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"The future belongs to those who believe in the beauty of their dreams."
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Abstract

Diabetic retinopathy is a severe complication of diabetes and a leading cause of visual
impairment worldwide, predominantly affecting the working-age population. It is well
established that chronic hyperglycemia plays a critical role in the pathogenesis of diabetic
retinopathy, triggering an array of cellular responses within the retina. One of the key players
involved in the retinal response against stress, such as chronic hyperglycemia, is microglia.
Microglia are a type of cell that becomes activated in response to various pathological stimuli
and can exert both neuroprotective and neurodegenerative effects. The NDR (Nuclear Dbf2-
Related) kinases have emerged as crucial regulators of cell growth, survival, and migration in
numerous biological contexts. Recent studies have implicated NDR kinases in
neuroinflammation and neurodegenerative diseases, pointing to their potential involvement in
the pathophysiology of diabetic retinopathy. However, the precise role of NDR kinases in the
context of retinal microglial responses and hyperglycemic environments remains largely

unexplored.

To address this gap, our study sought to investigate the effects of high glucose (HG) exposure
on BV-2 microglial cells, with a specific focus on the role of NDR kinases in this process. BV-2
cells were chosen as an established in vitro model to study microglial responses, and by
subjecting them to HG exposure, we aimed to mimic the hyperglycemic environment that
occurs in diabetes. The cells were incubated with HG for different timepoints: 4h HG
incubation (4h assay), 7h HG incubation (7h assay), two times 4h HG incubations with a 4h
incubation break in between with normal glucose (12h assay) and then different assays were
performed to address the main question. Additionally, we conducted a CRISPR-Cas9
lipofectamine transfection to induce a knockout of Ndr2 in BV-2 cells in order to understand
the role of NDR2 kinase in microglial cells in the context of diabetes. Ultimately, an STZ-
induced diabetic mouse model was used to evaluate the differences in retinal Ndr2

expression when compared to a non-diabetic animal.

Our findings highlight that NDR kinases are expressed in BV-2 microglial cells and that
expression is impacted by exposure to acute levels of high glucose. Protein levels of NDR1/2
exhibited a reduction in BV-2 cells subjected to the 7h assay, yet they exhibited an increase
when exposed to the |2h assay. The same pattern was observed for Ndr2 mRNA expression,
suggesting that during the 4h break between HG exposures, the cells might activate
compensatory mechanisms to mitigate the adverse effects of HG-induced stress. Conversely,
such mechanisms might be inhibited during extended HG exposure periods (7h).

Furthermore, our study demonstrates that Ndr2 downregulation influences phagocytosis, a
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main function of microglial cells. Moreover, we confirmed the influence of the glycemic
environment on the phagocytic activity of the microglial cells even in short-term exposures.
For WT BV-2 cells, an increase was observed in the 4h assay, while in the [2h assay,
phagocytic efficacy decreased. Nevertheless, the phagocytic activity of Ndr2 downregulated
BV-2 cells was inherently less responsive to changes in glucose concentrations. This outcome
can be a result of Ndr2 downregulation, but additional experiments are necessary given the
potential influence of alternate signaling pathways on phagocytosis regulation. We also
observed that HG exposure and Ndr2 downregulation lead to the expression of TNF-a and
IL-17a, suggesting that NDR2 kinase is involved in the immune response mediated by
microglial cells. Lastly, NDR2 expression in STZ-induced diabetic mice was observed in the
inner plexiform layer, whereas in non-diabetic mice, the expression is in all layers of the
retina, from the outer nuclear layer to the inner plexiform layer, suggesting that NDR kinases
may have a role in modulating synaptic function and, consequently, the processing of visual

information.

In conclusion, this study reveals that NDR2 might play an important role in diabetic
retinopathy, affecting microglial cells and contributing to the retinal changes observed in
diabetic patients. It also underscores the importance of further research to unravel the
intricate connections between NDR kinases and microglial responses. Ultimately, deciphering
these molecular mechanisms may pave the way for novel genetic testing or therapeutic
strategies aimed at mitigating the effects of diabetic retinopathy and improving visual

outcomes for affected individuals.

Keywords: Nuclear Dbf2-related (NDR) kinases, Microglia, Retina, High-glucose, Diabetic

Retinopathy.
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Resumo

A retinopatia diabética é uma complicagio grave da diabetes e uma das principais causas de
deficiéncia visual em todo o mundo. Varios estudos reportam que a hiperglicemia cronica
desempenha um papel fundamental no desenvolvimento da retinopatia diabética e
desencadeia varios processos celulares na retina em resposta a stress, como por exemplo
elevados niveis de glucose.As células da microglia sio um tipo de células que sao ativadas em
resposta a varios estimulos patologicos e que tanto podem exercer efeitos neuroprotetores
como neurodegenerativos. Estas células sao consideradas os principais mediadores na
resposta da retina a condi¢oes de stress. As cinases NDR (Nuclear Dbf2-Related) tém
surgido como reguladores cruciais do crescimento, sobrevivéncia e migragao celular em
varios contextos bioldgicos. Estudos recentes indicam que as cinases NDR estao envolvidas
em processos de neuroinflamagao e em doengas neurodegenerativas, o que reforga o seu
potencial envolvimento na fisiopatologia da retinopatia diabética. No entanto, o papel exato
destas cinases na resposta da microglia a condigoes de hiperglicemia permanece bastante

inexplorado.

Para colmatar esta lacuna, o nosso estudo tem por base a investigacao dos efeitos da
exposi¢ao a niveis elevados de glucose (HG) nas células da microglia e o papel das cinases
NDR ao longo desse processo. A linha celular BV-2 foi escolhida como um modelo in vitro
para estudar as respostas da microglia e, ao submeté-las a exposicao a elevados niveis de
glucose, pretendemos reproduzir o ambiente hiperglicémico caracteristico da diabetes. Para
isso as células foram incubadas com HG durante diferentes periodos de tempo: 4h de
incubagao com HG (ensaio de 4h), 7h de incubagao com HG (ensaio de 7h), duas incubagoes
de 4h com HG com um intervalo de 4h de exposicao, entre as mesmas, a niveis normais de
glucose (ensaio de |2h). De seguida, foram efetuados diferentes ensaios de modo a
responder a principal questao deste estudo. Além disso, utilizamos a técnica CRISPR-Cas9
para induzir um knockout do gene Ndr2 em células BV-2, com o intuito de compreender a
funcao da cinase NDR2 em células da microglia e num contexto de diabetes. Por fim,
utilizamos um modelo de murganho diabético, induzido por STZ, para avaliar as diferengas na

expressao de Ndr2 na retina quando comparado com um animal nao diabético.

