.

6.3.5 Confocal microscopy and cell analysis via image process-

ing

All stained samples (except H&E staining) were analyzed, and images were taken

using Leica SP8 confocal microscope. Images were taken with sequential scanning at

1024x1024 or 2042x2042 resolution with the following lasers intensity and character-

istics: VioBlue-PMT at 5.4% with line average of 3 and gain of 875 V, FITC-HyD

at 2.3% with line average of 3 and gain of 77%, PE-HyD or APC-HyD at 3.7% with

line average of 3 and gain of 85%. hRGC viability images were taken at 20x mag-

nification with a z-stack of 300 µm and 22 steps. A 3D projection was used for

qualitative analysis while maximum projection was applied as quantification. Cells

in 15 randomly-selected maximum-projected fields of view were counted under 20x

objective lens magnification with a cell counting and analyzing image processing al-

gorithm [115] (Appendix A.2). Cells number (green for live and red for dead), size

(area of positive pixels) and shape factor (e.g., round versus elongated morphology)

were measured for each field of view. After 1, 3, 5 and 7 days of culture, the per-

centage of viable cells was calculated by dividing the number of live cells (FITC) by

the total number of cells in the given area (live and dead cells added). The same

z-stacks images were used to measure the distribution of the cells through the hy-

drogels. LASX Leica software enables to measure the average intensity of a marker
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along each (x,y,z) direction. These intensities were measured for each z-stack, in each

group after normalization, and used averaged.

Qualitative immunofluorescence staining (RGC, stemness, neuronal, proliferation

and apoptosis markers) along with immune and Muller cell activation markers were

taken at 20x of 63x with oil objective magnification with a z-stack of 15 µm and 25

steps. Images, after maximum projection, in 15 randomly selected fields of view were

used to quantify the surface coverage of specific markers (IBA1, GFAP and CD45).

To do so a MATLAB algorithm was created that consisted in calculating and counting

(with a tolerance of 0.01%) the number of colored pixels (Green for FITC channel

and Red for PE or APC channels) for each marker. Then, a percentage compared to

the total size of the image was created which corresponded to the surface coverage of

the specific marker.

Entire tiling of the retina was performed on all injected groups (Gtn-HPA, IPN75,

IPN50 and PBS) at 63x with oil objective magnification and z-stack of 20 µm with

50 steps. The tiling square size was 25x10 fields of views, which was reduced by

only choosing the field of views containing parts of the retina as seen in Figure 6.12.

Finally, in order to be able to quantify the improvement of injected cells migration

and engraftment into the retina of rats, STEM121-FITC with DAPI-VioBlue and

TdTomato-PE staining were analyzed in a larger quantity than all other images.

Images were taken at 63x magnification with a 15-µm z-stack and 22 steps. For each

group, 60 fields of view, chosen in the center of the retina (where the injection was

performed) were analyzed.

6.3.6 Hydrogels-ILM interface and OCT analysis algorithms

Each slide, stained with H&E, was analyzed under brightfield light microscopy

at 20x magnification to find the location and size of the different hydrogels after

three days. To quantify this measurement, 10 fields of view were used to look at the

interface of retina and vitreous. Interfaces were analyzed as follow: where gel was

visible (attached or not to the retina) the interface was split into 200 µm parts (usually

2-3 per image); the interface of each part was then characterized by looking at the
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region of attachment (red regions in Figure 6.9a) and the others (white regions in

Figure 6.9b). Afterwards, the percent of attachment for each interface (proportion of

red regions compared to white regions) and the distribution of the gel at the interface

(holes in the red regions) were calculated using a MATLAB algorithm. This enables

for the characterization and measurement of the attachment of the different gels to the

retina after three days. Islands of gels were visible during SD-OCT data acquisition

and a quantification of gel presence was performed by applying an image processing

thresholding algorithm. This algorithm was based on Otsu’s method of thresholding

[202] and enables a specific quantification of the gel degradation in vivo. After taking

the OCT images of the section of the retina, 10 fields of views were analyzed for

each group. In order to apply and use Otsu’s method, the retina and the noise were

processed to be considered as the background while the gels were processed to be

considered as the foreground. Most of the noise was deleted by the plugin in the

SD-OCT software, hence the rest of the image was just composed of a bright retina

(curved with different layers) and islands of gel on top of it. In order to process the

retina as background, different values of the presence of the retina with no injections

were calculated: this consists in counting the number of foreground pixels found with

Otsu’s algorithm in OCT images without injection. These values were used as a

normalization in order to find the surplus of foreground pixels where gel was present.

This quantification was performed for all groups at all time points and an in vivo

degradation curve (which was confirmed with in vitro degradation) was calculated.

6.3.7 Image processing algorithms for detection of cell migra-

tion, co-localization and orientation in the retina

The improvement in engraftment of encapsulated hRGC was quantified by measur-

ing cell migration (location in retinal layers after 1 month), co-localization (expressing

both Brn3b intrinsically and STEM121 human markers) and, for large cells, orienta-

tion (angle formed by extended processes and retina). After using Leica SP8 confocal

microscope to image the test groups (60 fields of view per group), as explained earlier,
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colored images (VioBlue for DAPI, FITC for STEM121 and PE for TdTomato) were

analyzed.

To segment cells from images, we designed a two-step algorithm (Appendix C). We

first normalized pixel intensities of input images from 0 to 1. Due to the large amount

of noise in the image, we started the segmentation pipeline with a small amount of

gaussian blur to smooth the image. Part of the cells were very dim, therefore, to seg-

ment them, we used a 1st low threshold (around 10% of intensity) to segment cells. To

remediate cells which displayed small holes, we incorporated a closing morphological

operation (consisting of a dilation followed by an erosion). We also ran an opening

(an erosion followed by a dilation) to remove small clusters of pixels that were most

likely noise. For large cells, the low threshold followed by morphological operation

led to a high recall for cell pixels. We then segmented the brightest part of cells using

a 2nd larger threshold (around 0.3). To merge those two segmentations, we designed

a fusion algorithm. Using the rough segmentation obtained from the 1st threshold,

we employed a connected component algorithm to label each independent group of

segmented pixels. Then, we eliminated each labeled group of segmented pixels which

did not contain pixels from the high threshold segmentation. The final result had a

high precision (high threshold) and a high recall (low threshold). We used labelled

groups of segmented pixels to compute the area of segmented cells.

All images were manually annotated using an online annotation tool (Make-

sense.ai). This enabled the localization of each layer of the retina and therefore,

by fitting labelled groups, the migration of injected cells and their location in the

retina. The orientation of both retinal layers and cells was measured by fitting each

group with the smallest enclosing ellipse. To make sure that STEM121 human stain-

ing and intrinsic Brn3b expression were co-localized in regions of interest (cells) we

used a co-localization algorithm previously described [203]. Using MATLAB as a

basis, the co-localization program analyzed the content of images taken with confocal

microscopy. First, images were filtered, normalized, and analyzed with co-localization

and Pearson’s and Mader’s algorithms. Co-localization consists in finding the fraction

of pixels which possess a high intensity in both colors (green and red in our case) with
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linear approximation. P-value, Pearson and Mader’s coefficient and co-localization

number were then calculated and reported.

6.3.8 Statistical analysis

All experiments were performed with n=10-15 (except image processing for cell

location and migration which had n=60 for each group). The power calculation was

based on detecting a significant difference in the means between groups of 30-40%

with a standard deviation of 15%. Values were expressed as mean ± standard error

mean (SEM) using GraphPad software (https://www.graphpad.com/). Analysis of

variance (one-way and two-way ANOVA) followed by Tukey’s and Student’s t-test

were performed for statistical analysis. Statistical significance was set at p < 0.01.

6.4 Results

6.4.1 Tunable IPN for hRGCs encapsulation

IPN surgical tunability

For our system, both the Gtn and HA networks are in-situ enzymatically crosslinked

with horseradish peroxidase (HRP) and H2O2 (see details in methods) [88]. For in-

situ crosslinking hydrogels, controlling the gel point is critical in terms of surgical

performance: to avoid needle clogging. In order to prove that gel point and stabil-

ity of gels can be tuned by controlling the content of IPN we needed to be able to

quantify the elastic nature of gels in the crosslinking process. To measure the gel

points of our samples we employed microrheology to deal with the extremely fast

gelation of these IPN. To obtain this measurement we utilized passive microrheol-

ogy by preparing uncrosslinked IPN and homopolymer mixed with 10-20 µm PLGA

passive microbeads. To characterize the viscoelastic nature of these gels the mean

square displacement (MSD), due to Brownian motion, of the particles were tracked

for a period of approximately 4 minutes (Figure 6.2a).
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A MATLAB program was then used to track the particles, calculate the instanta-

neous mean square displacement (MSD) and fit the data with a double exponential

decay. While all samples (Gtn-HPA, IPN75 and IPN50) demonstrated a double ex-

ponential decay of microbeads MSD (Figure 6.2a), a positive correlation was found

between the gel point time and the HA-Tyr content of the IPN. The MSD of n=15

particles was calculated and averaged every 2s. This fit function was then used to cal-

culate the average complex modulus (every 2s) by feeding it into MATLAB. The data

is fitted with a second-order polynomial function from which the first- and second-

time derivative are computed and from that the complex modulus. The storage

modulus (elastic) G’ and loss modulus (viscous) G” are then calculated and plotted

in function of time post mixing (addition of crosslinker) as seen in Figure 6.2b. G’

and G” measurements confirm the dependency of gel point on the Gtn-HPA content.

Gel point ranges from 42s for Gtn-HPA, being far too quick for surgical needs, to

147s for IPN75 and 162s for IPN50. By measuring the time for G’ to reach plateau

in oscillatory rheology (inset in Figure 6.2a) we could detect the time required for

hydrogels to reach steady-state equilibrium (stability of IPN), which increased with

the percentage of HA-Tyr.

This is a crucial result as it confirms the hypothesis that these biocompatible IPN

can be tuned to fulfill surgical needs. These findings enable us to consider these hybrid

IPN, made of Gtn-HPA and HA-Tyr, potential candidates for cell encapsulation, in

vivo injection and enhancement of retinal regeneration.

hRGCs encapsulation and analysis

To compare the efficacy of various IPN formulations, we proceeded to in vitro

and in vivo experiments with Gtn-HPA, IPN75, and IPN50. In vitro viability assay

was performed (1,3 and 7 days) by leaving cells in PBS or adding defined medium in

hydrogels (Figure 6.3a). hRGC receiving medium, were significantly more viable than

those in monolayer receiving PBS, even after 7 days, suggesting a favorable diffusion

of nutrients through the IPN. However, when cells received no nutrients viability

decreased significantly with time, reaching <7% for the PBS sample after 7 days.
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Figure 6.2: IPN microrheological measurements.
(a) Mean square displacement measurements of PLGA microbeads encapsulated in
materials during micro-rheology assay for Gtn-HPA (red), IPN75 (green) and IPN50
(blue). N=15 microbeads were tracked for each sample and the data was fitted with
a double exponential decay regression. Inset (a) shows the time to reach stability of
the different IPN during the gelation process. Linear regression was applied to the
data confirming the increase of gelation time with the addition of HA-Tyr in the mix.
All data is shown as mean ± SEM. (b) Loss (G” dashed lines) and storage (G’ plain
lines) moduli calculation from micro-rheological measurements for Gtn-HPA, IPN75
and IPN50. Gel point is represented with crossing of G’ and G” by vertical dotted
lines.

Notably, IPN reduced this drop of viability by protecting the cells from the lack of

nutrients for all time points, being significantly higher for all IPN groups compared

to PBS samples (35-45% viable after 1 week of medium deprivation). This result

[204] suggests that these IPN are compelling candidates for enhancing the ability of

encapsulated cells to contribute to restoration of retinal function. To determine the

distribution of cells throughout hydrogels, the intensity of live (CalceinAM-FITC)

and dead (Ethidium Bromide-APC) cells was averaged, normalized and measured as

a function of location (cubic regions: 150 µm on a side), Figure 6.3b. The microscope

slide samples displayed a peak in intensity around its zero position with a quickly de-

caying intensity while all hydrogel samples show a constant intensity in all directions.

This suggests a uniform distribution of both live and dead cells inside the IPN which

is critical for the constant release of cells at the injection site due to the enzymatic
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and surface degradation of our in situ-crosslinking hydrogels.

Figure 6.3: Optimal IPN for hRGC encapsulation and in vivo release.
(a) Viability assay through time of encapsulated hRGC in hydrogel candidates (Gtn-
HPA, IPN75 and IPN50) with media or PBS. Plain bars show cells deprived from
nutrients while hashed bars represent cells in their defined medium. Data shown as
mean ± SEM of triplicate wells with 15 different fields. Two-way ANOVA, followed
by Tukey’s test, was performed and shows a statistically high significant difference
between samples including media and all other groups (**p=0.005 and ***p=0.0001)
at all time points; and between hydrogels groups deprived from nutrients compared
to PBS (*p=0.01 and ****p<0.0001). (b) Relative fluorescence intensity of hRGC
stained with live/dead assay, imaged with confocal microscopy for Gtn-HPA, IPN75,
IPN50 and PBS, on 150 µm thick slides, in function of their z position.

Confocal microscopy enabled the visualization of the size, morphology and distri-

bution of hRGC (after live/dead staining) throughout 300 µm thick sections of the

gels (Figure 6.4). Image processing algorithms (as explained previously) permitted

the quantification of live cell size and shape factor in all samples. hRGC in the gels

were significantly larger compared to 2D, and their shape factor was lower reflecting a

more elongated morphology. This finding suggests that hydrogels may enable certain

cell behavior, including the formation of cell processes [205], which are not seen with

cells cultured in monolayer in PBS or medium.

Phenotype was checked by flow cytometry and immunohistochemistry on cells
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Figure 6.4: 3D scanning of hRGCs encapsulated in IPNs.
3D fluorescence image of live (CalceinAM-green) and dead (Ethidium Bromide-red)
hRGC encapsulated in the hydrogel candidates, imaged with confocal microscopy on
1.2x1.2x0.3 mm samples. All images were taken at 10X magnification under fluores-
cence microscopy.

cultured for 5 days in 2D (media) or 3D (Gtn-HPA, IPN75 and IPN50 with media)

conditions. Our hRGC phenotypic expression was measured in previous studies [80]

and was shown to have a high positive cell population expressing early RGC markers

(such as Brn3a and Brn3b) with a moderate population of late retinal ganglion cells.

The gating strategy for flow cytometry is presented in Figure 6.5a-c; and consisted

in: gating the cell population with FSC-SSC, then gating the single cell population

with the linear representation FSC-H/FSC-A and finally gating the DAPI positive

population in VioBlue-FSC. This final population was then analyzed for each isotype
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control where the gate was put at 2.5% and pasted on all other markers. As explained

in previous study [201], our hRGC are labelled and isolated with intrinsic Brn3B-

TdTomato expression, this result in a high expression of Brn3B in phenotypic analysis.

Percentage of expression of retinal ganglion cells (Brn3b, Brn3a, RBPMS and Thy1.1),

neuronal (NeuN), apoptosis (Cas3), proliferation (Ki67) and stemness (Cmyc and

Oct4) was measured and is reported in Figure 6.5d while actual cell expression is

shown with confocal microscopy fluorescent images (Figure 6.6). Images were taken

at field of views presenting a high expression of each marker and are not representative

of overall marker percentage of expression. Of note is that a critical factor of using

a scaffold to encapsulate cells is to ensure the maintenance of phenotype throughout

the entire experiment.

Figure 6.5: Flow cytometry gating strategy for hRGC.
Gating strategy for flow cytometry performed on hRGC to check their phenotype. (a)
Cell population gating on SSC-A/FSC-A channels. (b) Single cell population gating
on FSC-A/FSC-H channels. (c) DAPI positive population on VioBlue-A/FSC-A. (d)
Examples of markers gated (RBPMS, Brn3a, Thy1.1 and Cas3). Gates are placed at
2.5% on isotype controls and then applied on all other markers.
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Stemness, proliferation and apoptosis expression were remarkably low in all sam-

ples. This suggests an already differentiated cell population (with low number of

pluripotent stem cells) which is past mitosis. A low apoptosis expression in all sam-

ples enables us to consider the hydrogels non-toxic and confirm the viability assay

performed on all IPN with healthy cells in 2D and 3D environments.

Figure 6.6: Human retinal ganglion cell immunohistochemistry.
Fluorescence images of markers analyzed with flow cytometry, with DAPI as nuclear
staining (VioBlue channel) for all samples (Media, Gtn-HPA, IPN75 and IPN50).
Merged images only. Scale bar is 40 µm in all images. Images taken under fluorescence
microscopy 63X magnification.