Os nossos resultados indicam que, de facto, as cinases NDR sao expressas em células BV-2 e
que essa expressao € afetada pela exposicao aguda a elevados niveis de glucose. Os niveis de
expressao das proteinas NDR /2 apresentaram uma redugao nas células BV-2 submetidas ao
ensaio de 7 horas, mas, por outro lado, foi observado um aumento de expressao quando as

células foram submetidas ao ensaio de 12 horas. O mesmo padrao foi observado para a
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expressao de mRNA de Ndr2, o que sugere que, durante o intervalo de 4 horas entre as
exposicoes a elevados niveis de glucose, as células podem ativar mecanismos de
compensagao para atenuar os efeitos adversos provocados pela glucose. No entanto, esses
mecanismos podem ser inibidos durante periodos mais prolongados de exposicao a HG (7h).
Além disso, o nosso estudo demonstra que a regulagao negativa de Ndr2 influencia a
fagocitose, uma das principais fungoes das células da microglia. Confirmamos também que um
ambiente hiperglicémico tem impacto na atividade de células da microglia durante pequenos
periodos de incubagao. Para as células WT BV-2, foi observado um aumento no ensaio de 4
horas, enquanto no ensaio de |2 horas a atividade fagocitaria diminuiu. A fagocitose das
células BV-2 com regulagao negativa de Ndr2 foi inerentemente menos reativa a alteragoes
nas concentragoes de glucose. Este resultado pode ser consequéncia da desregulagio do
Ndr2, mas sao necessarios ensaios adicionais, dada a possivel influéncia de vias de sinalizacao
alternativas na regulagao da fagocitose. Também verificAmos que a exposi¢ao a elevados niveis
de glucose e uma regulagao negativa de Ndr2 promovem a expressao de TNF- e IL-173,
sugerindo que a cinase NDR2 tem um papel na resposta imune. Por ultimo, a expressao de
NDR2 em murganhos diabéticos foi observada na camada plexiforme interna, enquanto em
ratinhos nao diabéticos, a expressao estd presente em todas as camadas da retina, desde a
camada nuclear externa até a camada plexiforme interna, sugerindo que as cinases NDR
podem ter um papel negativo na regulagao da func¢ao sindptica e, consequentemente, no

processo de informagao visual.

Em suma, este estudo revela que NDR2 podera ter um papel fundamental na retinopatia
diabética, afetando as células da microglia e contribuindo para as alteragées na retina
observadas em doentes diabéticos. E importante ressaltar que sio necessarios mais ensaios
para clarificar as possiveis ligagdes entre as cinases NDR e as respostas da microglia. Em
dltima andlise, a compreensao destes mecanismos moleculares podera abrir caminho para
novos testes genéticos ou estratégias terapéuticas destinadas a atenuar os efeitos da

retinopatia diabética e a melhorar a visao dos doentes.

Palavras-Chave: Cinases NDR (Nuclear Dbf2-related), Microglia, Retina, Glucose Elevada,

Retinopatia Diabética.
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CHAPTER 1 - Introduction






I.1 Retina

The retina is a part of the central nervous system and plays a crucial role in vision by
detecting light and converting it into electrical signals that are send to the brain to create

visual perception [I].

The journey of light through the eye begins as it penetrates the cornea, a layer at the front of
the eye, and enters the pupil. The amount of light entering the pupil is regulated by the iris.
Then, the lens of the eye focuses the light onto the retina. Upon reaching the retina,
photoreceptor cells convert the light energy into electrical signals that travel through the
interneurons, the ganglion cells, and the optic nerve to the brain. Once in the brain, the

signals are translated into images [2] [3].

In the eye, the retina is located at the back part and consists of multiple cell layers and
neuronal circuits, which makes it a complex structure. There are 10 layers in the retina. From
the innermost layer, we have the internal limiting membrane (ILM), the nerve fiber layer
(NFL), the ganglion cell layer (GCL), the inner plexiform layer (IPL), the inner nuclear layer
(INL), the outer plexiform layer (OPL), the outer nuclear layer (ONL), the outer limiting
membrane (OLM), the photoreceptor layer (PL) and the retinal pigment epithelium (RPE) [4]
(Figure 2).
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Figure 2- Schematic representation of the retinal structure. lllustration the different layers and cell types. ILM:
internal limiting membrane; NFL: nerve fiber layer; GCL: ganglion cell layer; IPL: inner plexiform layer; INL inner nuclear layer;
OPL outer plexiform layer; ONL: outer nuclear layer; OLM: outer limiting membrane; PL: photoreceptor layer; RPE: retinal
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I.1.1 Retinal Cells

Each of these layers contains different types of cells that work together to maintain the
retinal homeostasis, process visual information, and transmit it to the brain.These cells can be

grouped into 4 main groups: blood vessels, macroglial cells, neuronal cells, and microglial cells.

I.1.1.1 Vasculature

The blood vessels are tube-like shape structures composed of endothelial cells responsible
for the regulation of hemostatic functions, and pericytes that regulate the retinal vascular
flow [6]. The retina is a highly vascularized tissue that receives its blood supply from two
systems: the central retinal artery and the choroidal vasculature, or choriocapillaris. The
central retinal artery enters the eye through the optic nerve and supplies the inner retina,
while the choriocapillaris supplies the outer retina, including the photoreceptors. The two
systems are interconnected at the level of the RPE. The retinal vasculature is essential for the
proper functioning of the retina, as it provides oxygen and nutrients to the retinal cells. In

humans, the development of the retinal vasculature is finished before birth [3], [7].

1.1.1.2 Neuronal Cells

The retinal neuronal cells include photoreceptors, bipolar cells, horizontal cells, amacrine
cells, and ganglion cells that are responsible for phototransduction, for modulating and for

transmitting optical impulses to the brain [6].

Photoreceptors perceive the external light and can be divided into two types: rods and
cones. Rods, which constitute the majority of photoreceptors in the human retina, are mainly
situated in the outer layers of the retina. They are responsible for low-light vision, resulting in
black and white images. Their response time is relatively slow, and they exhibit low contrast
sensitivity and spatial acuity. They are not functional during the day, and in the absence of light,
they require approximately 40 minutes to become active and enable scotopic vision (black
and white). On the other hand, cones are responsible for facilitating color vision, which is
also known as photopic vision and is predominantly used during the daytime.These cells can
identify three wavelengths of light, including red, green, and blue. They are mainly located in
the macula, which is the central area of the retina. The fovea, which is a region within the
macula, contains 100% cones and no rods, which allows the brain to distinguish between two

points. Unlike rods, cones possess high spatial acuity, can quickly adjust to changes in lighting



conditions, and do not become oversaturated in response to high-contrast light. Both of
them release glutamate as their neurotransmitter and synapse into bipolar cells [8]. On the
other hand, in mice retina, rods represent 97% of all photoreceptors and cones only identify

two wavelengths of light: green and blue.

Among interneurons, bipolar cells, amacrine cells and horizontal cells can be found. Bipolar
cells receive inputs from the photoreceptors and are classified into two types: rod bipolar
cells, which receive input from rods, and cone bipolar cells, which receive input from cones.
By forming a synaptic connection between photoreceptors, these cells facilitate
communication between the inner and outer layers of the retina. Bipolar cell bodies are
located to the INL while their dendrites and axons form, respectively, the OPL and IPL [8].As
previously mentioned, glutamate is released by both rods and cones, and this release is
regulated by light exposure. In the absence of light, there is an increase in glutamate release,
leading to excitation of bipolar cells, which are then referred to as off-center bipolar cells.
Conversely, in the presence of light, photoreceptors are hyperpolarized and there is a
decrease in glutamate release. This type of bipolar cells are known as on-center bipolar cells,

as they become active when the light is turned on [9].