As explained in methods, cells being Brn3b-Tdtomato positive, Brn3b expression

was primordial to confirm cells phenotype maintenance by hydrogels and protocols.

This expression is critically high for all samples (around 80%) which also indicate the

possibility of locating injected cells in tissue without the need of many staining (Figure

6.7). Brn3a is a marker which overlaps with Brn3b and is shown here to be relatively

high for all samples (around 50%) indicating a high percent of early retinal ganglion
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Figure 6.7: Human retinal ganglion cell flow cytometry assay.
hRGC phenotype were analyzed using fixed flow cytometry assay. Percentage of
positive hRGC which express stemness markers (Cmyc and Oct4), apoptosis and
proliferation markers (respectively Cas3 and Ki67), ganglion cells markers (Brn3b,
Brn3a, RBMPS and Thy1.2) and neuronal markers (NeuN) is presented for each
sample.

cells in the population. RBPMS and Thy1.1 are markers for late retinal ganglion cells,

already fully differentiated. Part of the hRGC population (around 20%) is expressing

those two markers, suggesting cells differentiated already present. Finally, retinal

ganglion cells’ main objective is to extend processes (axons) that merge into fibers

to form the optic nerve. These fibers express some neuronal markers such as NeuN.

A small part of the hRGC population already expresses NeuN after 5 days in gels

(10%) which suggest that injected cells could potentially be able to extend processes

that could attach the retina and regenerate a dying RGC layer. This phenotype

assay were consistent with previous studies [80] and show no significant difference in

proliferation, apoptosis or stemness markers between groups. Our results advocate

for the use of IPN50, IPN75 and Gtn-HPA for in vivo transplantation and injection

of hRGC.
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6.4.2 IPN adherence to the inner limiting membrane of the

retina

Gel-ILM interface analysis with H&E staining

Due to the viscous nature of the vitreous, vitreal injections of retinal stem/progenitor

cells or drugs pose certain problems, including: how to control their location and

release onto the retina? To begin to investigate whether our gels can enhance in-

travitreal cell therapy, we injected Gtn-HPA, IPN50, and IPN75 (with no cells) into

the vitreous of Long Evans rats and assessed, noninvasively, daily changes in their

vitreous and retina using SD-OCT. At sacrifice, 3 days post-injection, we evaluated

the retina histology with H&E staining (Figure 6.8). Histological images showed the

presence of islands of gels present in the vitreous and attached to the inner limiting

membrane (ILM) of the retina [206]. By incorporating the hRGC into these Gtn-HA

gels, a controlled and constant release of the cells to the ILM could be achieved. Of

note, no detachment or injury to the retina was observed throughout the experiment

suggesting that no harm was caused to the retina during the injection of gels.

Figure 6.8: H&E staining of invitreal injection of gels 3-days
post-transplantation.
H&E staining of rat’s retina 3 days post hydrogel injections for Gtn-HPA, IPN75
and IPN50 groups. Images were taken under bright field microscopy at 10X and 63X
magnification for respectively large image and inset. Hydrogel presence is observed
and labelled with red stars. Inset shows higher magnification and interface of gel with
ILM to prove attachment. Scale bar is 250 µm.

To quantify the presence and attachment of IPN we measured the contact be-

tween IPN and retinal layers for n=10 fields of view for each sample. As seen in
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Figure 6.9a, 200 µm portions of sectioned retina were analyzed (H&E staining) by

outlining the interface and calculating contact (in red) or not (in white). Percentage

of attachment was calculated for each portion and summed over all replicates which

gave for Gtn-HPA, IPN75 and IPN50 respectively 50%, 59% and 79%. By summing

over all replicates, we were also able to obtain the actual distribution of attachment

which suggests the presence of holes at the interface (see Figure 6.9b). These findings

suggest that a higher stiffness and mechanical strength (as in IPN50) could enable

a better attachment of injected hydrogels to the retina: higher average attachment

and less holes at the interface. When injected cells in saline in the vitreous, cells

don’t have matrix to stay at the site of injection (usually ILM or RGC layer) and can

potentially leave the site and start the process of apoptosis, not being able to attach

to other cells. Using these tunable IPN we can encapsulate cells and inject them at

the interface where stiffer hydrogels could then attach and release cells directly onto

the targeted layer of the retina.

Of note is that we performed H&E staining 1- and 10-days post injections. In

the first case gel was not fully attached to the eye but was present in the vitreous

cavity, while in the latter most gel was already degraded without any detachment of

the retina or its layers.

Optical coherence tomography analysis

When injecting in vitreous Gtn-HPA, IPN75 and IPN50 we performed live Spectral

Domain Optical Coherence Tomography (SD-OCT) to image the back of the eye with

infrared (IR) and sections of the retina without sacrificing animals. We were able,

for the first time, to image and observe vitreal injected gel live in vivo. As seen in

Figure 6.10, we acquired images of the back of the eye showing healthy blood vessels,

the core of the vitreous and multiple sections of the retina before, after and each day

post-injection.

Due to the size of the animals, and the SD-OCT apparatus not made for rodents

the quality of SD-OCT images were lower than expected. However, we still observed

the presence of islands of gels present in the bulk of the vitreous right after injection for
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Figure 6.9: Hydrogel-ILM interface analysis after injection of gel in Long
Evans rats.
(a) H&E stained 200 µm sections of the retina, centered on the interface hydrogel-
ILM for all groups. Analysis of attachment shown below each image with black lines
delimiting the interface and red regions showing attachment of gels to the retina.
(b) Analysis of hydrogel-ILM interface from H&E staining with heat map. 200 µm
length interfaces were analyzed for all three samples. Heat map ranges from 0 with
no attachment at the interface to 1 with attachment seen on all different slides.

all samples which implied a difficult imaging of the section of the retina at that time

point. Indeed, islands of gels were refracting the OCT light far away from the retina

therefore sectioned looked cut in half. This will be mainly solved by waiting for the

setting of the gel on top of the retina. These islands are characteristics of Gtn-HPA

and HA-Tyr in-situ crosslinking hydrogel formation [207] and suggest a successful

injection. While the back of the eye was still blackened by the gel, its islands were

observed to be sitting on top of the retina around 2-3 days for all samples. White

regions of gels attached to the retina suggest 3 days to be the optimal time for setting

and start of degradation. We observed a drop-in gel presence starting at 4, 5 and

6 days respectively for IPN75, Gtn-HPA and IPN50. This finding was reinforced

by the total absence of gel for all samples after specific time marked on Figure 6.10

(8-9 days for IPN50, 6-7 days for Gtn-HPA and 4-5 days for IPN75). One crucial
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finding is that morphology of the retina and the back of the before injection and after

total degradation of gel are similar, showing no sign of retinal injury nor detachment.

These findings suggest successful injection of gel that is enabled to sit on top of the

retina and degrades at a moderately fast rate without provoking retinal detachment.

To quantify these findings, we analyzed SD-OCT data with an image processing

algorithm based on Otsu’s thresholding method (see previous methods). An extrac-

tion of background and foreground was performed on n=10 images for each group.

This enabled us to partially quantify the presence of hydrogel in the eye in vivo

throughout time (see Figure 6.11). We then compared this quantification with a

long-term in vitro degradation assay by using degrading enzymes (hyaluronidase and

collagenase) with their actual concentrations found in vivo in the vitreous [85], [86].

Both in vitro and in vivo data show similar trends with a high correlation coefficient

(R2=0.97) which suggest a correct analysis and measurement of gel presence in vivo

with SD-OCT. A curious trend is shown for IPN75 degrading faster than Gtn-HPA

besides being stiffer. This can be explained by the presence of both hyaluronidase and

collagenase in the vitreous. IPN75, comprising 75% Gtn-HPA and 25% HA-Tyr, will

be affected by both collagenase and hyaluronidase while the homopolymeric hydrogel,

Gtn-HPA, will just be degraded by collagenase only (as we proved previously with in

vitro degradation).

Being able to attach our in situ-crosslinking hydrogel to the back of the eye (ILM)

is one of the core results of our study underscoring its ability to enhance not only cell

therapies but also vitreal drug injections [61].

6.4.3 Vitreous transplantation of hRGCs encapsulated in gel

Confocal imaging of retina section with hRGCs

The core result of our work is the in vivo experimental demonstration that IPN

made of Gtn-HPA and HA-Tyr enhance engraftment and extension of processes from

encapsulated hRGC. We injected 5x104 hRGC incorporated in 3 µm of Gtn-HPA,

IPN75, IPN50 or PBS into the vitreous of immunosuppressed Long Evans rats. A
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Figure 6.10: Optical coherence tomography and back of the eye imaging
of Long Evans rat’s post-injection.
First row: back of the eye imaging of rats injected with hydrogels (Gtn-HPA, IPN75
and IPN50) 3-days post injection. Second row: SD-OCT view of the section imaged.
Third and fourth rows: SD-OCT sections imaging of live retina in rats injected
with hydrogels showing retinal layers and presence of gels. Approximate degradation
time is marked as a red line between two data points. Red arrows point towards
islands and presence of gel on the retina and in the vitreous.
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Figure 6.11: In vitro and in vivo degradation of IPNs.
Gtn-HPA, IPN75 and IPN50 hydrogels mass degraded through time during in vivo
injection compared with in vitro degradation. In vitro degradation (plain lines) was
performed using concentrations of collagenase and hyaluronidase found in the eye,
while in vivo degradation (dashed line) was measured using SD-OCT and image
processing. Normalized hydrogel mass was measured for N=15 replicates every 1-2
days. Correlation coefficient between in vitro and in vivo were measured and are
shown in inset. R2=0.97 was found for all samples with no statistical difference found
between in vivo and in vitro data.

1-month study was performed to measure the impact of the gels on cell engraftment,

using STEM121 (human marker; green) to identify the hRGC which were injected.

To prove broad presence of human cells 1 month after injection, tiling of the whole

retina were captured for all samples. As seen in Figure 6.12a, STEM121 positive

cells were observed next to the optic nerve for IPN50 and IPN75 while being in the

center of the retina for Gtn-HPA and sparsely distributed everywhere for the PBS

sample. Due to its low intensity and the size of tiling, intrinsic TdTomato-Brn3b

was observed to be really dimmed in all tiling. These tiling suggest the success of

our xenotransplantation but also of engraftment due to the long-term experiment.

Indeed, due to the fast degradation of hydrogels injected cells had to attach and
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integrate to living tissue to thrive for 1 month in vivo. These tiling also enabled us to

measure the size of the retina and by using an image processing algorithm (explained

in the next section) to calculate the exact fraction of injected cells (5x104 per eye)

engrafted after 1 month for each whole eye.

Figure 6.12: Imaging of hRGC 1-month post transplantation in Long
Evans rats.
Fluorescence microscopy images of retina 1-month post transplantation. Slides were
stained with DAPI-VioBlue, STEM121-FITC and Brn3b-TdTomato. (a) Tiling of
the retina for the 4 injected groups. Images were taken at 63X magnification with
confocal microscopy (scale bar – 250 µm). (b) Single channel fluorescence images,
taken at 20X magnification, of hRGC injected in all groups (Gtn-HPA, IPN75, IPN50
and PBS). Last column shows merge image with retinal layers labelled. Scale bar is
50 µm for all images.

To further analyze location and engraftment of injected human retinal ganglion

cells, we imaged sectioned at 20x magnification for all samples (Figure 6.12b). Cells

were found to be mainly in the retinal ganglion cell (RGC), which is the targeted layer,

and the inner nuclear layer (INL) some migrated towards the choroid, stopping in the

outer nuclear layer (ONL). On first sight, we observed that cells in stiffer hydrogels

(IPN5) and IPN75) were larger and more abundant than the one in Gtn-HPA. Overall

182



cells injected in PBS were found to have the smallest size and were low in number

throughout all sections analyzed. Compared to tiling, intrinsic TdTomato-Brn3b

was observable in these images and shows coherent location with injected cells (co-

localization of both markers being analyzed in the next section). A major difference

was observed (Figure 6.13) in cell morphology among groups. Cells which had been

delivered in gels were found to have processes extended toward the optic nerve (long

axons).

Figure 6.13: Engrafted hRGC cell morphology 1-month post-injection.
Fluorescence microscopy images of retina sections 1-month post transplantation. All
images were taken at 63X magnification (scale bar – 25 µm). Slides were stained
with DAPI-VioBlue (nuclei staining), STEM121-FITC (human marker) and Brn3b-
TdTomato (RGC marker present in all injected cells and some host RGC).

To understand and explain why injected hRGC, in the vitreous, migrate towards

another layer of the retina, one needs to look at the difference in size and morphology

due to the experiment being a xenotransplantation. As a fact, human RGC are 2-3

times bigger than rats RGC [208], therefore, even being attracted to stay and engraft

on the RGC layer, those cells try to find the right place to thrive by migrating into

other layer with bigger cells (as in INL or ONL). Of note is the location of most cells

being in the targeted layer (RGC) for hydrogels groups suggesting a better release of
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cells throughout time onto the retina compared to cells injected in PBS only.

In vivo hRGCs migration, orientation and co-localization

Most stem cells in vivo transplantations are usually analyzed qualitatively by

observing stained sections and cell morphology without applying quantification pro-

cesses. To enhance this analysis, we created an image processing algorithm capable of

localizing cells in their respective layer of the retina, calculating their relative orien-

tation compared to the tissue and measuring the amount of both markers (STEM121

and Brn3b) co-localization in the cell body (Figure 6.14). We created a data set con-

sisting of n=60 pictures in the center of the retina (usually the injected site), taken

at 63x magnification, for all samples.

Figure 6.14: Image processing algorithm for measuring in vivo cell
migration, orientation and co-localization.
(a, d) Learning data set of fluorescence microscopy images of retina. Over saturation
is used for image analysis. (b, e) 2 steps thresholding process images to capture cell
center, cell bodies and cell orientation. (c, f) Images annotated and separated into
the different retinal layers.

As explained in previous methods, the algorithm consisted in a 2-step threshold-

ing process which separated the cell center (possessing a high intensity) from their
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surrounding (dimmer intensity). To use a simple non-realistic analogy, we first seg-

mented whole cells, then segmented nuclei, and finally removed cells not containing

any nucleus. This extraction worked with most cells however, precision suffered: some

pixels - especially around the border of the image - were above the threshold, leading

to segmentation towards unwanted parts of the image. To solve this issue, we decided

to delete the 5px border of each image (which corresponded to <1% of the image)

usually just removing 1-2 cells per picture. To set a constant and relatable quantifi-

cation we perform an intensity normalization for all images and were able to localize

almost all cells in each image. Nonetheless, being able to extract cell location on each

image was not sufficient to significantly quantify our xenotransplantation, therefore

we decided to annotate each image with the retinal layers as seen with DAPI stain-

ing (third column). This annotation was done by hand using a simple online tool

(Makesense.ai) which enabled us to divide each image into retinal regions (Choroid,

ONL, INL, RGC and Vitreous). By merging the coordinates of cell extraction with

the retinal layer we were finally able to localize each cell engraftment in the retina

(as seen in Figure 6.15).

Most engrafted injected cells (40%), for all groups, were found in the RGC layer

(Figure 6.15) while the rest were mainly in the inner nuclear layer (INL). No significant

number of cells was found in the outer nuclear layer or in the vitreous (<4%). Of

the initial 5x104 injected cells, following are the percentages of the viable engrafted

cells found 1 month after injection: 52% for Gtn-HPA; 53% for IPN75; 56% for

IPN50; and 38% for PBS. A noteworthy finding was that in the target RGC layer

of the retina, there was a 2-fold greater number of cells delivered by the IPN50 gel

compared to the saline injection group. Moreover, the IPN50 group displayed the

narrowest distribution of cells in the target layer.

The ability of injected cells to extend processes is critical to induce retinal re-

generation in diseases affecting the retinal ganglion cells [209]. To demonstrate the

enhancement offered by the IPN gels we analyzed injected cells, found in the target

RGC layer, for their cell body size (including processes) and their orientation in the

retina: native RGC extending parallel to the retina cross-section [210]. The actual
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Figure 6.15: Distribution of engrafted hRGC in retinal layers.
Statistical analysis, using one-way ANOVA followed by Tukey’s test, of the percentage
of engrafted hRGC per layer after 1-month. N=60 field of views were analyzed. hRGC
engraftment percentage was significantly higher in hydrogels groups compared to PBS
(****p<0.0001) in the target layer (RGC): IPN50 showing a higher engraftment and
narrower distribution compared to other hydrogels (*p=0.01).

orientation of each cell corresponds to the angle difference between its body and the

layer it is located in. Both angles were measured by fitting the largest possible ellipse

in both the extracted cell body and annotated layers (cell ellipses shown in second

column of Figure 6.14) and using their long axes angle.