Amacrine cells are intermediate neurons whose cell bodies are in the INL and GCL and their
dendrites form the IPL. Amacrine cells release inhibitory neurotransmitters like GABA or
glycine. They receive excitatory inputs from bipolar cells and send inhibitory outputs to the
dendrites of retinal ganglion cells (RGCs), other amacrine cells, and bipolar cells. These
outputs have the potential to modulate the activity of RGCs, either by directly inhibiting
them postsynaptically or indirectly by inhibiting the bipolar cells terminals presynaptically.
[10] Amacrine cells can form functional microcircuits that enable the retina to detect varying

shades and movements of light [8].

Horizontal cells are another type of intermediate neurons that have their cell bodies in INL,
their dendrites branch in the OPL and communicate with each other through gap-junctions
[8]. These cells receive glutamatergic inputs from photoreceptors and send GABAergic
inhibitory outputs to both photoreceptors and bipolar cells [I |]. Horizontal cells allow the
detection, within the same visual field, of objects with different levels of brightness and help

the eyes adjusting that and helps to support contrast enhancement [8].

RGCs transmit visual information to the brain by projecting their axons along the optic
nerve [12]. RGCs receive chemical signals from amacrines and bipolar cells. These signals are

converted into electrical signals through RGCs transmembrane receptors and, depending on



the visual features encoded by RGCs, their axons are directed to specific visual centers in

the brain.All the axons of the RGCs are collected into the optic nerve [13].

1.1.1.3 Macroglial and Microglial Cells

Macroglial cells are composed of astrocytes and Miiller cells [6]. The astrocytes are almost
exclusively confined to the innermost retinal layers [14], namely to the NFL [6]. Since there is
a correlation between the distribution of blood vessels and astroglia in the retina, it is
believed that astrocytes may enter the retina along with the blood vessels [14]. In terms of
function, the astrocytes are important for the development of retinal vascularization, the
control of ionic and metabolic homeostasis of RGCs and the regulation of blood flow in the

optic nerve [15].

Present in all layers of the retina, from the ILM to the RPE, Miiller cells are a type of
specialized radial glial cells [I5] that constitute approximately 90% of the retinal glia [14].
These cells support the survival of neurons and photoreceptors, providing homeostatic,
metabolic, and functional support to them. Additionally, they are also responsible for various
other functions including maintaining the structural stability of the retina, preserving and
organizing the blood retinal barrier [15], acting as a communication system for metabolic

exchange between the vessels and neurons [14], and guiding the light to photoreceptors [15].

The combine action of astroglia and Miuller cells in the retina is crucial for several
homeostatic functions, such as the elimination of carbon dioxide, maintenance of ion

homeostasis, and regulation of extracellular pH [I5].

Microglia are another type of glial cells that we can find within the central nervous system, a
population of monocytes characterized by their ability to adapt to the surrounding neuronal
environment, and due to this feature, they are considered highly plastic cells [14]. Microglia
are often referred as the macrophages of the central nervous system, however there are
several differences between macrophages and microglial. Macrophages originate from blood
monocytes that circulate in the bloodstream and, upon signals of infection or tissue damage,
migrate to the affected tissues where differentiate. Furthermore, they are not considered the
first line of defense of the central nervous system and do not exhibit responses to calcium
levels fluctuations, an hallmark of microglial cells [16]. Microglia are derived from primitive
yolk sac progenitors and during the early stages of embryonic development, migrate to the

retina [17], [18]. Microglial cells are present in the GCL, IPL, OPL and around the vessels [|5].



Adult microglia present a ramified morphology in their inactivated state, and it is widely
distributed within the nervous system, being responsible for continuously checking the
surrounding environment. When activated, microglia can present antigens, produce pro- and
anti-inflammatory cytokines, and reactive oxygen intermediates, as well as gain phagocytic
ability [19]. They play a vital role in preserving the functionality of the neuronal network,
maintaining tissue homeostasis, clearing cellular debris upon injury, and secreting substances

that enable communication between these cells and others [14].

Furthermore, microglia are not only crucial for maintaining retinal homeostasis under normal
physiological conditions but also play pivotal roles in various retinal degenerative diseases,

including age-related macular degeneration, glaucoma, and diabetic retinopathy (DR) [20].

1.2 Diabetes Mellitus

High blood glucose levels are the defining feature of diabetes mellitus, a group of chronic
metabolic diseases that can lead to a variety of other pathologies, including diabetic

retinopathy [21] .

Type | and type 2 diabetes are the two main types of diabetes. Type | diabetes occurs when
the body doesn’t produce insulin or produces very low amounts, which results in the need of
insulin injections to regulate blood glucose levels [22]. This is caused by an autoimmune
reaction that destroys pancreatic beta cells [21], and children and young adults are the most
affected. Type 2 diabetes is the most prevalent form of diabetes and occurs when the body
loses the ability to respond to insulin as a result of insulin resistance. Although it is more
often diagnosed in older adults, there is an increasing number of type 2 diabetes cases in
young people related to obesity. The treatment for this patients includes following a healthy

lifestyle and may also require oral medication and insulin [22].

1.2.1 Diabetic Retinopathy

Diabetes is a major risk factor for the occurrence and progression of neurovascular damage
in the retina [23]. Studies suggest that, in Europe, approximately 20%-35% of diabetic people
will develop any form of diabetic retinopathy, which is the most common microvascular

complication of diabetes [24].



1.2.1.1 Pathological Insights of Diabetic Retinopathy

Diabetic retinopathy is a neurodegenerative disease characterized by microvascular lesions in
the retina that can lead to visual loss [25], [26]. Optical examination can identify the early
stage of DR, known as non-proliferative diabetic retinopathy (NPRP) [27]. This one includes
enhanced vascular permeability and capillarity occlusions, [28] microaneurysms, and
microhemorrhages [27]. When DR is in an advanced stage, it is called proliferative diabetic
retinopathy (PDR), which is characterized by neovascularization and the formation of new
blood vessels which result in detachment of the retina and vision impairment [27], [28].
Another significant stage of DR, and the main cause of blindness [27], is diabetic macular
edema (DME), a complication where the breakdown of the BRB leads to thickening of the

macula due to the accumulation of extracellular fluid [26].

The maintenance of BRB is achieved by the blood vessels of the retina, which present tight
junctions that prevent them from leaking. When exposed to high glucose levels, these tight
junctions are damaged, causing the leaking of blood into the retina [29]. Normally, the ratio of
endothelial cells to pericytes, the two types of cells that constitute the blood vessel, is |:1;
however, in DR, there is a loss of pericytes, and the ratio changes to 4:I. Since pericytes are
responsible for capillary support, this event leads to their death and consequently to ischemia
and microaneurysms [28], [29]. When this occurs, pro-angiogenic cytokines are released,
resulting in pathologic neovascularization, in which new vessels grow on the surface of the
retina towards the vitreous, causing retinal detachment [29], [30]. When cytokines and other
molecules are released, leukocytes are recruited and, under hyperglycemia conditions, they
adhere to the vascular endothelium causing leukostasis. Inflammatory cytokines and vascular
permeability factors are also released by white blood cells, which result in endothelial

junctions disruption and BRB destruction [25].