Figure 6.16a presents, in polar coordinates, the size of these cells (r) in function

of their relative orientation to the retina (𝜃). Most elongated cells were found in the

IPN50 and Gtn-HPA groups and have their orientation close to 0 degrees, while none

were found in the PBS group. The distribution of medium-size cells is centered around

0 degrees for all groups with significantly more medium-size cells found in IPN50

compared to all other groups. Finally, the number of round and undifferentiated cells

was uniformly distributed through size and orientation for all groups. Most human

markers (including STEM121 or STEM101) are usually also staining some blood

vessels, especially in the retina. Therefore, to guarantee that our in vivo quantification

was performed on human injected cells and not host blood vessels (artifacts) we used

a co-localization algorithm, previously described [203], which measures the presence

of both STEM121 marker and human intrinsic Brn3b for each extracted cell. This
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code finds the M1 and M2 coefficients which correspond to the amount of respectively

green and red pixels in each image while measuring the correlation coefficient of these

pixels. This enabled us to demonstrate the fact that events found during staining

were injected cells and not artifacts. All events were found to have a co-localization

correlation coefficient higher than 70% which corresponds to the grey area in Figure

6.16b.

Figure 6.16: Processes extension and co-localization analysis of engrafted
hRGC in the target layer.
Cell size and orientation were measured for more than 1x103 cells and is shown as a
polar plot for all groups in (a). Cells were divided into three categories: undifferen-
tiated round cells (r< 30 µm), medium-size processes extension (30<r<150 µm) and
long processes extension (r>150 µm). (b) Co-localization analysis of cells extended
processes.

Muller and immune cells expression

While in vivo xenotransplantation was performed on immunosuppressed Long

Evans rats, analyzing and measuring the core immune response to injected cells and

biomaterials is critical to any transplantation. To do so, we stained eyes sections

with IBA1, CD45, CD11b and CD68 markers (mainly expressed in microglia and

immune cells response to injection in the retina [211]). By imaging with fluorescent

confocal microscopy 15 random fields of views, we were able to observe the presence
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of both markers in all samples, as it can be seen in Figure 6.17. Most AB1 expression

was found in the inner nuclear layer while CD45 was localized next to the injection

site in the retinal ganglion cells layer. To create a significant quantification of the

immune response due to the injections we used a simple image processing algorithm

which consisted in calculating the surface coverage of each marker: calculating the

number of positive pixels for each marker (green for IBA1 and red for CD45) and

normalizing by the total number of pixel in the image. As seen in Figure 6.17, both

immune markers expression was significantly higher in PBS than all other samples.

In order to extract the effect of the gels from the injection itself we compared this

data to the SHAM experiment (consisting in only stabbing the eye with the needle

without injecting cells or buffers). All hydrogel samples possess a similar expression

of immune cell markers compared to SHAM but higher than the control eye.

Specific immunolabeling of activated microglial cells was analyzed with anti-CD11b,

anti-CD68 antibodies revealed high expression in group with PBS injected cells and

significantly lower in the group that received cells with gels for CD68 while no signifi-

cant difference was found for CD11b, as seen in Figure 6.18. Innate immune response

usually mounts early in response to stress, infection, and injury and since cells with gel

have shown to cause less stress during transplantation the significant lower activated

microglial response was noted in group that received cells with gels. These findings

suggest that the main cause of immune response when injecting cells encapsulated in

our IPN is the needle injection itself, while injecting cells in PBS provokes a higher im-

mune response. The immune reaction analysis showed the injury due to the injection

could trigger a reaction from the host as seen with CD45 staining. In the PBS group,

hRGC suspension are exposed to the invading leukocytes especially as xenograft in

non-immunosuppressed animals. Gtn-HPA and HA-Tyr, being GMP-like approved

biocompatible and biodegradable polymers, can form a protective barrier for hRGC,

protecting them from the migrating immune cells.

Muller cells form the entrance path inside the retina, extending their processes

through all the layers partly forming the barrier between the retinal ganglion cell layer

and the vitreous: the inner limiting membrane. When activated, due to entrance of
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Figure 6.17: Immune response staining of xenografts, 1-month post
transplantation.
Images taken under fluorescence microscopy to identify leukocytes, immune cells and
Muller cells expression. All images were taken at 63X magnification. Immunohisto-
chemistry staining of all groups for (a) CD45 and IBA1 or (c) GFAP. Scale bar is
100 µm. (b, d) IBA1, CD45 and GFAP expression, obtained from number of colored
pixels, analyzed using one-way ANOVA (***p=0.001).

pathogens, migrating immune cells or exogenous ed human cells, Muller cells express

largely Glial fibrillary acidic protein (GFAP). To measure Muller cells activation,

we stained eyes sections with GFAP and imaged them with fluorescent confocal mi-

croscopy, as seen in Figure 6.17c. By using the same image processing algorithm as

for the immune response, we were able to quantify GFAP expression for all samples

(Figure 6.17d). An identical trend, as for immune reaction, was found in Muller cell

activation with a significantly higher expression in PBS samples compared to all other

groups. No differences were found between all gels and SHAM samples. These find-
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ings corroborate the immune response expression previously explained. While being

a delivery vehicle and protecting cells from the intrinsic immune response, hydrogels

(and especially these IPN) also facilitate the entry of exogenous cells inside the layers

of the retina with less Muller cell activation observed.

Figure 6.18: Activated microglia response staining of xenografts,
1-month post transplantation.
Images taken under fluorescence microscopy to identify activated microglia, expres-
sion. All images were taken at 63X magnification. Immunohistochemistry staining of
all groups for (a) CD11b or (c) CD68. Scale bar is 100 µm. (b, d) CD11b and CD68
expression, obtained from number of colored pixels, analyzed using one-way ANOVA
(**p=0.005).
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6.5 Discussion

Prior studies addressed the advantages of Gtn-HPA as a carrier for subretinal

injection of photoreceptor progenitor cells [77], [116], [168]: enzyme-mediated covalent

crosslinking; independently tunable gelation rate and crosslink density; protection

of cells from shear stress imparted by injection through a small-bore needle; and

immune-isolation to-protect incorporated xenogeneic cells against immune cell attack.

The current work demonstrates the benefits of admixing HA-Tyr with Gtn-HPA for

intravitreal injection of hRGC to potentially regenerate vision lost during diseases

such as Glaucoma: extending the range of the moduli of the gel; improving the

attachment to the ILM; enhancement of engraftment of hRGC to the target layer;

and facilitating the adoption of a natural RGC morphology of delivered cells [212] .

Vitreous is one of several tissues in the body—including the hyaline cartilages—that

comprises an IPN of collagen (principally type II) and HA. The IPN structure of the

collagen and HA in these tissues imparts special mechanical behavior (viz., modulus

of elasticity) which, in the case of the vitreous, is critical to support the surrounding

ocular structures including the retina. A unique feature of the collagen-HA network

in these tissues, enabled by the IPN structure, is the dynamic control of modulus

offered by the HA uptake of water: the swelling of the vitreous which is due to a

high fixed charge density. Therefore, stiffening the tissue by extending the collagen

fibrils of the network [213]. The formation of an IPN from the mixing of Gtn-HPA

and HA-Tyr was unexpected as both side groups can theoretically chemically react

and bind to each other, which was not observed in our experiment. It is still unclear

why the mixing of Gtn-HPA and HA-Tyr formed an IPN, as opposed to a random

copolymer network, as both side groups can theoretically chemically react and bind to

each other, which was not observed in our experiment. While collagen-HA IPN have

previously been prepared for several applications using various methods [214], [215],

none have offered the degree of in vivo tunable gelation rate and cross-link density

for an injectable gel [216], [217], as provide by the gelatin-HA formulation described

in the current work. In a prior study in which 5x104 labeled rat RGC suspended in
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2 µl of PBS were injected intravitreally into adult rats [218], cells from a wide range

of donor ages, but not from adults, were only occasionally found to have migrated

into the ganglion cell layer . In other work, in which 40,000 or 60,000 rat RGCs in

3-4 ml of serum-free medium were injected intravitreally in rats, the exogenous cells

migrated into, and established themselves in, the ganglion cell layer. They appeared

to “extend axons toward the optic nerve head of the host retina and dendrites growing

into the inner plexiform layer.” [219] Electrophysiological recordings demonstrated the

electrical excitability and light responses of the transplanted cells.

Our supposition is that incorporation and delivery of RGCs into the gelatin-HA

gel primes them for their migration to and establishment and function in the retinal

ganglion layer of the host, by exposing them to certain chemical and mechanical cues

that effect their expression of cell adhesion molecules and other receptors, including

those that control extension of afferent and efferent cell processes.

Overall, we expect this work to provide design principles for drug and stem cell

therapies in the eye and other organs which depend critically on viability and stability

of cells during injection and development.
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Chapter 7

Isolation of rare human cone

progenitor (hCPs) to restore sight

7.1 Introduction

Retinal degenerations cause visual impairment and it occurs due to progressive loss

of photoreceptors which are responsible for scotopic and color vision (photopic). Pa-

tients with photoreceptor degeneration currently have no treatment available. There

are approximately more than 10 million patients worldwide affected by a retinal de-

generative disease affecting primarily photoreceptors (as retinitis pigmentosa, cone

dystrophy and dry AMD which accounts for more than 200k patients per year in US

alone). Present treatments such gene therapy still requires healthy photoreceptors to

be able to achieve functional recovery. Thus far there is no treatment that has been

able to restore the functionality of the retina. To find a possible treatment using stem

cell therapy we have isolated pure human cone progenitor cells from a fetal source

which can integrate with host retina resulting in replacement of diseased cells and

return of vision. These are committed cells that are destined to mature into cone

photoreceptor hence not prone to tumor formation like ESCs or IPSCs. We have

successfully cultured and tested these cells and are able to make “cell banks” that can

be injected subretinally in clinical setting.
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7.2 Experimental design

7.2.1 Experimental groups

Table 7.1: Animal experimental groups for subretinal injection of hCPs.

Long Evans
2 weeks

Total no of
injected rats

Successful
injections

No of rats with
presence of cells

16 weeks-hCP 11 10 10
14 weeks-hCP 9 9 8

SHAM 5 5 N/A
RCS rats
90 days

Total no of
injected rats

Successful
injections

No of rats with
presence of cells

High dose-150k 8 7 6
Medium dose-100k 8 7 5

Low dose-50k 8 7 7
SHAM 8 8 N/A
Control 8 8 N/A

RD1 mice
1 week

Total no of
injected rats

Successful
injections

No of mice with
presence of cells

High dose-100k 4 4 3
Low dose-50k 4 3 2

SHAM 4 4 N/A
Control 3 3 N/A
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7.2.2 Overview of animal experiments

Figure 7.1: Experimental design of hCP injection in different animal
models.
Rats and mice are left to settle down for 4 days after arrival, which is followed by the
start of cyclosporin treatment. hCP injection is performed at day 8 post-arrival for
all groups. RD1 are sacrificed 1 week later, Long Evans 2 weeks later and RCS 90
days later. OKN and ERG are measured for RCS rats 60- and 90-days post-injection.

7.2.3 Control and measured outcomes

The control group consisted of rats/mice which had no surgery. The SHAM group

consisted in rats/mice which had only a minimal surgery consisting in poking the

eyeball with a 31-gauge needle without injecting anything. This is performed to

replicate the trauma of needle injection itself. These rats/mice were sacrificed at the

same time points as the experimental groups. Outcomes for this study were based on

direct examination, image processing and machine learning analysis of retinal sections

or whole mount of injected rats/mice eyes. The measured outcomes were:

• % of cells engrafted expressing STEM121 (human)

• % of cells engrafted expressing Cone Arrestin (Cones)

• % of cells engrafted expressing DAPI (Nuclei)

• Number of nuclei in ONL (function of distance from injection location)
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• Spatial frequency (OKN measurement of functional assay)

• Response to light stimulus (ERG)

• % area of IBA1 (immune cells)

• % area of CD45 (macrophages)

7.3 Materials and methods

7.3.1 Source and culture of hCP

Fetal eyes are received from Advanced Bioscience Resources (ABR). Tissues are

collected in compliance with FDA’s Donor Eligibility guidelines (21 CFR part 1271).

The donors are assessed and considered free of risk factors and clinical evidence for

communicable diseases. Donors are tested within 2 days of tissue harvest for human

pathogens. Tests are performed at a CLIA certified lab using FDA approved test

kits. Process and chain of custody for the tissue is performed with Quality oversight.

Human eyes from ABR/Cambrex in California arrive 12-24 hours after sacrifice. The

tissue samples, obtained overnight, is allowed to settle down for 2 hours. Then care-

fully, the media is aspirated and a fresh HBSS containing 1% anti-anti solution buffer

is added to the tube containing the sample. Eyes are removed in a petri dish and

the retina is carefully teased out by removing lens and vitreous fluid, along with

RPE (retinal pigment epithelial cells) and ciliary body. Using a fine forceps retina

is dissected out and suspended in 10 ml of activated papain solution (1.1mM EDTA,

0.3mM 𝛽-mercaptoethanol (bME) and 5.5mM cysteine-HCl) with 0.1 mg/ml of pa-

pain. Processed retina is incubated with papain at 37ºC for 30 minutes. The tissue

is dissociated into single cell suspension. Finally, 40 ml of HBSS is added to the tube

and centrifuges at 2000 rpm for 5 minutes. Post-centrifuge, supernatant is removed,

and single cell pellet is resuspended in media and plated into a fibronectin-coated T75

flask. Defined media is shown in Table 7.2.
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Table 7.2: Media components for hCP culture.

Media 1 Media 2
Ultra media (Lonza) 500 ml DMEM/F12 500 ml
L-Glutamax (Gibco) 5 ml L-Glutamax (Gibco) 5.5 ml
rhEGF (Peprotech) 1 ml 100x NEAA 5.5 ml
rhFGF (Peprotech) 500 µl Sodium Pyruvate 5 ml
Primocin (Invivogen) 1 ml B-mercaptoethanol 4 µl
KOSR (Gibco) 65 ml bFGF 1 ml

Culture of fetal retina cells is performed by feeding defined media (defined previ-

ously) every 3 days. When T75 flask appears to be >70% confluent, three T75 are

coated with fibronectin to split the population and expand cells. At each step of the

process, cell viability is measured, and cell count is analyzed with trypan blue. Media

is aspirated and 10 ml of HBSS with 10% TrypZean is added to the flask to detach

cells. Flask is then incubated for 5 minutes at 37ºC. Cells are collected and centrifuge

at 2000 RPM for 5 minutes. Supernatant is removed and cells are re-seeded into the

three coated T75 flask. 5 to 7 days post-plating, cell viability and count is measured

with trypan blue and cells are prepared for first isolation.

After the first or second sort, respectively CD73+ cells or hCP are culture and

passaged with the same protocol as for fetal retina cells. Finally, cells are used for dif-

ferent experiment or cryopreserved. Cells from all flasks are detached with TrypZean

(as previously described) and centrifuge at 2000 RPM after which supernatant is dis-

carded and cell pellet is resuspended in 1ml of HBSS while trypan blue viability and

cell count is performed. Cell pellet is resuspended in synth-a-freeze cryopreservation

media at a concentration of 4x106 cells per ml. Cell suspension is pipette into cry-

ovials at a volume of 1 ml. Vials are placed in 1 ºC container which is placed at -80ºC

for 5 hours. Following which cryovials are removed and placed in liquid nitrogen until

further use.
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7.3.2 hCP sorting strategy

Sorting fetal retina into hCP is a 2-step process (patented) with two different

sorts using the Miltenyi Tyto cell sorter [220]. For the first sort, fibronectin coated

T75 flasks containing dissociated fetal retina cells are processed with 10% TrypZean

to detach and collect fetal retina cells. All cells are centrifuge at 2000 RPM for

5 minutes, supernatant is discarded, and cells are collected in a 50 ml tube as a

pellet. Cells are incubated with CD73-APC and CD73-PE (25 µl of each antibody

in 150 µl of Tyto Buffer, Miltenyi Biotech) at 4 °C for 30 minutes. Post-incubation,

50 ml of HBSS is added and cells are centrifuge at 2000 RPM for 5 minutes to

wash excess of antibodies. Cells are resuspended in 1 ml of Tyto buffer and counted

using trypan blue. Depending on the cell number, more tyto buffer is added to

reach a concentration of 1x106 cells per ml. Cell solution is filtered through 30 µm

pre-separation filter. 10 ml of filtered cells solution is finally loaded into the Tyto

cartridge (previously primed as per Miltenyi protocol, using only tyto buffer). 100 µl

of cell suspension is taking into an Eppendorf tubes and analyzed with MACSQuant

to observe and find the positive cell population before running the Tyto.