1.2.1.2 Hyperglycemia in DR: Inflammation and Oxidative Stress

The impact of hyperglycemia on the development and progression of diabetic retinopathy has
been extensively studied, highlighting its central role in the pathophysiology of this ocular
complication. Chronic hyperglycemia is probably the main cause of DR [31],and it is linked to
low-grade inflammation that is reflected by the release of higher amounts of pro-
inflammatory mediators [23]. Indeed, many studies have shown increased levels of tumor
necrosis factor-alpha (TNF-0) and interleukins (IL)-1B , IL-6, and IL-8 in the retina and

vitreous of patients with DR [32]-[34] and animal models of diabetes [35], [36].



A hyperglycemic environment can also induce cellular oxidative stress, an imbalance between
the production and elimination of oxygen reactive species (ROS) [29], followed by nuclear
factor kappa B (NF-kB) activation, pro-inflammatory cytokines release, microglia activation,
and culminating in inflammatory exacerbation and cell death [31]. It has been shown that NF-
kB activity is increased in different types of retinal cells of animal models of diabetes and

diabetic people [37], [38].

1.2.2 Microglia and Inflammation

Microglia can be found in two distinct phenotypes, characterized as pro-inflammatory and
anti-inflammatory states. To maintain homeostasis, microglia transit to the anti-inflammatory
state, releasing anti-inflammatory cytokines. However, upon detection of danger signals,
microglia undergo a shift towards a pro-inflammatory state, releasing pro-inflammatory
cytokines. Once the danger is solved, microglia return to a surveillance state [39]. Usually, the
inflammation induced by activated microglia presents protective properties, but under
continuous and prolonged stress, microglia become overly reactive and release excessive
pro-inflammatory molecules and neurotoxic substances, leading to several complications and
damage to the central nervous system [31]. The microglial states are intricately regulated by
numerous signaling pathways, contributing to their diverse functions in response to various

stimuli.

1.3 NDR Kinases

Nuclear Dbf2-related (NDR) kinases are a family of serine-threonine protein kinases and key
effectors of the Hippo pathway, a highly conserved signaling pathway, first discover as a
regulator of cell proliferation, differentiation, and apoptosis. These kinases have been
identified in a wide range of taxa, spanning from unicellular organisms like yeast to
multicellular organisms like plants, animals and humans [40]. In this family, there are four NDR
kinases: NDRI and NDR2 (NDR1/2), also known as serine-threonine kinase 38 (STK38) and
serine-threonine kinase 38 like (STK38L), respectively and large tumor suppressor (LATS) |
and LATS2 [41]. LATSI and LATS2 are more studied and considered the canonical branch of
the Hippo pathway, while NDRI and NDR2 are understudied and considered the

noncanonical branch of the Hippo pathway.



1.3.1 NDR Kinases and the Hippo Pathway

The Hippo pathway is activated by a cascade of signaling events that culminate in the
phosphorylation and regulation of several substrates, like Yes-associated protein (YAP) and
WW Domain Containing Transcription Regulator| (TAZ), the main substrates of this
pathway. When phosphorylated, YAP/TAZ are targeted for degradation or retained in the
cytoplasm, and when dephosphorylated, these co-transcription factors translocate to the
nucleus and modulate the expression of target genes.The NDR kinases have been shown to
phosphorylate YAP and TAZ, leading to their cytoplasmic sequestration and degradation,
thereby inhibiting their activity (Figure 3). However, in the recent years, more substrates of

the NDR kinases have been discovered including NF-kB, BECLINI, RAPHI and many more
[41].
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Figure 3 — Role of NDR kinases in the regulation of the Hippo Pathway. When the Hippo Pathway is OFF NDR
kinases are dephosphorylated, and YAP/TAZ translocate to the nucleus and modulate the expression of target genes.VWhen
the Hippo Pathway is ON, NDR kinases are phosphorylated, and consequently, YAP/TAZ will be phosphorylated, leading to

their cytoplasmic retention. (Created with BioRender.com)

1.3.2 NDR kinases: Structure and Regulatory Mechanisms

Mammalian NDRI and NDR2 kinases exhibit a high degree of protein sequence similarity,
sharing approximately 90% of their sequence, to the exception of a peptide located between
amino acids 2 and 23 and between amino acids 420 and 434. Both kinases consist of 14

exons with conserved intron-exon boundaries [41] and present typical features of the AGC
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kinases group, including an activation segment and hydrophobic-motif regulatory-
phosphorylation sites. However, what distinguishes them to the other AGC group kinases is
the presence of a conserved N-terminal regulatory (NTR) domain and an insert of 30-60
residues between subdomains VIl and VIII, which doesn’t seem to be conserved. NDR2 is
mostly reported to be a cytoplasmic and membranous protein, whereas NDRI is mostly
defined as a nuclear kinase. However, recent studies also define NDRI| as a cytoplasmic

protein [42].

The activation mechanisms of NDR kinases involve multiple regulatory processes, including
phosphorylation events and protein-protein interactions. These kinases are primarily
activated through phosphorylation at specific sites within the activation segment and the
hydrophobic-motif by upstream kinases, like Mammalian STE20-like (MST) kinase and LATS.
Additionally, their activation can be influenced by binding molecules such as Mps|-one binder
(MOBI), a co-activator that facilitates phosphorylation by other kinases. In addition, NDR
kinases can undergo conformational changes in response to various stimuli, further

modulating their activity [40], [42].
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Figure 4 — Schematic representation of NDR protein structure. The two regions that differ between NDRI and
NDR?2 are represented in red, and the regulatory-phosphorylation sites are represented by the yellow circles. (Created with

BioRender.com)

1.3.3 NDR Kinases and Inflammation

Recent research has highlighted the involvement of Hippo signaling components in both
innate and adaptive immunity. Among these components, NDRI/2 has emerged as a
significant player in inflammation and displays a distinct role in modulating inflammatory
responses. NDR| promotes TNFa-induced NF-kB activation through its kinase activity and
interaction with multiple signal components within the NF-kB pathway, thus acting as a

positive regulator in TNFa-induced inflammation. Conversely, NDR2 acts as an inhibitor of



IL-17 signaling. However, in retinal inflammation, the role of NDR kinases remains unknown

[41], [43].
1.4 CRISPR/Cas9 - Genome Editing

Genome editing is a biotechnology technique that can be applied to the genetic engineering

of living cells by inserting, deleting, or replacing DNA in a specific position within the genome

[44].

One of the most modern and recent tools for genome engineering is CRISPR/Cas, a virus-
resistant adaptive immune system of prokaryotes. CRISPR (Clustered Regularly Interspaced
Short Palindromic Repeat) is an organization of short and repeated DNA sequences
interspaced within the bacteria or archaea genome [45], [46]. This system allows the
insertion of fragments of viral DNA in a region denominated CRISPR array and function as a
genetic memory that protects the cells from repeated attacks. Virus fragment cleavage is

accomplished by the Cas (CRISPR-associated) enzyme [46].

I1.4.1 Molecular Components and Mechanisms

There are two different classes of this system.The class | employs large multi-Cas protein
complexes, while the class Il only uses a single endonuclease. There are various types within

each class, and type Il, which uses Cas9, is one of the best characterized [46], [47].

The guide RNA (gRNA) and the Cas9 enzyme are the two basic components of
CRISPR/Cas9.Two different parts that form the gRNA are: the CRISPR RNA (crRNA), which
has a complementary sequence to the target DNA and can pair with it, and the trans-
activating CRISPR RNA (tracrRNA), which acts as a binding scaffold for Cas9 endonuclease
[46]. For genome editing, these two parts can be fused together in order to generate a
chimeric single-guide RNA (sgRNA) that can target any gene sequence [48]. Cas9 is a large,
multi-domain DNA endonuclease that was extracted from Streptococcus pyogenes. As an
endonuclease, this enzyme acts like a scissor and is responsible for cutting the two strands of
target DNA that is complementary to the gRNA sequence. In the absence of the gRNA,
Cas9 remains inactive. It is divided into two different regions, the recognition (REC) lobe and
the nuclease (NUC) lobe [46].The first one can be subdivided into two other domains (REC
| and REC Il) that are responsible for binding to the gRNA and the NUC lobe is composed
of RuvC, HNH, and Protospacer Adjacent Motif (PAM) interacting (Pl) domains. The

complementary sequence of the crRNA is cleaved by the HNH domain, while the opposite
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strand is cleaved by the RuvC domain [49]. The functionality of CRISPR/Cas9 requires a short
and conserved DNA sequence downstream to the target site, known as PAM [46]. The
sgRNA only connects with the target DNA after the identification of a correct PAM
sequence, otherwise there will be a dissociation between the enzyme and the DNA [47].
The function of PAM is to distinguish between foreign genetic material, non-self-sequence,
and the DNA sequence present in CRISPR arrays, self-sequence. This is a crucial mechanism
that prevents the CISPR/Cas system from targeting their own CRISPR arrays, which could
trigger an autoimmune response [50]. All Cas endonucleases have a distinct PAM sequence
that varies in length and complexity. In the case of the widely used Cas9 enzyme, that

sequence is 5'-NGG-3" (N can be any DNA base) [47], [50].

The sgRNA recognizes the target sequence via the complementary crRNA and directs Cas9
to the site of interest. Cas9 is activated when the PAM sequence is recognized, and HNH and
RuvC cleave both strands of DNA, generating a blunt-ended double-strand break (DSB) that

will be repaired by the host's cellular machinery [46], [47].

There are two main mechanisms to repair DNA: non-homologous end joining (NHEJ) and
homology-directed repair (HDR). The NHE] can occur at any phase of the cell cycle, and the
DNA is repaired through an error-prone mechanism that can lead to random insertions,
deletions, or substitutions that generate a mutation in the DNA. In contrast, the HDR uses a
homologous DNA template containing the desired sequence of interest, leading to a precise
gene insertion or replacement. This one is active during the late S and G2 phases of the cell

cycle [46], [49] (Figure 5).
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Figure 5 — Schematic representation of how the CRISPR/Cas9 system works. The CRISPR-Cas9 system consists
of two key molecules that introduce a change in DNA: an enzyme called Cas9, which acts like a pair of 'molecular scissors'
and can cut the two strands of DNA at a specific location, and a guide RNA, a complementary sequence of the target DNA
that ensures that the Cas9 enzyme cuts at the right point in the genome. (Created with BioRender.com; adapted from [51]

with permission)

1.5 Aims of the study

Diabetes is a major risk factor for the occurrence and progression of neurovascular damage
in the retina, leading to diabetic retinopathy. Microglial cells are a key player in the retinal
response and become activated in response to various pathological stimuli, including
hyperglycemia. Furthermore, the influence of hyperglycemia on microglial cells is particularly
well explore under prolonged and chronic conditions. NDR kinases are known to have a role
in neuroinflammation and neurodegenerative diseases, pointing to their potential involvement
in the pathophysiology of diabetic retinopathy. However, the precise role of NDR kinases in

the context of retinal microglial responses to hyperglycemia remains largely unexplored.

With these considerations in mind, our study pretends to uncover the impact of short-term
high glucose exposures on NDR kinases within microglial cells. To accomplish that, we
evaluated protein expression by western blot and immunocytochemistry and mRNA
expression levels by qRT-PCR. Additionally, our study extends to comprehending the
consequences of high glucose fluctuations on microglial cells in the absence of Ndr2. To
achieve that goal, we first set up a CRISPR-Cas9 strategy to delete Ndr2 gene in BV-2 cells
validated by qRT-PCR and immunohistochemistry. Subsequently, we compared the

phagocytosis, migration, and pro-inflammatory cytokines expression of these genetically
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modified microglial cells with those of wild-type (WT) BV-2 cells. Finally, we set up the first

steps of studying the effect of the deletion of Ndr2 gene in the retina of diabetic mice.

In essence, this work intends to fill the gap in understanding the intricate interactions
between hyperglycemia, retinal microglia, and NDR kinases, hopping to contribute to a
deeper comprehension of the underlying mechanisms and potentially unveil novel therapeutic

approaches for handling the pathophysiological consequences of diabetic retinopathy.






CHAPTER 2 - Methods and Materials






2.1 In vitro studies

The in vitro part of this project was performed with immortalized murine microglial cell line
BV-2. BV-2 cells are generated from C57/BL6 mice brain microglial immortalized by a v-raf/v-
myc carrying J2 retrovirus and are commonly used as a replacement for primary microglia
[52]. For the experiments, we chose to use BV-2 cell line instead of primary microglia due to
its ready availability, consistent characteristics, cost-effectiveness and to reduce animal
sacrifice. By doing so, we are implementing the initial "R" of the 3Rs principle: Replacement,
Reduction, and Refinement, wherein "replacement” stands for finding alternatives to minimize

animal involvement in experiments whenever possible [53].

2.1.1 BV-2 Cell Culture

BV-2 cells were cultured in Roswell Park Memorial Institute culture medium (RPMI; Gibco,
UK) supplemented with 10% (v/v) Fetal Bovine Serum (FBS; Gibco, Germany), 1% (v/v) L-
glutamine (Gibco, USA), and 1% (v/v) Penicillin-Streptomycin (Pen/Strep; Gibco, USA). The

medium was always pre-heated at 37 °C.

The cells were grown in a 75 cm? flask, and cell passage and splitting were performed when

cells reached confluency, which was assessed through a light optical microscope.

For cell passage and splitting, the growth medium in the flask was discarded and 8 mL of new

growth medium was added.The cells were detached by vigorous tapping of the flask.

Cellular viability and density were determined by a viable cell count using Trypan Blue (Sigma,
UK) staining. The cells were diluted I:1 in Trypan Blue and placed in a hemocytometer under
an optical microscope for counting. After cell counting, the cells were either split in a ratio of
1:10 into a 75 cm? flask or seeded into multi-well cell culture plates to be used for

subsequent experiments.