Tyto cartridge is loaded into the Tyto cell sorter for sorting cells of interest. For

the machine to know the cell velocity, a cell must be stained in at least two different

fluorochrome, this way the machine can calculate the time it takes the cell to go

from the first laser to the second one. As soon as both these variables are stable,

lasers can be started, and fluorescent data starts to appear showing an approximate

of 5000-7000 cells that flows in front of the lasers. Each cell passes in front of the

three lasers and its fluorescent intensity is measured and reported on the graph. The

same gating strategy that was used on the control on the MACSQuant is used on

the live tyto sorting machine before starting sorts. However, to capture each positive

cell, the valve speed and delay of action needs to be set up. The arrival window tab

allows to capture the exact population of cells flowing through the microfluidic device

by adjusting the window width and making it a tight fit for fine sorts (this depends

on cell size, shape, granularity, intensity, stiffness, concentration).
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Tyto voltages are modified to observe the positive cell population to be in the

102 order of magnitude. Threshold on CD73-PE (blue laser) is applied at V=10, to

delete any negative and debris population. Cell speed-threshold (red laser) is applied

at V=10, to correctly measure the speed of positive cells. Gate is drawn around the

high double positive cell population and window arrival is tuned to captured more

than >85% of gated positive cells with less than <10% event on window edge. Sort

is started when population is clear, and monitor shows perfect alignment of lasers.

Sorting time is 2:30 hours for 10 ml. Average pressure applied to cells is 150-200

mPa. Post-sorting, the cartridge is taken into sterile hood compartment and positive

population is collected from the positive chamber (negative population being collected

too). 1% of the final population is collected into an Eppendorf tube and analyzed

with MACSQuant to analyze the success of sorting CD73 positive cells. Rest of the

positive cells are re-plated into a fibronectin coated T75 flask and with defined media.

Finally, flask is incubated at 37 °C in hypoxia conditions. For the second sort, CD73+

sorted cells are processed with TrypZean (as explained previously). The protocol of

detachment, dissociation and loading in the Tyto cartridge are similar as for the first

sort. This time, cells are stained with CD73-PE, Thrb-APC and CD11b-VioBlue (25

µl of each antibody in 150 µl of Tyto Buffer, Miltenyi Biotech) at 4 °C for 30 minutes.

Post-incubation, 50 ml of HBSS is added and cells are centrifuge at 2000 RPM for 5

minutes to wash excess of antibodies. With the same protocol, cells are analyzed for

positive population and loaded into the primed Tyto cartridge.

Tyto voltages are modified to observe the positive cell population to be in the

102 order of magnitude. First negative gating is performed on CD11b positive cells

(usually less than <5%), then all tuning is performed on CD11b negative population.

Threshold on CD73-PE (blue laser) is applied at V=50, to delete any negative and

debris population. Cell speed-threshold (Thrb-APC, red laser) is applied at V=50, to

correctly measure the speed of positive cells. Gate is drawn around the high double

positive cell population and window arrival is tuned to captured more than >75%

of gated positive cells. Sorting starts when population is clear, and monitor shows

perfect alignment of lasers. Sorting time is 2:30 hours for 10 ml. Average pressure
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applied to cells is 250-350 mPa. Post-sorting, the same protocol is applied to collect

the positive cell population and re-plate it into T75 flasks. This final subpopulation of

hCP is cultured with defined media and culture appropriately for future experiments.

7.3.3 Phenotype assay with flow cytometry and immunohis-

tochemistry

hCPs (5 x 105/ml in media) were trypsinized and cell pellet was collected and

processed for phenotype analysis a Flow Cytometry assay. Flow Cytometry was per-

formed using MACSQuant flow cytometer (Miltenyi, San Diego). Cells were collected

and fixed with Perm/Fix buffer (BD Biosciences) at 4 °C for 15 min. Cells were then

washed in wash buffer (BD Biosciences) and incubated, at room temperature, in

block buffer (Pharmingen staining buffer with 2% goat serum) for 30 min. Blocked

cells were seeded onto a flat bottom 96-well plate (treated, sterile, polystyrene,

Thomas Scientific) and stained with conjugated primary antibodies (DAPI-VioBlue,

Cone Arrestin-FITC, S-opsin-FITC, R/G opsin-FITC, Blue opsin-FITC, Rhodopsin-

FITC, Recoverin-APC, Calbindin- FITC, RBPMS-APC, PKCa-FITC and Brn3a-

FITC, KI67-APC) overnight at room temperature. Primary antibodies were diluted

in 200 µl of antibody buffer (TBS, 0.3% Triton X-100 and 1% goat serum). After

cells were washed three times for 15 min, secondary antibodies were goat-derived

anti-rabbit and anti-mouse and diluted 1:200 in antibody buffer (Jackson Immunore-

search Laboratory). Secondary antibodies were applied and left at room temperature

for 3 h. light scatter and fluorescence signals from each well were measured using

the MACSQuant flow cytometer (2 x 105 events were recorded). The results were

analyzed using the MACSQuantify software (https://www.miltenyibiotec.com). For

each primary antibody DAPI-positive single cell population was gated. The ratio of

positive cells in the gated population was estimated in comparison with blank and

species-specific isotype control.

Live hCPs grown in chamber slides and cryosection from Long Evans left eye were

fixed with 4% paraformaldehyde in 0.1 M PBS (Irvine Scientific) at room temperature
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for 20 min. These fixed cells and sections were blocked and permeabilized with a

blocking solution [(Tris-buffered saline (TBS), 0.3% Triton X-100 and 3% goat serum

(Jackson Immunoresearch Laboratories, West Grove, PA,] for 15 min. Samples were

then rinsed twice with 0.1 M TBS buffer for 15 min each time, mounted on polysine

microscope slides and incubated with primary antibodies overnight at 4 °C (DAPI-

VioBlue, Cone Arrestin-APC, R/G opsin-APC, TRA-1-85- FITC, STEM121-FITC)

at concentrations determined in laboratory (Table 7.3). The next day, samples were

rinsed three times with TBS for 15 min. Secondary antibodies (goat-derived anti-

mouse and anti-rabbit) were applied for 1h at room temperature. Samples were then

washed one last time with TBS before being mounted on polysine microscope slide

with lox viscosity slide mounting medium. Digital images were obtained with an

Epifluroscent microscope using 20x objective. Electronic image files were managed

using MATLAB software.

7.3.4 Micro-electrode array assay

Using a 1 ml pipette tip, a 2ml cell suspension containing around 500,000 hCP was

placed on the MaxWell MaxOne Multielectrode Array and aligned to the electrode.

16,000 electrodes on 4 sq.mm was used. A 5-mm coverslip was placed between the

microscope objective and the cell suspension to maintain an optically aberration-free

transition zone from the air to the liquid. The HD-MEA chip was plugged into the

interfacing circuit board. The cells were allowed to acclimate to the MEA under a

50% contrast background for 20 min. The data recorded on the MEA was sampled

at 20 kHz, and filtered on-chip, approximately between 0.5 Hz and 12 kHz. Data was

then filtered with a 280 Hz high-pass filter and 7 kHz low-pass filter to reduce offset

effect and high frequency noises. Light stimuli were programmed and sent to a LED

projector. The projected image was centered on the selected electrode region, and

light stimuli were run sequentially. Prior to each stimulus, a 50% contrast background

was projected onto the cell suspension for 5 min so that the cells could adapt to the

mean projected photopic level.
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Table 7.3: Primary antibodies used for testing of injected hCP.

Antibody Isotype Dilution Source Target
DAPI-VioBlue IgG2a 1:1000 BD Biosciences Nuclei
Cone arrestin-FITC IgG1 1:200 BD Biosciences Cones
S-opsin-FITC IgG1 1:200 BD Biosciences Cones
Blue opsin-FITC IgG1 1:100 BD Biosciences Cones
RG-opsin-FITC IgG1 1:100 BD Biosciences Cones
Recoverin-FITC IgG1 1:100 Abcam Photoreceptors
Calbindin-FITC IgG1 1:50 Abcam Horizontal
Caspase9-FITC IgG1 1:50 Santa Cruz Apoptosis
Rhodopsin-FITC IgG1 1:20 Abcam Rods
Oct4-APC IgG2a 1:200 BD Biosciences Stemness
PAX6-APC IgG2a 1:100 Santa Cruz Retinal cells
C-myc-APC IgG2a 1:200 BD Biosciences Stemness
Ki67-APC IgG2a 1:50 Santa Cruz Proliferation
RBPMS-APC IgG2a 1:100 EMD Millipore RGC
PkCa-FITC IgG2a 1:50 Santa Cruz Bipolar cells
Brn3a-FITC IgG1 1:100 ThermoFisher RGC
STEM121-FITC IgG1 1:200 Abcam Human cells
TRA-1-85-FITC IgG1 1:100 Abcam Human cells
Isotype Rabbit IgG1 1:100 Abcam Control
Isotype Mouse IgG2a 1:100 Abcam Control
Anti-Rabbit 1:200 BD Biosciences Secondary
Anti-Mouse 1:200 BD Biosciences Secondary

7.3.5 In vivo transplantation of hCPs

Animals were anesthetized with 2%-3% isoflurane (Abbott, Solna, Sweden) in

combination with oxygen. Transplantations were performed on Cyclosporine (Atopica,

oral solution 100 mg/ml, Novartis, USA) immunosuppressed animals. Rats/mice se-

dated were given intraperitoneal injection of ketamine (40-80mg/kg) and xylazine

(10mg/kg) for anesthesia. Eyes were first anesthetized using topical ophthalmic

proparacaine (0.5%) followed by Genteal to keep the lens moist during the surgery.

Recipient were injected in sub-retinal space with hCP single-cells injections. A con-

junctival incision and a small sclerotomy were performed using a fine disposal scalpel.

Cells were injected into the subretinal space using a glass pipette (internal diameter,
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150 µm) attached to a 50-µl Hamilton syringe via a polyethylene tubing. The hCPs

were injected into the retina bleb as a single-cell suspension in PBS. The injection

volume was 2 µl for all replicates. Using a glass coverslip applied on the eye checked

bleb presence. Subretinal space injection was considered successful is a shining bleb

was seen under the dissection surgical microscope. Triple antibiotic (Bac/Neo/Poly)

was given locally at the end of the surgery to prevent further infection. The animals

were then placed in their cages for a 14-day study.

The research protocol was reviewed and approved by the Schepens Eye Research

Institute Animal Facility and was in accordance with the Association for Research in

Vision Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision

Research. One, two, or thirteen (depending on the experimental design, see previ-

ous section) weeks post transplantation, immunosuppressed animals were sacrificed

by CO2 inhalation for 5 min. Cervical dislocation was performed to certify death.

Eyes were enucleated and placed in 4% paraformaldehyde for 24 hours. Tissues were

subsequently saturated with increased concentrations of sucrose (5%, 10%, 20%) con-

taining Sorensen phosphate buffer. Eyes were immersed in 30% sucrose overnight or

until dissection. The tissues were embedded in cryosection gelatin medium overnight.

During the sectioning process, every 4th section was stained and examined by epi-

fluorescence for hCP presenting with STEM121-FITC (human cell marker), DAPI-

VioBlue (cell nucleus), Cone Arrestin-APC (cone marker). Every 5th section was

stained with TRA-1-85-FITC (human cell marker), DAPI-VioBlue and Cone Arrestin-

APC. Every 6th section was stained with Human Nuclear Antigen (human nuclei),

DAPI-VioBlue and Cone Arrestin-APC. After overnight incubation, samples were

rinsed three times with TBS for 15 min. Secondary antibodies (goat-derived anti-

mouse and anti-rabbit, DAPI-VioBlue) staining was performed for 1h at room tem-

perature. Samples were then washed a final time with TBS before being mounted

on poly-l-lysine microscope slides with low viscosity slide mounting medium. Digital

images were obtained with an epifluorescence confocal microscope (Leica SP8) using

63x-oil objective.
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Long Evans rats

Twenty-five male domestic rats of the Long Evans breed (age 12 weeks, approx-

imate weight 200g) were used as recipients in the experiment. Cryosections from

Long Evans rats left eyes (sectioned at 15 µm thickness on a cryostat), were fixed

with 4% paraformaldehyde in 0.1 M PBS (Irvine Scientific) at room temperature for

20 min. These fixed sections were blocked and permeabilized with a blocking so-

lution (Tris-buffered saline (TBS), 0.3% Triton X-100 and 3% goat serum (Jackson

Immunoresearch Laboratories, West Grove, PA) for 15 min. Samples were then rinsed

twice with 0.1 M TBS buffer for 15 min each time, mounted on polysine microscope

slides.

RCS rats

Forty male Royal College of Surgeon rats (RCS) (age 2-4 weeks, approximate

weight 100g) were used as recipients in the experiment [221]. The same protocol

as for Long Evans sections was applied to RCS retinas. This study was performed

by an outside contractor: OHSU Casey Eye Institute (Portland, Oregon), under our

supervision.

RD1 mice

Fifteen female RD1 mice [222] (age 1-week, approximate weight 50g) were used as

recipients in the experiment. RD1 eyes were either sectioned using the same protocol

as for Long Evans retinas, or were analyzed with whole mount. Retina was dissected

from the vitreous and the RPE layer of the eye. Following dissection, 4 incisions were

applied onto the retina, which was then flattened on a poly-l-lysin coated microscope

slide. Whole mounts were stained with STEM121-FITC (human cell marker), DAPI-

VioBlue (cell nucleus), Cone Arrestin-APC (cone marker).
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7.3.6 H&E and nuclei count in ONL

After sectioning, every other section was stained and analyzed with Hematoxylin

and Eosin (H&E) to measure the number of nuclei in the ONL of the retina. Thermo-

scientific Rapid-Chrome H&E staining kit was used. This consists in an 18-steps

process which permanently stains cytology specimens. Slides are dipped into a series

of solutions containing 95% alcohol, distilled water, Hematoxylin, Bluing reagent, and

Eosin-Y stain followed by a series of washings before the final fixing step. Slides were

then mounted and observed under an upright microscope (Leica DM2500) at different

magnifications. The thickness of the ONL was measured by blindly counting the

number of nuclei in thickness at random distance from the injection location, every

100 µm on each side of the retina. Overall average was measured and reported for

each animal.

7.3.7 ERG and OKN assays

Electroretinography (ERG) sums up all the retinal activity. Following overnight

dark adaptation of 12hrs, the animals were prepared for ERG recording under dim red

light. Rats were sedated using isoflurane inhalation followed by Ketamine/Xylazine

injection and for mice intraperitoneal injection of ketamine/xylazine solution with-

out isoflurane inhalation. While under anesthesia, the animal body temperature is

maintained at 38° C, using a warm heating blanket, and their pupils is dilated using

a drop of 1% Tropicamide followed by a drop of 1% proparacaine applied on the

corneal surface. One drop of Genteal (corneal lubricant) is applied to the cornea of

the untreated eye to prevent dehydration. A drop of 0.9% sterile saline is applied on

the cornea of the treated eye to prevent dehydration and to allow electrical contact

with the recording electrode (gold wire loop). A 25-gauge platinum needle, inserted

subcutaneously in the forehead, serves as reference electrode, while a needle inserted

subcutaneously near the tail serves as the ground electrode. A series of flash inten-

sities is produced by a Ganzfeld controlled by the Diagnosys Espion3 to test both

scotopic and photopic response. Using acquisition software set a 2KHz sampling rate
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is set with collection time ranging from 100-1000msec.

Optokinetic (OKN) response is testing with original head tracking apparatus that

is further modified to suit the animals. Apparatus consisting of rotation drum with

stripes with three different spatial frequencies is used for testing. Rotating drum is

illuminated with 3 flood lights and turns around 170°. The intensity of light can be

altered with a dimmer and rotation drum is moved to be behind a black wall to ensure

only one eye at a time is exposed to the rotating stripes. The animal is placed inside

a tube attached to the top of the apparatus this restricts the movement of the animal

body and ensures only the head movement. To prevent the animal from escaping low

shock plate is placed in front of the tube. A video camera is used to record the head

movement. The tube can be rotated 190° to expose second eyes. The analysis and

scoring are performed post recording.

7.3.8 Image processing for analysis of hCP distribution in RD-

1 mice

The engraftment of hCPs was quantified by measuring the cell distribution pat-

tern. After using Leica SP8 confocal microscope to image the test groups (10 fields

of view per group), as explained earlier, colored images (VioBlue for DAPI, FITC

for STEM121 and PE for cone arrestin) were analyzed. Segmenting and obtaining

cells centroids and position was performed using the algorithm previously described

(Appendix A.2). Then a density map was created by approximating each cells by a

circle centered on its centroid with a radius equal to its long ellipse length. This den-

sity map enabled the measurement of the cell density anywhere on the whole mount

(Appendix A.4). The distance recovery profile was then calculated by measuring the

variable density away from each specific cells and was averaged for all cells. Nearest

neighbor distance and index were calculated by searching for the closest cell away

from each reference cell. This was performed for all cells of correct sizer throughout

the entire whole mount and averaged. Finally, circles, centroids, density, NNI were

plotted on the original confocal image to check for specific distribution.
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7.4 Results

7.4.1 Novel microfluidic process of isolation of hCP

Sorting process, cell number and viability testing

The isolation of hCP includes an 8 steps process starting from the receipt of

fetal tissue from ABR (Figure 7.2a). Isolated single cells are cultured in hypoxia

conditions to obtain the appropriate number of cells for sorting (Figure 7.2b). Before

seeding cells, viability is checked along with cell count that allows the estimation of

the cell doubling time (Figure 7.2c). As explained in the previous methods, fetal

cells are cultured and passaged upon reaching confluence and 10 million cells. Upon

reaching this number cells are then sorted with the Miltenyi Tyto cell sorter using

CD73 in both PE and APC fluorophores (Figure 7.2d), which is a novel antigen

characterization photoreceptor precursor [223]. The sorted cell population (positive

population) is analyzed with MACSQuant for purity and is then played in T25/T75

(depending on final cell number) to be cultured to reach again 10 million cells (Figure

7.2e). A second sort is performed (Figure 7.2f) by sorting the CD73+/Thrb+/CD11b-

cell population. The thyroid hormone receptor beta (Thrb) is a necessary protein for

the formation of cones and is only present in specific cones in the retina [224]. CD11b

is an extracellular marker which binds to immune cells, specifically microglia in the

fetal retina [225]. This final sort enables the isolation of pure cone progenitors (hCP).

Finally (Figure 7.2g) hCPs are cultured upon reaching the desired number of cells

for either animal experiments or creating a frozen cell bank (to be used for future

experiments, Figure 7.2h).

The Miltenyi Tyto cell sorter is a novel microfluidic process to gently isolated

specific cell population in a sterile environment. The stained cell population is loaded

inside the Miltenyi cartridge in the input chamber (Figure 7.3A) which contains a

mixing propeller. This cartridge is placed inside the cell sorter and upon reaching

constant flow the sorting is started with a low pressure (150 mPa) which enable a high

viability post-sorting. As seen in the bottom part of Figure 7.3A, cells are pushed from
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Figure 7.2: Complete isolation and banking process of hCP.
(a) Tissue is received via FedEx in 1-day delivery. (b) Retina is dissected out of the
eyeball and dissociated with papain. (c) Dissociated cell suspension is cultured with
defined media to obtain 10 million cells. (d) Cells are sorted with CD73-PE-APC.
(e) Positive population is cultured again for 2-4 weeks. (f) Upon reaching 10 million
cells, CD73+ cells are sorted with CD73+/Thrb+/CD11b-. (g) Cells are cultured for
long time to create banks or be used for experiment (h).

the input chamber and pass in front of 3 lasers (red, blue, and violet) which measure

the fluorescence of the stained cells and their speed (measured between two lasers

with positive fluorescence). Upon measuring a positive cell, the valve is electronically

open, and this cell is pushed inside the positive collection chamber. The rest of the
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cells are pushed towards the negative collection chamber. This system allows for

a precise sorting with the possibility to collect both the desired population (which

usually contains a low cell number) and the negative fraction (which could be used

for further analysis or another sorting).

Cell viability and attachment was observed 24h and 3 days post sorting for both

1st and 2nd sort, Figure 7.3B. T75 confluence was reached by day 7 with a viability

greater than 90%. As soon as 24h post-sorting cells were found to be highly viable

(seen in the live/dead assay performed) and to attach to the fibronectin coated plates.

3 days post-sorting, cells were found to be expanding, keeping a high viability. These

results confirm the great capacity of the Tyto cell sorter which enable a gentle and

sterile sort of specific cell subpopulations.

Figure 7.3: Sorting mechanics and viability testing with Miltenyi Tyto.
A. Schematic of Miltenyi Tyto cartridge. Cell are placed in the input chamber which
contains a mixing propeller and a filter. Cells go through the flow in front of 3 lasers
(red, blue and violet) and are ejected with the valve opening in either the positive
collection chamber (positive cells) or in the negative collection chamber. The entire
process is closed and sterile. B. Viability and culture of hCP was tested 24h and 3
days post-sort with Live/Dead assay. Confluence was reached by day 7 and viability
was greater than 90%.
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Measurement of cell number is critical during the process of isolation of hCP from

the fetal tissue until the final pure cone progenitor population. Figure 7.4, shows

the evolution of the cell population during the sorting process for different tissue

(ranging from 10 weeks to 16 weeks). As expected, a similar number of cells was

obtained from the dissociated retinas independent of their age (around 1-2 million).

Cell proliferation and expansion was similar for all tissues before the 1st sort and

between both sorts. However, significant difference was observed in the expansion of

the final hCP population depending on the tissue age. Earlier tissues were observed

to be more proliferative, and their expansion was faster than older tissue: reaching

more than 60 million cells after 60 days for a 10-week tissue compared to 45 million

for a 16-week tissue and 40 million for a 14-week tissue). These results are coherent

with the development of the fetal retina showing that earlier than 14 weeks cone

progenitors are formed while rods and other types of retinal cells are forming in later

stages [226]. We concluded, from this result, that using earlier tissues was beneficial

to be able to reach high hCP number after 60 days, therefore only tissues 14 weeks

and younger were used for all characterization and in vivo transplantations.

Staining and cell population gating

To obtain a significant purity in the hCP population, staining and gating the cor-

rect cell subpopulation is critical during the sorting process. As explained previously,

cells are stained with either CD73-PE-APC (for the 1st sort) or CD73-PE, Thrb-APC

and CD11b-VioBlue (for the 2nd sort). Post-staining cells are loaded inside the Tyto

cartridge and sorting is performed by gating the correct population showing high

positive cells in both PE and APC channel, while discarding the positive cells in the

VioBlue channel. Figure 7.5 shows the gating strategy and cell population for both

sorts for the input, negative and positive cell populations.

The 1st sort (shown in Figure 7.5A) targets cells stained with CD73-PE-APC. As

seen in the 2 scatter plots on the left (for the input population), a distinct linear

staining can be observed with a positive cell population located higher than 101 in

both channels. The gating strategy (shown with the green gate) enables us to capture
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Figure 7.4: Evolution of hCP cell number during the isolation process.
Starting cell number depends on the tissue age. Cells are culture for 2 weeks and
upon reaching 10 million cells they are sorted, obtaining a positive population of
<1M cells. These CD73+ cells are cultured again for two weeks and during the 2nd

sort only <400,000 cells are obtained and purified. Cells are then cultured for long-
time, reaching 60 million cells depending on tissue age.

highly positive cell subpopulation, which corresponds to around 50% of the total

events. Of note is that the total number of events includes both cells and debris as no

DAPI or nuclei staining is performed during sorting. The negative fractions (middle

column) show a lower number of positive cells (around 35%). Of note is that the yield

of this sort is not optimal as many positive cells are still discarded in the negative

fraction, as seen by the relatively high number of positive cells remaining. However, we

have decided to focus on purity and not yield, as the final hCP population has shown

to be able to expand to 60 million cells with just one tissue (as explained previously).

Finally, the positive fraction (output column on the right) shows a significantly higher

number of positive cells with a high purity in the cell population (around 95%). This

result suggests that the 1st sort enable the isolation of a highly pure population of

photoreceptor progenitor, due to their CD73 expression.

The 2nd sort (shown in Figure 7.5B) targets cells stained with CD73-PE (previous

population from the 1st sort), Thrb-APC and deletes the positive CD11b cells. On the

top row is shown the sorting strategy and final analysis of CD73-PE and Thrb-APC
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staining. As seen on the first column the starting population of CD73+/Thrb+ cells

are lower than for the previous sort (around 20%) which is coherent with the fact that

cone progenitors are a rare population in photoreceptor which mainly differentiate

into rods. The negative fraction shows a significantly lower number of positive cells

(around 8%) while the final positive fraction shows a high purity with more than 91%

of cells expressing both a photoreceptor marker (CD73) and a cone progenitor marker

(Thrb). The second row of scatter plots show the deletion of CD11b positive cells.

To correctly remove the CD11b population inverse gating is performed. As seen in

comparison to input, 99% of Cd11b cells were depleted during the 2nd sort. Overall,

these figures suggest that this 2-step sorting strategy enables us to isolate pure cone

progenitors expressing both CD73 and Thrb while removing a possible problematic

population of microglia with the use of negative CD11b marker.

To understand and analyze properly the initial and final population of hCP, cells

were examined with the MACSQuant flow cytometer for their relative expression of

sort markers (CD73, Thrb and CD11b), as seen in Figure 7.6. The left panel (Figure

7.6A) shows the normalized count histogram for the expression of CD73-PE cells,

during the 1st sort, for the input (blue), the negative fraction (red) and the output

(green). As seen in this histogram, a high peak is shown around 101 for the input

population which was the target population as seen in the output population. Of

note is that the rest of the cells (with lower expression) are not seen in the output

but can be measured in the negative fraction. The gating strategy is placed on top

of this peak and shows a final purity of 79% for all n=40 sorts performed. The

right panel (Figure 7.6B) shows the normalized count histogram for the expression of

double CD73/Thrb cells, during the 2nd sort, for all three fractions. In this 2nd sort

a different trend is observed with a high peak around 100 for the input suggesting

that most cells do not express Thrb. Of note is that a small number of cells, which

expresses both CD73/Thrb can be seen in the input fraction with a small peak around

101: this corresponds to the targeted hCP cells. After sorting, the output fraction

shows a significant peak at 101 while most of the negative cells remain only in the

negative fraction.
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Figure 7.5: Sorting strategy to isolate pure hCP.
A. 1st sort strategy with hCP stained for CD73-PE-APC. Gate is placed on the high
positive population for both fluorophores. Initial population is 50% and increases
to 94% post-sorting. B. 2nd sort strategy with hCP stained for CD73-PE, Thrb-
APC and CD11b-VioBlue. Initial population of CD73+/Thrb+/CD11b- is 20% and
increases to 91% post-sorting.

These results confirm that we were able to isolate pure cone progenitors expressing

both CD73 and Thrb while removing the CD11b positive cells from the final product.

Of note is that the 1st sort is a broad sort that capture most of the CD73+ positive

cells with high cell number both seen in both the input and output; while the 2nd sort

is a really precise sort with a smaller gate to capture the unique specific population

expressing both CD73 and Thrb. After sorting and culturing hCP for 60 days (as
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explained before) we were able to characterize them, with different techniques to

prove their identity and find their precise phenotype.

Figure 7.6: Histogram of phenotype assay during the sorting process.
A. 1st sort phenotypic assay of different cell population (input in blue, output in green
and negative in red). B. 2nd sort phenotypic assay of the three cell populations.

7.4.2 Characterization of final hCP population

Phenotype assay

To ensure the purity and phenotype of the final hCP population we performed

multiple immunostainings and analyzed them with either flow cytometry or confluence

microscopy imaging (fluorescence microscopy). These testing enabled us to precisely

characterize the phenotype expressed by hCP both qualitatively and quantitatively.

We performed flow cytometry analysis over n=15 samples of hCP with different

fetal tissue provenance. As seen in Figure 7.7, specific cone markers (Cone arrest-

ing, blue opsin, R/G opsin, S-opsin), photoreceptor marker (recoverin), rod marker

(rhodopsin), horizontal cell marker (calbindin), retinal ganglion cell markers (Brn3a,

RBPMS), bipolar cell marker (PKCa) and proliferation marker (Ki67) were analyzed.

Results are shown as a normalized histogram of the cell fluorescence after staining

(Figure 7.7A-C) and all results are summarized as percentage of expression in the to-
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tal hCP population (Figure 7.7D). For each experiment blank sample is shown in grey

and isotype control (which is placed at 2% expression) in black. Purity is shown in

Figure 7.7A with cone Arrestin, blue opsin and recoverin. These three markers show

a significant expression with peaks above the isotype control (higher than 101). This

result is confirmed in the summary bar graph with more than 95% expression of cone

arrestin (red), blue opsin (blue) and R/G opsin (grey). Recoverin (which also stains

for rods and is present in more mature cones) was found to be on average around

70% expressed by hCP. S-opsin was found to be variable in different samples (usually

dependent on the fetal tissue age) and was expressed at less than 15% in younger

tissues. Of note is that a double peak can be observed for both cone arrestin and

blue opsin which suggest the presence of two different population expressing higher

quantity of these markers. Impurities is shown in Figure 7.7B with calbindin, Brn3a,

PKCa, RBPMS and rhodopsin. The rod population was found to be near zero for

all samples with rhodopsin being similar to isotype control. Retinal ganglion cells

(stained with RBPMS and Brn3a) were not found in our samples with makers similar

to isotype control. Calbindin, which stains for both horizontal cells and early cones

progenitors, was found to be expressed around 25% which is due to some of the cones

being at the early lineage or the presence of immature cones. Finally, bipolar cell

marker (PKCa) was found to be expressed around 18% in all different samples. This

finding suggests that the only impurity found in hCP is potentially the presence of

a low population of bipolar cells. Of note is that, in the retina, cone forms their

synaptic connection directly with bipolar cells [226]. Therefore, this small impurity

fraction could help and enable higher engraftment and hCP in vivo by helping them

forming the synaptic connection with the neural retina. Finally, proliferation was

analyzed with Ki67 which shows an expression of about 25-30% (depending on tissue

age) which shows the potential of hCP expansion and culture to reach higher cell

number and create a cell bank for future use.

To further understand and analyze the final hCP population and the different

part of the sorting process we stained for specific markers at different steps of the

sorting process: fetal retina cells, 1st sorted cells, 2nd sorted cells (or hCP). We
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Figure 7.7: Phenotype analysis of hCPs using flow cytometry.
A-C. Histogram of cell expression for different retinal markers. D. Average of flow
cytometry for different runs on hCPs.

analyzed our main cone marker (cone Arrestin) but also calbindin (present in early

cone progenitor) and SHANK1; DAPI staining was added to be able to locate cells

and differentiate them from debris. SHANK1 is a protein that is found in the pre-

and post-synaptic terminal of cone photoreceptors. It is known to be involved in

the scaffolding of cones in the architecture of the retina [227]. As seen in Figure 7.8

and 7.9 an increasing number of cells express cone Arrestin and SHANK1 during the

isolation process: low amount is found in fetal retina cells, while high expression is

observed for CD73+ cells; finally, almost all cells express cone Arrestin and SHANK1
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in the hCP population. Calbindin (Figure 7.10) is found to be conservatively constant

throughout the sorting process which is due to its function of staining both early cone

progenitors and horizontal cells. These results confirm the fact that we were able to

isolate cone progenitors which express specific cone markers which are present in the

adult retina.

Figure 7.8: Immunohistochemistry fluorescence of cone arrestin
expression in cells.
Cone arrestin expression is shown for the starting population (fetal retina cells), after
1st sort (CD73 sorted) and the final hCP population (hCPCs).

Finally, we also analyzed, with immunostaining, similar markers which were mea-

sured with flow cytometry: recoverin, R/G opsin, rhodopsin and Ki67. As seen in

Figure 7.11, a similar trend as found with flow cytometry can be seen for cone specific

markers with recoverin and R/G opsin being expressed by almost all cells. Rhodopsin

was not found in any cells, with only specs from the antibody shown which don’t align

properly with DAPI and cell nuclei. Ki67 was found to be relatively present in some

cells.

All these results enable a more comprehensive understanding of hCP phenotype

but also of the different subpopulations present during the sorting process and in the

final hCP population. We were able to prove that by using a 2-steps sorting process

217



Figure 7.9: Immunohistochemistry fluorescence of SHANK-1 expression
in cells.
SHANK-1 expression is shown for the starting population (fetal retina cells), after 1st

sort (CD73 sorted) and the final hCP population (hCPCs).

Figure 7.10: Immunohistochemistry fluorescence of calbindin expression
in cells.
Calbindin expression is shown for the starting population (fetal retina cells), after 1st

sort (CD73 sorted) and the final hCP population (hCPCs).
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Figure 7.11: Immunohistochemistry fluorescence of other markers
expression in hCP.
Photoreceptor marker (recoverin), cone marker (R/G-opsin), rod marker (rhodopsin)
and proliferation marker (Ki67) are shown for the final hCP population.

with Miltenyi Tyto we can isolate pure human cone progenitor which express only the

most common cone markers, have a potential for expansion and possess a relatively

small impurity which is comprised of bipolar cells.