Cells were then maintained in RPMI at 37 °C in a humidified atmosphere with 5% CO, and

kept until passage 26 (P26).

2.1.2 High Glucose Exposure

BV-2 cells were seeded at a density of 1.0 x 10* cells / cm? with 3 mL of medium or | mL of

medium into 6 or 12 multi-well cell culture plates, respectively, in Dulbecco's Modified Eagle



Medium (DMEM; Gibco, UK), supplemented with 10% (v/v) FBS, |% (v/v) L-glutamine, and 1%
(v/v) Pen/Strep.

After |16h-18h, the culture medium was supplemented with 25 mM D-glucose (Sigma, USA) in
addition to the 5.5 mM already present in DMEM, reaching a final concentration of 30.5 mM

(HG) to simulate hyperglycemic conditions observed in diabetes.

The cells were exposed to HG for 4h, 7h or 2 times 4h with intervals of 4h between
exposures. Then, BV-2 were kept in normal glucose (5.5 mM glucose, NG) medium until the

next morning for subsequent experiments (Figure 6).

4h Assay 7h Assay 12h Assay
HG HG HG HG
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Figure 6 — Schematic representation of the different timepoints used for the experiments. BV-2 cell cultures
were incubated in 5 mM glucose (NG) or 30 mM glucose (HG) for different timepoints: 4h (4h Assay) , 7h (7h Assay) or two

times 4h HG with a break of 4h in between (12h Assay). (Created with BioRender.com)

2.1.3 SDS-PAGE and Western Blot

After the HG incubations, cells cultured in 6 multi-well plates were removed from the
incubator and rapidly placed on ice. The culture medium was removed, and the cells were
washed three times with ice-cold Phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCI,
.8 mM KH,PO,, 10 mM Na,HPO,; pH 7.4). Then BV-2 cells were lysed with 100 pL of ripa
lysis buffer (150 mM NaCl, 50 mM Tris, 5 mM EGTA, 0.5% sodium deoxycholate, 0.1% SDS,
% triton X-100, | M DTT: Milli-Q H,O; pH 7.5), supplemented with 10% protease inhibitor
(cOmplete™, EDTA-free Protease Inhibitor Cocktail; Roche, Germany), and detached with a

cell scrapper.

The obtained suspension was sonicated on ice three times with 5 sec pulses and kept on ice
for 30 min. To separate the protein lysate from the cell debris, a centrifugation was
performed (16 000 x g / 10 min / 4 °C). The protein concentration was determined by the
bicinchoninic acid (BCA) method using the BCA protein kit and its recommended protocol.

(Pierce Biotechnology, USA) The protein extracts were denatured at 95°C for 10 min in 1:5
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(v/v) sample buffer 6X (0.5 M Tris, 30% glycerol, 10% SDS, 0.6 M DTT, and 0.012%
bromophenol blue; pH 6.8), and stored at - 80 °C.

Stacking (4%) and resolving (12%) sodium dodecyl sulphate (SDS) polyacrylamide gels were
prepared to separate the protein by electrophoresis. On the day of the experiment, 20 pg of
protein were separated on an SDS-polyacrylamide gel and submerged in electrophoresis
buffer (25 mM Tris, 192 mM glycine, 0.1% SDS) at 85V for 20 min and then at |50V for | h.
While the electrophoresis was running, the PYDF membranes (polyvinylidene difluoride),
(Millipore, Spain) were activated in 100% methanol for 2 min, followed by 2 min in H,O and
more than 5 min in CAPS buffer (3-[Cyclohexylamino]-1-propanesulfonic acid, 10 mM)
supplemented with 10% methanol (transfer buffer). The separated proteins were transferred
onto a PVDF membrane, sandwiched between two sponges and two transfer papers, and

submerged in transfer buffer at 0.75 A for 2 h.

After that, membranes were blocked in 5% (w/v) low-fat dry milk (Nestlé, Switzerland) / Tris-
buffered saline (TBS; 200 mM Tris HCI, 1.37 mM NacCl) with 0.1% (v/v) Tween 20 (TBS-T) for
| h, under continuous agitation. Primary antibodies (Table I) were diluted in TBS-T containing
5% (w/v) low-fat dry milk, and the membranes were incubated overnight at 4 °C under
continuous agitation. On the next day, membranes were washed with TBS-T, 3 times for 10
min each time, and then incubated with the secondary antibody (Table 2), diluted in 5% milk /
TBS-T (w/v), for | h at room temperature (RT), under continuous agitation. Once again, the
membranes were washed with TBS-T, 3 times for 10 min each time, and then
chemiluminescence was detected by ImageQuantTM LAS 500 (GE Healthcare, USA) using
the western-bright ECL KIT (Advansta, USA). Band intensity was quantified through Image)

(National Institutes of Health, US).

2.1.4 RNA Extraction

After the HG experiments, cells cultured in 6 multi-well plates were removed from the
incubator; and the RNA was extracted using a column-based RNA purification kit (RNeasy

Mini Kit, Qiagen), following the manufacturer’s provided protocol for adherent cells.

Isolated RNA was then eluted in 30 uL of RNase-free water, and RNA concentration and
sample purity were assessed by UV-visible spectroscopy in an automated NanoDro One

Microvolume UV-Vis Spectrophotometer (Thermo Fisher Scientific, USA).
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The NanoDrop was also used to determine the ratio of absorbance at 260 and 280 nm
(A260/280) and the ratio of absorbance at 260 and 230 nm (A260/230) to assess the purity
of the isolated nucleic acid and contamination with proteins, phenolates, and thiocyanates
resulting from the isolation protocol. For cDNA synthesis, samples were considered suitable
when the ratio values for both A260/A280 and A260/A230 were within the range of 1.8 to
2.2.

2.1.5 Complementary DNA (cDNA) synthesis and Quantitative reverse
transcription PCR (qRT-PCR)

After RNA extraction, cDNA was synthesized using the NZY First-Strand cDNA Synthesis
Kit (Nzytech, Lisbon), following the manufacturer’s instructions. The resulting cDNA was
diluted to a final concentration of 25 ng/pL, and then used for the amplification of the desired
genes using the iTag™ Universal SYBR® Green Supermix (Bio-Rad Laboratories, USA),
which contains all the necessary components for qRT-PCR. The reactions were carried out in
duplicate, following a 3-steps protocol: |5 sec denaturation step at 95 °C, followed by 30 sec
at 60 °C for the annealing step, and lastly a 30 sec step at 72°C for elongation, using the
QuantStudio 3 Real-Time PCR System (Thermo Fisher Scientific, USA).

The PCR reaction mix contained 2 pl of cDNA, 2 uL of 10 mM of each specific primer set
(Table 3), 6 pl of RNase-free water, and 10 pl of iTag™ Universal SYBR® Green Supermix,

for a final volume of 20 pl.