Electrophysiological testing

To finalize the characterization of hCP and prove that we were able to isolate

and expand pure and functional cone progenitor cells we performed a microelectrode

array (MEA) assay to prove that our hCPs were electrophysiological active. This

MEA assay was performed with two different arrays (MaxWell MaxOne and Axion

Biosystems) to capture different output: the MaxWell array (Figure 7.12A) enables

to measure the mean spike amplitude of a region of plated hCP while the Axion array
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(Figure 7.12B) can measure the spike intensity and spike rate at a specific location,

showing the actual trace of the membrane potential. Therefore, we measured the

base activity of our plated hCP (into a coated 24-well plate) by recording the output

in both arrays with no light input, as seen in the first row of Figure 7.12A. Both

arrays show little to no baseline activity in hCP when no light input is added. This

result confirms that hCP are not self-firing neurons or other types of neural cells

which can exert an action potential without light input. During both experiments

we added a light input by shining different wavelength at different frequency onto

hCP sample. The MaxWell array shows a high mean spike amplitude and an increase

mean firing rate for each region of interest after light stimulation. After applying

white light (using a combination of blue, red and green wavelength at the frequency

of 10ms per second) the Axion array showed a membrane potential activity in hCP

which is shown by the presence of spikes at different electrodes. Those spikes are

then analyzed, and the spike intensity is recorded (right panel in Figure 7.12B) which

shows a typical membrane potential activation with a low voltage discharge which is

quickly neutralized [228].

This critical result indicates that the pure cone progenitor population which make

hCP is also electrophysiologically active by having a membrane potential activity

due to light input. This is an important result as it suggests that hCP could poten-

tially replace dead photoreceptor in the degenerating retina and serves as new active

photoreceptors which can respond to light. Overall, this complete characterization

indicates that hCP are pure cone progenitor cells, expressing common cone markers

which respond to light. To analyze their regeneration possibilities, we injected hCP

into the subretinal space of different species and measured different outcomes.
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Figure 7.12: In vitro functionality testing of hCP with MEA.
A. MEA recording using the MaxWell MaxOne array. B. MEA recording using the
Axion array with light input from the Lumos component. First row shows the
baseline activity of cells without input while the second row shows their response
to a light stimulus.
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7.4.3 In vivo transplantation of hCP in animals

To analyze the possible engraftment and regeneration capabilities of hCP we in-

jected them unto the subretinal space of 3 species, each one with a specific rationale

and final goal, as seen in Table 7.4.

Table 7.4: Animal models used for hCP subretinal injections with
rationale and goal.

Animal
model

Cell
presence

% Cell
attached Rationale Findings

Long
Evans n=16/18 85%

- Experimental retinal
detachment (RD)
model in rodents [229]
- Human features
of RD

High
engraftment

RCS
rats n=10/10 87%

- Model of autosomal
recessive retinitis
pigmentosa (RP) [221]
- Critical POC
for neuroprotection

Neuroprotection
and increased
visual acuity

RD-1
mice n=5/7 87%

- Identified with retinal
degeneration [222]
- Critical POC
for cell replacement

Mozaic pattern

Long Evans rats

The goal of hCP injection into the subretinal space of Long Evans -a wild type rat-

was to prove the ability of exogeneous hCP to engraft during a xenotransplantation.

As previously mentioned, Long Evans don’t possess any innate degeneration however,

by performing a subretinal injection and creating a bled in the central retina (as

explained in the introduction chapter) it enables to perform an in vivo study on an

experimental retinal detachment model. This short-term model (tested for 2 weeks)

also provides pathologic features of human retinal detachment (RD) which happens

in a lot of different retinal diseases. Therefore, we injected n=18 Long Evans rats

with 50,000-100,000 hCP in their subretinal space and analyzed sections of their
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retina with immunofluorescence and histology 2 weeks post-transplantation. To prove

the presence and short-term engraftment of hCP with stained retinas section with a

human marker (either TRA-1-85 or STEM121) which only stains human cells with

no cross-reactivity with the host rat cells; and a cone marker (Cone Arrestin) which

can either stain most of our cones (due to their purity) and some host cones.

The first round of sections is shown in Figure 7.13 with TRA-1-85 (FITC; green),

Cone Arrestin (APC; red) and DAPI (VioBlue; blue). As seen on the first row of

images, most cells (here presented with green staining are in the outer nuclear layer

of the retina (ONL) which hosts all the photoreceptors. The cone arrestin staining

shows a high expression for the injected hCP along with some host cells. The second

row shows a zoomed in image centered on the ONL (of note is that the blue channel

DAPI was deleted on this picture to make it easier to see the engrafted cells). The

most important feature of these confocal fluorescence microscopy is the presence of

a large number of hCP engrafted in the ONL 2 weeks post-transplantation which

express both a human and cone marker. In this case it is essential to observe the

yellow color of all hCP integrated which represent their expression for both markers,

enabling us to differentiate them from the host cones or other retinal cells.

We have also performed is second round of sections, which is shown in Figure

7.14, by staining with STEM121 (FITC; green), cone Arrestin (APC; red) and DAPI

(VioBlue; blue). The first two rows show the presence of hCP integrated in the retina

and expressing both human and cone marker (having a yellow color in the merge

image). Of note is that this section shows the subretinal space injection with the

presence of the bleb on the left side of the section (first row). The last row represents

a zoomed in image of a cluster of hCP engrafted in the ONL layer of Long Evans

rats. This shows the perfect co-localization of both human and cone markers.

These results suggest that injected hCP in the subretinal space of Long Evans rats

engraft in the ONL layer in a large number even only 2-weeks post-transplantation.

However, to further prove the efficacy of hCP we have injected them into specific

strain of rats and mice possessing an innate retinal degeneration (RCS and RD1).
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Figure 7.13: Immuno-staining 2 weeks post implant in Long Evans rats
showing co-localization.
Staining is performed with TRA-1-85 (PE for human marker), Cone Arrestin (APC
for cone) and DAPI (VioBlue for nuclei and structure staining). It shows high en-
graftment of human-cone arrestin positive cells in ONL.

Figure 7.14: Immuno-staining with STEM121 showing co-localization.
Staining is performed with STEM121 (APC for human marker), Cone Arrestin (PE
for cone) and DAPI (VioBlue for nuclei and structure staining). It shows colocaliza-
tion of human and cone marker in transplanted cells.
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RCS rats

Pilot efficacy studies were performed in the Royal College of Surgeon (RCS) rat

model, a naturally occurring model of retinal degeneration. In these animals, there

is a primary defect in RPE cells that leads to photoreceptor death. This parallels

the early RPE dysfunction that is thought to occur in human dry AMD. Thus, this

dysfunction mimics the photoreceptor degeneration found in atrophic AMD which is

characterized by extensive loss of retinal pigment epithelium (RPE), followed by loss

of photoreceptors (PRs) as is seen in the intended target cone-rod dystrophy patient

population for hCP. This model has been used extensively in similar preclinical studies

[230]. For this study, animals are implanted at post-natal days 21-25 (P21-25). At

this time, approximately 20% of the photoreceptors have been destroyed.

This study had 4 groups: 1) high dose (100k cells), 2) low dose (50k cells), 3)

vehicle (2uL of PBS), 4) control (no injection). Animals (age P21) were assessed 60

to 90 days post transplantation. hCPCs were manufactured and cell viability was

measured before the initiation of injections and after completion of all procedures.

The viability was 90% for all samples at the start of the injections and 81% after 4

hours on ice. The first assessment in this type of procedure is to determine the success

of the subretinal injections. A shining bleb is indicative of successful placements of

the injections.

In all animals tested (including control, sham, and low/high dose), hematoxylin

and eosin staining (H&E) was performed on histological sections of the retina to an-

alyze the anatomy of the rat’s retina 60-90 days post-surgery. The specific region of

high immune response or inflammatory regions were analyzed. The RCS rat model

is a retinal degenerative model with an extreme hostile environment for cell trans-

plantation, where ongoing inflammation often leads to poor graft survival. In this

experiment, to rule out the effect of surgery on the photoreceptors we transplanted

vehicle or sham injection and made direct comparison with groups that received hCP.

In this model, as disease progresses the outer nuclear layer starts to degenerate quickly

and by end of 3 months only 2 to 4 layers of ONL remain of the normal 10-12 in most
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of the animals, hence any rescue effect can be clearly monitored by counting the num-

ber of remaining ONL in the animal. H&E staining of all groups, with the ONL layer

being the darkest layer can be seen in Figure 7.15.

Figure 7.15: H&E staining of RCS rats-stained slides at 60 days
post-injection.
Histology staining shows difference in terms of number of nuclei in the ONL layer for
different groups (control, SHAM, low and high dose). Measurements were performed
on n=20 field of views taken randomly in each animal.

Neuroprotection was assessed and the number of nuclei for each group was mea-

sured in histological sections with n=21 fields of view for each animal. The following

results (Figure 7.16) suggest that a high dose injection of hCP enable significantly

higher neuroprotection of the degenerating retina (an average of 8 nuclei compared

to 2.5 and 3 respectively for control and sham). This trend is similar for injections

analyzed at 60- and 72-days post-injection. Furthermore, higher neuroprotection was

observed with high dose animals compared to low dose animals. Figure 7.16A shows

the number of nuclei counted in a 100 µm2 surface of the retina while Figure 7.16B

shows the average thickness of ONL (measuring the number of nuclei).

Finally, neuroprotection analysis was performed by measuring and counting (blinded

analysis) the number of nuclei in the ONL layer relative to distance from the injection

site (Figure 7.17). To prove neuroprotection, a high number is found near the injec-

tion site while decreasing when reaching the edge of the retina. The following graphs

shows a highly significant neuroprotection which is evenly distributed throughout

1400 µm of the retina for the high dose samples. Low dose is not represented here as

it shows similar results.
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Figure 7.16: Photoreceptor rescue in each RCS rats.
A. Number of nuclei in ONL layer of each injected rats was counted for control,
vehicle and low and high dose in a 100 µm2 surface of the retina. B. Each rat ID
is represented with its ONL count, showing higher neuroprotection from 72 days
post-injection compared to 60 days for both low and high doses.

RCS rats receiving hCP injection shows better preserved grafted area and high

number of ONL in comparison to the sham and control. When compared with sham

the hCP injected animal showed an orderly array of ONL and INL lamination. There

were 3 to 5 extra layers of ONL found in high dose animals and 2 to 5 in the low dose

animals indicating the rescued effect of hCPCs even at 60-days post-injection. These

result suggest a strong neuroprotection effect offered by the injection and possible

engraftment of hCP even 60- to 90-days post-transplantation.

We also analyzed the integration and engraftment of hCP in retina sections with

immunofluorescence (staining for STEM121-FITC as a human marker, cone arrestin-

APC as cone marker and DAPI-VioBlue for retinal structure). Figure 7.18 shows

the presence of many engrafted cells in the ONL layer of RCS rats. For the High

dose group, all 8 injections were successful with the presence of a shining bleb and

an injection in the subretinal space. Cells were found in all samples and showed high

amount of engraftment, and neuroprotection (87%). For the Low dose group, all

9 injections were successful with the presence of a shining bleb and an injection in

the subretinal space. Cells were found in all injected samples, but most showed less
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Figure 7.17: Distance from injection site photoreceptor rescue in RCS
rats.
Number of nuclei in ONL layer was counted each 100-µm started at the injection
site for control, vehicle and high dose. High neuroprotection was found in high dose
showing high statistical difference in number of nuclei at near the injection site until
700 µm away from it.

engraftment (55%).

This experiment and its result suggest the ability of hCP to not only engraft

in a hostile animal model but also preserve the retina from degenerating acting as a

neuroprotectant. To confirm and further analyze these possible regenerating abilities,

we also performed visual acuity testing (with OKN measurement) and functionality

testing (with ERG measurement) of RCS rats. As explained in the method section

OKN measurement enables for an accurate quantification of rats’ visual acuity. As

seen in Figure 7.19A, OKN measurements were performed on live animals at 60- and

90-days post-transplantation. For both time points a significant increase in visual

acuity was observe for rats which received hCP at low or high dose. Of note is that a

higher visual acuity was observed for the high dose group. We also performed OCT

imaging of rats’ retina, seen in Figure 7.19B, to analyze the anatomy of RCS rat’s

retina pre- and post-transplantation. The result suggest that no trauma or retinal
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Figure 7.18: Immuno-staining of 60 days post-injection RCS retina
injected with hCP.
Staining was performed with STEM121-PE as human marker, Cone Arrestin-APC
for cone marker and DAPI-VioBlue for nuclei and structure marker. Double stained
cells were observed in the ONL layer of the retina, engrafted and expressing both
human and cone markers.

detachment was found due to the injection of hCP.

Figure 7.19: Visual acuity and retinal imaging of RCS rats receiving
hCPs.
A. OKN measurement shows the improved visual acuity (spatial frequency) for rats
which received low or high dose of hCPs. B. SC-OCT imaging of rats’ retina show
no trauma or retinal detachment post-transplantation in the inferior, nasal, superior,
and temporal part of the retina.
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Finally, functionality of RCS rats’ retina was measured quantitatively with ERG

measurement for both A-wave (Figure 7.20A) and B-wave (Figure 7.20B). These

measurements are performed at different intensities to show the functionality of the

retina in response to light. As observed in Figure 7.20, for low intensity of light all

different groups and a negligible to zero response which is coherent with the absence

of stimulus. However, as the intensity ramped up rats which received hCP in both

low and high dose had a higher average response amplitude compared to control RCS

rats.

Figure 7.20: Retina functionality testing with ERG.
A. A-wave measurement with ERG of control, low dose and high dose RCS rats. B.
B-wave measurement with ERG of control, low dose and high dose RCS rats. An
improvement on retinal functionality was observed for rats which received hCPs.

These critical results demonstrate the ability of hCP to function in-vivo, that in

turn results in a significant increase in retinas functionality and rat’s visual acuity for

both low and high doses.

RD1 mice

We have chosen RD1 mice as a model to test cell replacement as all rod and

cone photoreceptors are lost rapidly, with rod death occurring first at 3 weeks of age.

C3H-RD1 mice, male/female have been used with n=8 mice. This study consisted
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in a proof of concept by injecting 50k or 100k cells/eye in immunosuppressed RD1

mice (using cyclosporin treatment in water) at P27. One-week post-transplantation,

animals were sacrificed, and retinas were sectioned and stained with human and cone

marker to show the presence of cones and their engraftment pattern. As explained

in previous studies, at P35 more than 90% of cones are dead in RD1, therefore the

presence of any cones remaining can only be due to the engraftment of hCP or to

their neuroprotective aspect as seen with RCS rats.

First, retinal section of injected RD1 were analyzed and stained with TRA-1-85-

FITC, Cone Arrestin-APC, and DAPI-VioBlue to prove the presence and location of

injected hCP. As seen in Figure 7.21 (rows 1 and 2), cells were found to be attached

and integrated in the ONL layer (which in the case of the degenerating RD1 is com-

prised of only one layer of nuclei) of RD1 mice. The last row shows a control retina

with no expression of TRA-1-85 (marker only for human cells) and a small amount

of photoreceptor remaining (Cone Arrestin staining). This first result suggest that

we were able to successfully inject hCP in the subretinal space of RD1 which then

engrafted in the ONL layer.

To change the orientation of our observation and to be able to observe bigger

surface area we also perform immunofluorescence staining and microscopy on whole

mounted retina (see methods) which enable the visualization of a large surface of the

retina. As see in Figure 7.22, we imaged both the injected (first row) and control

group (second row) after staining the retinas with STEM121-FITC, Cone Arrestin-

APC and DAPI-VioBlue. Of note is that many engrafted cells were found in the

injected group (expressing both human and cone marker) while little to no host cones

were found in the control group. This result suggests the potential of covering the

retina (and in the case of human patient their fovea) with integrating and regenerating

hCP.

We analyzed in more depths the pattern of engrafted hCP in RD1 by analyzing

their localization on the whole mounted retinas. Figure 7.23A, show a quarter of the

whole mounted retina stained with STEM121 and cone arrestin while Figure 7.23C

shows a confocal microscopy fluorescence zoom of a specific ROIs of the retina. As
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Figure 7.21: Immuno-staining of 1-week post-injection RD-1 retina
injected with hCP.
Staining was performed with TRA-1-85-PE as human marker, Cone Arrestin-APC
for cone marker and DAPI-VioBlue for nuclei and structure marker. Double stained
cells were observed in the ONL layer of the retina, engrafted and expressing both
human and cone markers.

seen in Figure 7.23A, cells were found to cover most of the retina, which is mainly due

to the high number of injected cells compared to the initial number of photoreceptor

present in RD1 mice. To analyze the position of injected hCP we used different

image processing algorithms to compute the average local cell density (Figure 7.23B)

and the nearest neighbor distance (Figure 7.23D). Both these variables enabled us

to qualitatively image and analyze the presence of engrafted cells onto the retina of

RD1 mice.

To perform a quantitative analysis of the presence and location of hCP in the

retina we use the different image processing algorithms along with the result of both

local cell density and nearest neighbor distance to compute more variables. As seen

in Figure 7.24A, this first enables us to calculate the average cell density which was

found to be around 1000 cells/mm2 for the low dose (50k) and 6000 cells/mm2 in

high dose. This was compared with cultured cells in a 2D flask which have a higher
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Figure 7.22: Immuno-staining of 1-week post-injection RD-1 retina
injected with hCP.
Staining was performed with TRA-1-85-PE as human marker, Cone Arrestin-APC
for cone marker and DAPI-VioBlue for nuclei and structure marker. Double stained
cells were observed in the ONL layer of the retina, engrafted and expressing both
human and cone markers.

density when confluent (around 10000 cells/mm2). By using the data measured with

the nearest neighbor distance we were able to compute the frequency of each cell

nearest neighbor as seen in Figure 7.24B. The result suggests that for the high dose

most cells are spaced by 15-20 µm while for the low dose 5-10 µm. Of note is that

non-confluent cells in culture don’t have the high peak, having most cells spaced

between 5-40 µm.

To further analyze the distribution of engrafted hCP we calculated the nearest

neighbor index (Figure 7.24C). The nearest neighbor index (NNI) is expressed as

the ratio of the observed mean distance to the expected mean distance. The ex-

pected distance is the average distance between neighbors in a hypothetical random

distribution.

𝑅𝑛 =
𝐷(𝑜𝑏𝑠)

0.5 *
√︀

𝑎
𝑛

(7.1)

Where Rn is the NNI, a is the area sampled and n is the number of points (cells in

our case). The distribution can therefore be measured as if the index is less than
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Figure 7.23: Analysis of hCP engraftment in Rd-1 mice.
A. C. Immunofluorescence of RD-1 whole mount retina stained with STEM121-
PE, cone arrestin-APC, and DAPI-VioBlue. B. Local cell density measurement of
engrafted hCPs ranging from 0 to 2500 cells/mm2. D. Nearest neighbor distance
measurement of engrafted hCPs ranging from 0 to 100 µm in the ROI.

1, the pattern exhibits clustering; if the index is greater than 1, the trend is toward

dispersion or uniform distribution. As seen in Figure 7.24C this suggests that the low

dose group exhibit a clustering pattern while the high dose exhibit a more uniformly

distributed pattern (also called mosaic pattern). Of note is that cells in culture have

an NNI around1 which suggest a more random distribution (coherent with cells in a

2D flask). Finally, the analyzes of the distance from a referent cell (Figure 7.24D)

enables to see if the distribution pattern of each group is conserved throughout the

entire retina. As expected for the low dose the density seems to fall drastically when
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measured away from the injection site while it stays constant for both the high dose

(confirming the mosaic pattern on a large surface) and for cells in culture.

Figure 7.24: Analysis of engrafted hCPs distribution in RD-1 mice.
A. Cell density measurement compared for low dose, high dose, and cells confluent in
culture. B. Nearest neighbor distance measurement of cells engrafted in low and high
dose, compared with seeded cells in culture. C. Nearest neighbor index calculation for
the 3 groups showing a random distribution for cells in culture, clustered distribution
for low dose and mosaic pattern for high dose. D. Density in function of the distance
from a reference cell for the 3 groups, showing the conservation of the mosaic pattern
for the high dose group.

Overall, the result of this proof-of-concept in vivo study in RD1 mice suggest

that hCP can integrate in a hostile environment by engrafting in a mosaic pattern

235



(for the high dose group). This study helped us establish the most effective age for

transplanting cells that can give maximum functional recovery of the animal.

7.5 Discussion

In most forms of retinal degeneration there is a primary pathological event that

leads the cascade of degeneration process and most of the time the event is death

of rod photoreceptor which is followed by cones [174]. The reason is unknown so

far, but cones can’t survive indefinitely in the absence of normal microenvironment.

Even though the rods are dominant, dead cells found in the retina are cones which

causes loss of visual acuity and blindness. There is no treatment to replace dying

cone photoreceptor cells so far since these are a rare population of cells and culturing

cells in lab conditions has been a challenge. We have succeeded in isolating pure cone

progenitor cells with a 2-steps isolation process. The final product was character-

ized and analyzed showing a high purity of CD73+/Thrb+/CD11b- cells. The fetal

retina was first dissociated and cultured to obtain desired cell number of 10M cells.

The first sorting step involved tagging the cells with CD73 surface antigen which

is exclusively expressed in the photoreceptor precursor population [223]. The posi-

tive cells were further cultured in hypoxia conditions (10% oxygen) and sorted with

CD73+/Thrb+/CD11b- cells using Miltenyi Tyto cell sorter. Double positive staining

of cells ensured higher purity with CD11b- acting as negative channel that allowed

us to delete specific cell population. We demonstrated these cells could be cultured

and expanded in hypoxia conditions. We have confirmed the phenotypical expression

of these cells using MACSQuant and identified these cells as human cone progenitor

cells after testing for cone Arrestin, s-opsin, m-opsin, blue-opsin expression (95%).

These cells were found to have low PkCa expression (4%), and no rhodopsin, Brn3a,

NeuN, RBPMS indicating the purity of these cells with few contaminating cells of

non-cone lineage [231].

This strategy to isolate, enrich and culture was used to obtain large number of

hCPs which were transplanted into rat eyes showing extremely high capacity to sur-
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vive and engraftment into the host inner retina. hCPs were also found to have a

significant neuroprotective aspect and were able to engraft in a mosaic pattern in

the retina of degenerating RD1 mice. RD-1 mice have secondary degeneration of

cone cells. At post-natal day 8 the degeneration of rod starts due to mutation in

rod-specific phosphodiesterase gene that lead to massive loss of rod photoreceptors

quickly followed by loss of cone, bipolar and horizontal cells [232]. To rescue vision,

the transplantation is ideally performed at P21 to P28 as most of the native photore-

ceptors are completely lost hence any photoreceptor cells found in the animal can be

directly attributed to the transplantation. The mosaic pattern confirms the successful

engraftment of hCP and is primordial as the distribution of cones in human retina

follow the same pattern in both the fovea and outer retina. In the fovea cones are

predominant with some rods being in a mosaic pattern while in the rest of the retina

all cones are distributed in a uniform way [9]. The engrafted hCP retains substantial

fraction of its normal phenotype. Most of the engrafted cones were found in the outer

nuclear layer where cones are predominantly found and where continuously expressing

Arrestin or opsins like normal cone photoreceptors. We found that hCPs were stable

state and persist for many weeks in RCS rats and RD1 mice without showing sign of

progressive degeneration. The ability for hCP to engraft in this specific pattern sug-

gest potentially great and conclusive result in a transplantation into human patients

in a clinical trial. Even though presently gene therapy approach is gaining traction

for treating retinal degeneration the biggest drawback of the technique is that it still

requires few healthy cells in the host however, in the retinal degeneration disease such

as AMD and RP there is cascading events that starts with either RPE malfunctioning

or rod photoreceptor degeneration that continuous to destroy other associated cells

such as cone and bipolar retinal cells.

The novel hCPs have shown ability to survive in the hostile environment and recuse

vision in both RCS and RD1 animal model and we believe it can be either be as used

a standalone cell therapy for rescuing vision by replacing diseases photoreceptors or

as a complimentary system along with gene therapy to completely restore vision by

replenishing retina with functional cells while gene therapy repairs the mutation.
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Chapter 8

Conclusions and implications

8.1 Conclusions

The principal objective (Aim 1) of this thesis was to evaluate the ability of an

injectable, gelatin and hyaluronic acid-based biomaterial (gelatin-hydroxyphenyl pro-

pionic acid, Gtn-HPA, hyaluronic acid-tyramine, HA-Tyr, or the mix of both) incor-

porating different growth factor (epidermal growth factor, EGF, fibroblast derived

growth factor, FGF) to enhance the viability, attachment, release and engraftment

of encapsulated and injected stem cells (human retinal progenitor cells (hRPCs), hu-

man retinal ganglion cells (hRGC) in order to enable retinal regeneration in the case

of different retinal diseases such as Retinitis pigmentosa (RP), cone-rod dystrophy,

or neurofibromatosis type 1 optic pathway glioma (NF1-OPG). The enhancement of

stem cell fate would be significant because most retinal therapies and injections fail

due to the hostile environment cells are subjected to. Furthermore, prior work [10],

[184] has demonstrated an additional benefit to add a structural component to stem

cell injections in retinal regeneration in order to match the architecture of the tissue.

To analyze this possible enhancement both human photoreceptor progenitors

(hRPC) and human retinal ganglion cells (hRGC) were encapsulated in Gtn-HPA

and HA-Tyr polymeric gels and injected in either the subretinal space (hRPC) or

in the vitreous (hRGC) of Long Evans wild rats. This strain of rats doesn’t possess

any degeneration mechanism, however, due to the trauma and bleb creation during
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injection, it serves as a well-defined model for retinal detachment (which happens in

most previously cited diseases). The Gtn-HPA/HA-Tyr gel-based therapy was eval-

uated for the presence of human cells engrafted in the precise location of the retina

(Outer nuclear layer for hRPC or ganglion cell layer for hRGC) 2 to 4 weeks post-

transplantation and compared to non-injected (controls), vehicle injected (SHAM)

or PBS injected (cells injected in PBS) retinas. At both time points there was a

significant increase in engrafted cells injected in our biomaterials compared to cells

injected in saline. Cells were found to express either a photoreceptor or ganglion cell

phenotype 1-month post transplantation and engrafted in their corresponding layer

of the retina.

Moreover, the effect of different biomaterials and growth factors were tested in

additional injection groups: including EGF and mixing different fractions of Gtn-

HPA and HA-Tyr. For hRGC replacement, stiffer hydrogels (made of 50% Gtn-HPA

and 50% HA-Tyr) were found to not only be able to attach to the inner limiting

membrane (ILM) of the retina but also increase the number of engrafted cells in the

RGC layer and improving their processes extension towards the optic nerve. Forming

a neuronal connection suggests the ability of improving functional regeneration which

can be achieved by using our biomaterials in the therapy. Our hydrogels were also

tuned to enhance the stiffness, injectability and controlled attachment for future

retinal therapies.

In a second objective (Aim 2), the mechanical and chemical effect of our biomate-

rials in vitro on different retinal cells was analyzed and measured. We, first, showed

that different sensitive retinal stem cell line is resistant to the covalent crosslinking of

our hydrogels, possessing a higher viability than cells deprived from nutrients in a 2D

culture setting. We also proved the possibility to control the phenotypic expression

of hRPC by changing the stiffness and gelatin/HA fraction in our hydrogels. Higher

stiffness was shown to induce cells to express stemness marker, while softer hydrogels

enabled either rods or cones photoreceptor to mature and thrive in vitro. Towards

clinical translation, we analyzed the diffusion mechanics and control of growth factors

and cells though our biomaterials. This study enabled a deeper comprehension of the
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forces in place which induce the release and thriving of stem cells when encapsulated

in hydrogels and injected in the retina. A last study showed an additional benefit of

our biomaterials which protect injected retinal stem cells from the shear stress which

is applied during small bore needle injection.

Enhancing retinal regeneration by the addition of a biomaterials is necessary but

not sufficient. One also needs to optimize the culture conditions and create animal

models for testing which was performed (Aim 3). hRPC were shown to thrive and

express different stemness marker when cultured in hypoxia conditions and different

knockout serum (compared to fetal bovine serum usually used in cell culture). The

NF1-OPG rat model was created by injecting C6 cancer cells in their optic nerve and

monitoring the creation and size of tumors. A successful short-term animal model

was created which could potentially enable a higher comprehension of the different

mechanics of NF1-OPG.

Finally, towards clinical translation and novel therapies, our fourth objective (Aim

4) was to isolate and purify a novel cone progenitor population (hCP) which could

replace dead photoreceptors in specific retinal diseases (cone-rod dystrophy). The

hCP population was found to possess a high purity and a cone progenitor phenotype,

being also functionally active in vitro. By injecting hCP into 3 different animal

models (Long Evans rats, RCS rats and RD1 mice) we were able to prove their high

engraftment possibilities, their neuroprotection abilities and their mosaic pattern cell

replacement distribution. These result inform in the possibility of novel treatment

for orphan retinal diseases.

8.2 Implications

The results of this thesis motivate and guide further study in a large animal model

to validate not only the use of Gtn-HPA/HA-Tyr biomaterials for enhancing engraft-

ment of retinal stem cells but also the possibility of novel regeneration process with

a novel cell line (hCP). The large animal model will address key questions on the

difficulties of injection of our biomaterials and will permit the calculation of a correct
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dosage of hCP which could be used clinically. Furthermore, the engineered biomate-

rials have shown significant effect on cell viability which is critical for improving the

success of cell therapies. Most of the cell during clinical setting failed not due to its

inability to engraft in patients but due to lack of viable cells that can be delivered

into the host tissue [120]. We have addressed two major impediments and found a

solution that can improve the odds of cell therapy success especially for retinal regen-

eration. These results also motivate the use of hCP to treat inherited retinal diseases

in clinic by offering a total replacement of dead photoreceptors. This implies a GMP

production of hCP with a controlled manufacturing process.
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Chapter 9

Limitations and future directions

9.1 Limitations of the work

9.1.1 Engineering a bio-inspired matrix for retinal regenera-

tion

• The immunostaining results should be validated with another methods outlined

in the following section on future work

• The in-situ crosslinking of Gtn-HPA alone happens at a relatively fast pace

(around 330 seconds). This short-time significantly impacted the success rate

of in vivo injections in rats (from 75% to 50%). This gelation time could be

modified with different chemistry to offer a longer time of animal manipulation

and injection.

• ERG and OKN response were not measured in Long Evans rats for hRPC and

hRGC injections, since they don’t have an inherited mutation it is assumed that

no differences would be seen in this animal model.

• Only short- and medium-term in vivo experiments were performed which could

suggest a different outcomes a longer time points (>6 months).
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9.1.2 Analyzing and measuring the effect of gels on retinal

stem cells

• The use of FGF and EGF as main chemical cues was decided by the compo-

nents already present in hRPC media. However, many other growth factor and

neuroprotective factors (such as anti-VEGF) could be beneficial to enhance the

viability and ability to engraft of injected cells.

• The control of hRPC differentiation in vivo with different biomaterial was based

solely on gel stiffness. Many studies [124] have shown that not only mechanical

cues but also oxygen content, chemical content and cell-biomaterial interaction

have a strong impact on stem cell differentiation.

• The pore size and ligands concentrations were not studied in details, which

could lead to new findings on the effect of our biomaterials on retinal stem cells.

9.1.3 Optimizing retinal cell culture and animal model (NF1-

OPG)

• Our NF1-OPG animal model can only be used for short-term studies. A longer-

term animal model could be useful to analyze in more depth the impact of stem

cell injection to RGC replacement and tumor regression in the optic nerve.

9.1.4 Creating new clinical therapies for treating retinal dis-

eases

• The potential for hCP engraftment and regeneration must be performed in RD1

mice by measuring ERG and OKN responses at longer time points.

• The functionality of hCP in vitro was performed on bright light and could be

analyzed for different wavelength, giving rise to specific data on the type of

cones present in hCP (S-cones, M-cones or L-cones).
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9.2 Future directions

9.2.1 Retinal degeneration animal model for hydrogels injec-

tions

• Test Gtn-HPA/HA-Tyr cell encapsulation injections in a degenerating model

with OKN and ERG measurement at different time points.

• Longer experiment (>6 months) to test for long-term effect of gels on cell en-

graftment and immune response.

• Modifying concentrations of the different chemicals in the gelation process (poly-

mer weight percent, catalyzer, crosslinker) leading to an increase in gelation time

thereby improving its injectability.

• Explore the effects of comorbidities (e.g., diabetes) on cell engraftment and

regeneration.

• Validate the immunostaining with an additional method such as gene expression

(quantitative polymerase chain reaction) in retinal tissue from the region of the

injection.

• Determine the dose response of EGF and other growth factor for the differenti-

ation, viability and proliferation of encapsulated cells.

9.2.2 Large animal model (such as rhesus monkey)

• Test Gtn-HPA/HA-Tyr in a larger animal retina and perform OCT, back of the

eye imaging, behavioral testing, and imaging of the biomaterial over time.

• Cell dosage testing, towards clinical trial, which could be used for human injec-

tions.

• Biomaterials volumes dosage testing, towards clinical trial.
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9.2.3 In vitro testing of injected cells onto explanted retina

• Test Gtn-HPA/HA-Tyr cell encapsulation injections on explanted retina with

multi-electrode array for functionality.