2.1.6 Resazurin Viability Assay

Resazurin is a redox indicator that can permeate cells and be introduced directly into cell
cultures. Viable cells with an active metabolism are able to reduce the blue resazurin to the
pink resorufin product. The amount of resorufin, which can be detected by the change in
absorbance at 570 nm and 620 nm, is directly proportional to the number of viable cells [54]

(Figure 7).
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Figure 7 — Schematic representation of resazurin viability test. (Created with BioRender.com)

To access the viability of BV-2 cells, after HG assays, resazurin, diluted in PBS (Sigma, USA) at
500 pM was added to the cells to a final concentration of 50 pM. Following a 4h incubation
at 37 °C and 5% CO,, the absorbance at 570 nm and 620 nm was measured by a multimode
microplate reader (Agilent Technologies, USA). The normal medium served as the blank
condition to eliminate background absorbance. By analyzing the absorbance values, the

percentage of cell viability can be determined.

2.1.7 Immunocytochemistry

Following the resazurin assay, the cells were washed 3 times with PBS before being fixed with
100% methanol at -20 °C for 10 minutes at RT. Subsequently, the cells were washed again 3
times with PBS and then permeabilized and blocked with a solution containing 3% Bovine

Serum Albumin (BSA) and 0.25% Triton X-100 in PBS for 30 minutes.

After that, we incubated the cells with the primary antibody (Table I) in a blocking solution,
overnight at 4 °C.The next day, cells were washed 3 times with PBS and incubated with the
secondary antibody (Table 2) and DAPI (0.5 pg/mL; Invitrogen at 5 mg/mL, USA) for Ih.
Finally, the cells were washed again 3 times with PBS, once with Milli-Q Water (mqH,O), and
mounted on slides using a fluorescence mounting medium (Dako, Denmark). Fluorescence
was assessed using a fluorescence microscope (Axio Observer.Zl, Germany) and analyzed

with Image] (National Institutes of Health, US).

2.1.8 Immunohistochemistry

Cryosections were fixed with acetone at -20°C for 10 min followed by a rehydration in PBS
twice for 5 min. Subsequently, they were delineated with a PanPen, permeabilized for 30 min

with 0.25 triton X-100 / PBS, blocked in 10% normal goat serum (Sigma, USA) and 1% BSA /
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PBS for another 30 min, and incubated, overnight at 4°C, with the primary antibody (Table 1).
The next day, cryosections were washed 3 times for 10 min with PBS and incubated for 60
min at RT with the secondary antibody (Table 2) and DAPI (0.5 pg/mL). Then they were
washed again 3 times for 10 min with PBS, mounted with fluorescence mounting medium and
covered with a coverslip. Fluorescence was assessed using a fluorescence microscope and

analyzed with Image].

Table | - List of primary antibodies used for different experiments. Western blot (WB), Inmunocytochemistry

(ICC) and Immunohistochemistry (IHH).

Primary Antibodies

Name Type Host Dilution Assay Company Reference
Anti-Ndr 1/2 Monoclonal Mouse 1:1000 WE Santa Cruz sc-271703
Anti-Calnexin Polyclonal Goat 1:10 000 WB Sicgen AB0O041-500
Anti-Ndr 1/2 Monoclonal Mouse 1:100 1CC Santa Cruz sc-271703
Anti-lbal Polyclonal Rabbit 1:500 IHC Wako 019-19741
Anti-Ndr 2 Polyclonal Rabbit 1:100 ICC and IHC Wako 019-19741

Table 2 - List of secondary antibodies used for different experiments.Western blot (WB), Inmunocytochemistry

(ICC) and Immunohistochemistry (IHH).

Secondary Antibodies

Name Type Host Dilution Assay Company Reference
HRP Anti-Mouse Polyclonal Goat 1:10000 WB Big-rad 1706516
HRP Anti-Goat Polyclonal Rabbit 1:10000 WB Alfagene LTI 611620

Alexa Fluor 488 Anti-

Polyclonal Goat 1:1000 1CC Invitrogen A11001
Maouse 1gG (H+L)
Alexa Fluor 568 Anti- .
) Polyclonal Goat 1:1000 ICC and IHC Invitrogen A11036
Rabbit 1gG (H+L)
Alexa Fluor 438 Anti- .
Polyclonal Goat 1:1000 ICC and IHC Invitrogen A11008

Rabbit 1gG (H+L)
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2.1.9 Phagocytic Activity Assay

Under aseptic conditions, fluorescent yellow-green latex beads (0.0025%; Sigma, USA) were
added to the cells following HG experiments and incubated for lh at 37 °C with 5% CO.,.
Then the cells were fixed with 100% methanol at -20 °C for 10 min and after being washed 3
times with PBS, the cells were permeabilized and block with a solution of PBS with 3% BSA
and 1% triton X-100, for 30 min.The coverslips were then washed again and incubated for 30
min with DAPI (1:10000) and phalloidin (1:500; Sigma, USA). Finally, and after an additional
wash with PBS and mqH,O, coverslips were mounted on slides using fluorescence mounting
medium. The fluorescence was assessed using a fluorescent microscope, and the analysis was

performed through Image].

2.1.10 Migration Assay

After 4h of HG exposure, cells cultured in 6 multi-well plates were removed from the
incubator. Under aseptic conditions, the medium was removed, and cells were washed with
PBS. Subsequently, a scratch was made on the bottom of each well using a vertically held tip
to clear cells from the scratched area, followed by another PBS wash. Two microscope
snapshots were captured, one immediately after the scratch and another four hours later.
Before cell plating, reference lines were drawn on the bottom of each well to ensure that the
pictures were taken at the same position (Figure 8). The number of cells in the wound area
was counted before and after migration in a limited area of approximately 900x900 pixels, set
up within the scratch wound. The number of cells within that area after migration was

counted using the plugin “Analyze Particles” of Image).
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Figure 8 — Schematic representation of the lines drawn at the bottom of each well for the migration assay
and images obtained after software analysis. (A) The lines were drawn to help with spatial localization under the

microscope and allowed us to take pictures at the same location. The scratch wound (broken line) was made between two
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vertical lines, and pictures were taken at an intersection between one horizontal line and one vertical line. (B) Images
originated after Image] analysis. The blue dots represent the cells that the software has identified and counted. In the left side
is the picture taken immediately before scratch wound and the one on the right side is the picture taken after 4h incubation.

Only cells within the yellow rectangle can be counted by the software. (Created with BioRender.com)

CLONING
2.1.11 Ligation and digestion

The sgRNA was designed using the ChopChop program to target the exon 8, and ordered
through NZYTech; (sgRNA #8, GCAAACTTACAGAAGTCGCTTGG, in green PAM

sequence).

To initiate primer annealing, the forward and reverse primers were combined in equal
concentrations with T4 buffer, DEPC H20O, and T4 PNK (NEB, USA). The mixture was then
subjected to incubation at 37°C for 30 minutes, followed by a subsequent incubation at 95°C
for 5 minutes. The temperature gradually decreased at a rate of 5°C per minute until it
reached 25°C. This step serves to obtain ds-gRNA. The resulting product was purified
through the PureLink™ Quick Gel Extraction and PCR Purification Combo Kit (Invitrogen,
LT), following the protocol provided by the manufacturer. Subsequently, the px459 plasmid
(hSpCas9-2A-Puro V2.0, Addgene, UK) was digested using the BbS| restriction enzyme (NEB,
USA) and combined with the purified ds-gRNA in a ligation reaction mixture containing a T7
DNA ligase (NEB, USA) and the appropriate ligation buffer. The ligation reaction was then

incubated overnight at 16°C (Figure 9).

pSpCas9(BB)-2A-Puro (pX459) V2.0-Ndr2
9174 bp.