• Digest retinas and sort human injected cells to test for their phenotype post-

injection by flow cytometry.

• Digest the portion of retina surrounding the Gtn-HPA/HA-Tyr with cells in-

jections site and the remaining hydrogels to measure the amount of EGF found

in each with ELISA.

9.2.4 hCP clinical translation

• Optimize the formulation of hCP from frozen to direct human injection (towards

clinical application).

• Perform additional analysis and testing of hCP functionality in vitro (MEA)

• Longer RD1 and RCS studies to be performed for long-term effect of hCP

injections.

9.2.5 In vitro testing and miscellaneous

• Research and perform testing on novel growth factor encapsulated in hydrogels

(anti-VEGF) [233]., and analyze the oxygen content in hydrogels.

• Repeat the rheology experiments with cells encapsulated in hydrogels.

• Use a compression testing apparatus on standardized geometries (formed from

molds) to determine the effect of cells addition on Gtn-HPA/HA-Tyr mechanical

properties after a pre-specified time delay between the initiation of covalent

crosslinking and cell addition.

• Try to identify the primary degradation products of Gtn-HPA with mass spec-

troscopy after in vitro digestion of the preformed scaffold.
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Appendix A

Algorithms for image processing and

analysis

A.1 Area counting of cell fluorescence

%% Thresholds

I = 10; ThresholdGreen = 50; ThresholdRed = 50;

%% Image analysis

s = strcat(num2str(I),’gelegf.tif’);

A = imread(s);

Size = size(A); Totalpixels = Size(1)*Size(2);

r = A(:,:, 1); g = A(:,:, 2); b = A(:,:, 3);

%% Red/Green images

justGreen = g - r/2 - b/2; justRed = r - g/2 - b/2;

%% Image processing

Green = justGreen > ThresholdGreen;

Red = justRed > ThresholdRed;
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SUMg = sum(sum(Green)); SUMr = sum(sum(Red));

%% Results

PercentGreen = 100 * SUMg / Totalpixels;

PercentRed = 100 * SUMr / Totalpixels;

A.2 Cell counting of Live/Dead assays

%% Open image & first filters

int=2; A = imread(’Cult.tif’); greenChannel = A(:,:,2);

I = greenChannel; I = adapthisteq(I);

I = imclearborder(I); I = wiener2(I, [int int]);

%% Change to binary and get cells

bw = im2bw(I, graythresh(I)); bw2 = imfill(bw,’holes’);

bw3 = imopen(bw2, strel(’disk’,2)); bw4 = bwareaopen(bw3, 1);

%% Checking grouped cells

bw4_perim = bwperim(bw4);

overlay1 = imoverlay(I, bw4_perim, [1 .3 .3]);

%% Discover putative cell centroids

maxs = imextendedmax(I, 5); maxs = imclose(maxs, strel(’disk’,3));

maxs = imfill(maxs, ’holes’); maxs = bwareaopen(maxs, 2);

overlay2 = imoverlay(I, bw4_perim | maxs, [1 .3 .3]);

%%Background and maxima pixels.

Jc = imcomplement(I); I_mod = imimposemin(Jc, bw4 | maxs);

L = watershed(I_mod); labeledImage = label2rgb(L);
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stats = regionprops(’table’,L,’Perimeter’,’Area’,’Centroid’,’MajorAxisLength’);

%% Final Count and final overlay

[LL, num] = bwlabel(L);

mask = im2bw(LL, 1);

overlay3 = imoverlay(I, mask, [.3 1 .3]);

number(int)=num;

%% Take care of too big and too small

Centroidx=stats.Centroid(:,1);Centroidy=stats.Centroid(:,2);

Good.Centroid=[Centroidx(stats.MajorAxisLength>small &

stats.MajorAxisLength<big) Centroidy(stats.MajorAxisLength>small &

stats.MajorAxisLength<big)];

Good.Radius=stats.MajorAxisLength(stats.MajorAxisLength>small

& stats.MajorAxisLength<big);

%% Number of cells

imwrite(A,’myGray.png’); figure; imshow(overlay3); hold on; for kab=1:num

size_string = sprintf(’%u’,kab);

text(stats.Centroid(kab,1)-30,stats.Centroid(kab,2)+40,size_string,’Color’,’y’,...

’FontSize’,14,’FontWeight’,’bold’); end

%% Distribution of size

RealAreaDistrib=stats.MajorAxisLength.*2000/919;

figure; imshow(overlay3); hold on; for ka=1:num

size_string = sprintf(’%2.2f’,RealAreaDistrib(ka));

text(stats.Centroid(ka,1)-30,stats.Centroid(ka,2)+40,size_string,’Color’,’w’,...

’FontSize’,14,’FontWeight’,’bold’); end

%% Granularity
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figure; imshow(overlay3); hold on; for k=1:num

Metric(k)=(4*pi.*stats.Area(k))./(stats.Perimeter(k).*stats.Perimeter(k));

if Metric(k)>1; Metric(k)=1; end

metric_string = sprintf(’%2.2f’,Metric(k));

text(stats.Centroid(k,1)-30,stats.Centroid(k,2)+40,metric_string,’Color’,’r’,...

’FontSize’,14,’FontWeight’,’bold’); end

A.3 Cell migration, orientation and co-localization

algorithm

%% Importing packages import cv2, import glob, import math, import mat-

plotlib.pyplot as plt, import numpy as np, import json, from shapely.geometry import

Point, from shapely.geometry.polygon import, Polygon, import os, import pandas as

pd

%% Make grid

def make_frame_grid(frames, frames_info=None,

num_cols=5, size=1.5, fontsize=8, save_path=None):

num_lines = len(frames) // num_cols + 1

h, w, _ = frames[0].shape; ratio = h/w

fig = plt.figure(figsize=(num_cols*size/ratio,num_lines*size))

plt.tight_layout() for i, frame in enumerate(frames):

ax1 = fig.add_subplot(num_lines, num_cols, i+1)

ax1.set_yticklabels([]); ax1.set_xticklabels([])

if frames_info is not None: info = frames_info[i]; # ax1.set_xlabel(info)

ax1.set_title(info, fontdict=’fontsize’: fontsize); ax1.imshow(frame)

plt.subplots_adjust(wspace=.001, hspace=.3 if frames_info is not None else 0.001)

if save_path is not None:

plt.savefig(save_path,bbox_inches = ’tight’,pad_inches = 0)
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else: plt.show(), plt.close()

%% Files from confocal

json_files = [’labels_gtn copy.json’]#, ’labels_ipn75.json’, ’labels_pbs.json’,

’layers_ipn50.json’]; by_file = {}; by2_file = {}

for file in json_files: with open(file, ’r’) as f: lines = json.load(f)

for key, value in lines.items():

regions = value[’regions’]; num_regions = len(regions)

polygon_per_regions = {}; points_per_regions = {}

for _, region in regions.items():

points_x = region[’shape_attributes’][’all_points_x’]

points_y = region[’shape_attributes’][’all_points_y’]

for x, y in zip(points_x, points_y): points.append((x,y))

region_name = region[’region_attributes’][’label’]

polygon_per_regions[region_name] = Polygon(points)

points_per_regions[region_name] = points by_file[key] = polygon_per_regions

%% Define polygons and ellipses

def polygon_orientation(points, debug=False):

i=0.001; cv2_contour = []; for p in points:

cv2_contour.append([p]); while len(cv2_contour)<5: cv2_contour.append([p])

i=i+0.001; cv2_contour = np.array(cv2_contour, dtype=np.int32)

ellipse = cv2.fitEllipse(cv2_contour)

if debug: canvas = np.ones_like(img)*255

canvas = cv2.drawContours(canvas, [cv2_contour], -1, (0,255,0), 3)

cv2.ellipse(canvas, ellipse, (0,255,255))

plt.imshow(canvas); return ellipse

%% Capture only positive cells

def get_centers(green): GREEN_THRESHOLD = 55

284



BLUR_SIZE = 1; CLOSING_SIZE = 1; OPENING_SIZE = 2

blurred = cv2.blur(green, (BLUR_SIZE, BLUR_SIZE))

thresholded = np.array(blurred > GREEN_THRESHOLD, dtype=np.uint8)

kernel = np.ones((CLOSING_SIZE, CLOSING_SIZE), np.uint8)

imask = cv2.morphologyEx(thresholded, cv2.MORPH_CLOSE, kernel)

kernel = np.ones((OPENING_SIZE, OPENING_SIZE), np.uint8)

imask = cv2.morphologyEx(imask, cv2.MORPH_OPEN, kernel) return imask

%% Image distortion and kernels

column_names = ["layer", "file", "group", "center", "size", "center", "axes",

"angle cell","angle layer"]; result_lines = []

for file, info in by_file.items(): group = file.split(’_’)[0]

file_id = file.replace(’.png’, ”)

path = os.path.join(’data’, file_id, file_id + ’.tif’)

img = cv2.imread(path)[:,:,::-1]

green = cv2.imread(path.replace(’shot4’, ’shot2’))[:,:,1]

centers = get_centers(green)

blurred = cv2.blur(green, (BLUR_SIZE, BLUR_SIZE))

thresholded = np.array(blurred > GREEN_THRESHOLD, dtype=np.uint8)

kernel = np.ones((DILATATION_SIZE,DILATATION_SIZE),np.uint8)

eroded = cv2.dilate(thresholded,kernel,iterations = 1)

kernel = np.ones((CLOSING_SIZE, CLOSING_SIZE), np.uint8)

imask = cv2.morphologyEx(thresholded, cv2.MORPH_CLOSE, kernel)

kernel = np.ones((OPENING_SIZE, OPENING_SIZE), np.uint8)

imask = cv2.morphologyEx(imask, cv2.MORPH_OPEN, kernel)

connectivity = 4

ret, markers, stats, centroids = cv2.connectedComponentsWithStats

(eroded, connectivity , cv2.CV_32S)

%% Remove components without any center in them
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clean_centroids = []; for component_id, centroid in enumerate(centroids):

component_mask = np.where(markers == component_id)

masked_centers = centers[component_mask]

masked_eroded = np.array(markers == component_id, dtype=np.uint8)

if np.sum(masked_centers) == 0:

markers[component_mask] = 0; else: area = len(component_mask[0])

contours, hierarchy = cv2.findContours

(masked_eroded, cv2.RETR_EXTERNAL,cv2.CHAIN_APPROX_NONE)

if len(contours[0]) <= 5: print("ERROR WITH CONTOUR for " + file)

else: ellipse = cv2.fitEllipse(contours[0])

clean_centroids.append((centroid, area / (img.shape[0] * img.shape[1]), ellipse))

composed = np.zeros_like(img)

Polylayers = np.zeros_like(img,dtype=np.uint8)

no_markers = markers == 0; markers = markers * 4 + 10

markers[no_markers] = 0

composed[:,:, 0] = markers; composed[:,:, 1] = centers

%% Draw the centers

for (centroid, area, ellipse) in clean_centroids:

center = (int(centroid[0]), int(centroid[1]))

cv2.circle(composed, center, 10, (255, 0, 0), 2)

cv2.ellipse(composed, ellipse,(0,255,255))

single_point = Point(center[0], center[1])

for region_id, polygon in info.items():

if polygon.contains(single_point):

center, axes, angle = ellipse

Grandaxe=axes[1]; #angle=math.fmod(angle,90)

polygon_ellipse = polygon_orientation(list(polygon.boundary.coords))

cv2.ellipse(Polylayers, polygon_ellipse,(0,0,255))

_, poly_axes, poly_angle = polygon_ellipse
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result_lines.append([region_id, file, group, centroid, area, center,

Grandaxe, angle, poly_angle])

print("center {} is in polygon for region {} with {} and {}".format

(centroid, region_id, Grandaxe,poly_angle))

make_frame_grid([img, composed,Polylayers], num_cols=3, size=70,

save_path="ipn6.jpeg")

df = pd.DataFrame(result_lines, columns=column_names)

df.to_excel(’results.xls’)

A.4 RD1 whole mount distribution analysis

%% Density Maps

MAP=zeros(2048,2048,3);MAP(:,:,3)=0.3;x=0;y=0;r=0;xp(1)=-1;yp=-1;

for map=1:length(Good.Centroid); y=round(Good.Centroid(map,1));

x=round(Good.Centroid(map,2)); r=round(Good.Radius(map)*1.2);

MAP((xx-xˆ2+(yy-y).ˆ2<rˆ2)=MAP((xx-x).ˆ2+(yy-yˆ2<rˆ2)+0.2;

end; figure; imshow(MAP); MAP0=uint8(MAP);

%% Find Distance recovery Profile

D=zeros(Rmax,length(Good.Centroid)); for centre=1:length(Good.Centroid)

p=0; for R=1:50:Rmax; p=p+1; for search=1:2048; for search1=1:2048

if(round(abs(search-Good.Centroid(centre,2)))==R

&& round(abs(search1-Good.Centroid(centre,1)))<=R)

D(p,centre)=D(p,centre)+MAP(search1,search,1);

elseif(round(abs(search-Good.Centroid(centre,2)))<=R

&& round(abs(search1-Good.Centroid(centre,1)))==R)

D(p,centre)=D(p,centre)+MAP(search1,search,1); end; end; end; end; end

%% Find nearest neighbors and MAP

for start=1:length(Good.Centroid)
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Distance(:,start)=sqrt((Good.Centroid(start,1)-Good.Centroid(:,1ˆ 2

+(Good.Centroid(start,2)-Good.Centroid(:,2)).ˆ 2);

Distance(start,start)=10ˆ10; NND(start,:)=min(Distance(:,start)); end

MAP3=zeros(2048,2048,3); MAP2=MAP0;

for map=1:length(Good.Centroid);r=round(Good.Radius(map)); r=20;

y=round(Good.Centroid(map,1)); x=round(Good.Centroid(map,2));

if(x+r>2048 || y+r>2048 || x-r<0 || y-r<0); continue; end

if(NND(map)<30); MAP3((xx-xˆ2+(yy-y).ˆ2<rˆ2)=0.1;

elseif(NND(map)>=30 && NND(map)<50)

MAP3((xx-x).ˆ2+(yy-y).ˆ2<rˆ2)=0.2;

elseif(NND(map)>=50 && NND(map)<70)

MAP3((xx-x).ˆ2+(yy-yˆ2<rˆ2)=0.3;

elseif(NND(map)>=70 && NND(map)<90)

MAP3((xx-x).ˆ2+(yy-yˆ2<rˆ2)=0.4;

elseif(NND(map)>=90 && NND(map)<110)

MAP3((xx-x).ˆ2+(yy-y).ˆ2<rˆ2)=0.5;

elseif(NND(map)>=110 && NND(map)<200)

MAP3((xx-x).ˆ2+(yy-y).ˆ2<rˆ2)=0.6; end; end

figure; imshow(MAP); MAP4=uint8(MAP3);

%% Work on Density MAP

for alpha1=1:2048; for alpha2=1:2048; if(MAP3(alpha1,alpha2,1)==0.1)

MAP4(alpha1,alpha2,1)=255;MAP4(alpha1,alpha2,2)=0;MAP4(alpha1,alpha2,3)=0;

elseif(MAP3(alpha1,alpha2,1)==0.2) MAP4(alpha1,alpha2,1)=255;

MAP4(alpha1,alpha2,2)=255;MAP4(alpha1,alpha2,3)=0;

elseif(MAP3(alpha1,alpha2,1)==0.3) MAP4(alpha1,alpha2,1)=0;

MAP4(alpha1,alpha2,2)=255;MAP4(alpha1,alpha2,3)=0;

elseif(MAP3(alpha1,alpha2,1)==0.4) MAP4(alpha1,alpha2,1)=0;

MAP4(alpha1,alpha2,2)=255;MAP4(alpha1,alpha2,3)=255;

elseif(MAP3(alpha1,alpha2,1)==0.5) MAP4(alpha1,alpha2,1)=0;
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MAP4(alpha1,alpha2,2)=0;MAP4(alpha1,alpha2,3)=255;

elseif(MAP3(alpha1,alpha2,1)==0.6) MAP4(alpha1,alpha2,1)=255;

MAP4(alpha1,alpha2,2)=0;MAP4(alpha1,alpha2,3)=255; else

MAP4(alpha1,alpha2,1)=200;MAP4(alpha1,alpha2,2)=200;MAP4(alpha1,alpha2,3)=200;

end; end; end; for inttt=1:620

plot(Good.Centroid(inttt,1), Good.Centroid(inttt,2),Colors(inttt), ’MarkerSize’,69)

viscircles(Good.Centroid(inttt,:),Good.Radius(inttt),’Color’,Colors(inttt),’LineWidth’,0.1);

end; imshow(MAP4);
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