Figure 9 — Schematic representation of the plasmid used for CRISPR-Cas9 strategy. AmpR — ampicillin

resistance gene; PuroR — puromycin resistance gene; Cas9 — CRISPR associated protein 9.
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Unfortunately, that sgRNA was proven to target several other genes with a query cover
superior at 65%. The transfected cells presented an abnormal phenotype characterized by a
high incidence of apoptosis, which contradicted the anticipated outcome of Ndr2 tumor
suppressor  deletion.  Another = sgRNA  construction  (sgRNA  #7, CCA
GACAACCTTTTACTGGATGC, in green PAM sequence) designed using the ChopChop
program and subsequently cloned into the pRP[CRISPR]-Puro-hCas9-U6é vector by
VectorBuilder was used. The sgRNA #7 was designed to target exon 7, which codes for the

kinase domain of NDR2 protein (Figure 10).

pUC ori U8B promoter

\ — mStk38I[gma#T7]
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Figure 10 — Vector map of the sgRNA #7 used to perform CRISPR-Cas9 strategy. Ampicillin — ampicillin

resistance gene; Puro — puromycin resistance gene; hCas9 — CRISPR associated protein 9.

2.1.12 Transformation

The plasmid of interest was added to DH5a competent bacteria (Invitrogen, USA & Canada)
and kept on ice for 30 min. After that, the mix was transferred to a 42°C water bath for |
min and then to ice for 5 min to create a thermal shock and facilitate the integration of the
plasmid into the bacteria. To recover the bacteria, 200 pL of S.O.C. medium (Invitrogen, UK)
was added and incubated at 37°C for 25 minutes. Finally, the entire volume was plated onto

LB Agar plates with ampicillin and incubated at 37°C overnight.

2.1.13 Mini-Culture

After transformation, several colonies were selected and grown in LB Broth medium (VWR,

USA) with ampicillin at 37 °C under agitation conditions, overnight.
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2.1.14 Miniprep

After mini-culture and in order to extract the plasmids from bacteria, the QIAprep Spin
Miniprep Kit (Qiagen, Germany) was used, and the manufacturer’s instructions were

followed.
2.1.15 Sequencing DNA preparation

After extracting and purifying DNA from multiple mini cultures, the plasmids were prepared
for sequencing. For that 50-100 ng/pL of plasmid DNA were mixed along with 5 pL of primer
U6F (Table 3) at 5 pmol/pl. Subsequently, the samples were sent to Eurofins for Sanger

sequencing analysis.

CRISPR/CAS9 GENE EDITING
2.1.16 Transfection

Lipofection or liposome transfection is a technique that uses positively charged cationic lipids
to introduce genetic material into cells. Lipofectamine, a commonly used cationic lipid,
exhibits broad applicability in vitro across a wide range of cell types [55]. By forming
complexes with negatively charged nucleic acids, lipofectamine aids their fusion across cell

membranes [46], [56].

BV-2 cells were seeded into a T25 flask, at a density of 2 x 10* cells / cm*with 5 mL of RPMI
medium and then maintained at 37 °C in a humidified atmosphere with 5% CO, for 18h.The
following day, two mixes were prepared: one with 250 pL of opti-MEM (Gibco, USA), and |5
uL of lipofectamine (Invitrogen, USA) and another with 125 pL of opti-MEM, 12 pL of P3000
reagent (Invitrogen, USA), and 6 pg of Ndr 2 plasmid. Then both mixes were combined and
incubated at RT, for 15 min. The medium of the cells was removed and replaced with 5 mL of
opti-MEM. After incubation, the final mix was added to the cells, drop-by-drop, and incubated
at 37 °C/ 5% CO,for 8 h, after which opti-MEM was changed to RPMI.

In the morning of the next day, puromycin (Sigma, USA) was added to the transfected cells
and kept for 30h, in order to select the cells that had successfully incorporated the plasmid
of interest. Once the cells reached a confluence of around 70%, we performed a single cell

dilution into a 96 multi-well plate to obtain multiple clones that could be further expanded.

Simultaneously, we also conducted a transfection using a GFP plasmid instead of Ndr plasmid

in order to assess the transfection efficiency using a fluorescence microscope.
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2.1.17 DNA Extraction and Purification

DNA was isolated from BV-2 microglial cells using ethanol precipitation. Briefly, BV-2
microglial cells were lysed at 56 °C for 4 h in a lysis buffer (5 M NaCl, | M Tris-HCI pH8, 0.5
M EDTA, 10% SDS) supplemented with 1% proteinase K (Promega, USA). Ice-cold 100%
ethanol (2.5 volumes) and glycogen (Invitrogen, USA) were added to the cell lysates, and the
solution was incubated at -20 °C for | h, centrifuged at 10 000 rpm for 15 min at RT, washed
with ice-cold 70% ethanol, and centrifuged again at 14 000 rpm for 15 min.The pellet was air-
dried for 10 minutes and then resuspended in 30 pL of DEPC water. DNA concentration
was assessed by UV-visible spectroscopy in an automated NanoDrop One Microvolume UV-

Vis Spectrophotometer (Thermo Fisher Scientific, USA).

Glycogen was used to facilitate the DNA precipitation obtained from the low number of

cells.

2.1.18 Sanger Sequence

Following the extraction and purification of DNA from both WT BV-2 and transfected BV-2
cells,a PCR was performed to amplify the genomic region containing the potential mutation.
The forward primer was designed for a sequence located in exon 7, upstream of the
potential CRISPR-Cas9-induced mutation site, while the reverse primer was designed to a
sequence located in exon 8 (Table 3). All PCR products (540 nucleotides in length) were

subjected to electrophoresis on a 2% agarose gel, for validation.

The selected PCR were purified, using the PureLink™ Quick Gel Extraction and PCR
Purification Combo Kit (Invitrogen, LT), following the manufacturer's provided protocol.
These purified products were then prepared for sequencing: 5 pL at 5 ng/uL of the purified
product was mixed with 5 pL of primers Ndr2 exon 7F at 5 pmol/uL (Table 3), and the

resulting mixture was sent to Eurofins for Sanger sequencing analysis.

29



Table 3 - List of primers used for the different experiments and the respective sequences. All sequences are in

5" — 3" order. Forward (F); Reverse (R); Exon (ex).

Gene Primer Sequence
(ex13 F) GTTGAGAGGTCCATCCTGCC
Nar2 {ex14 R) CTGATTCTAGACCCACGGGC
(ex34 F) CAGCAAGCATACCAAGANAG
Ywhaz
(ex35R) TCGTAATAGAACACAGAGAAGT
(ex7 F) GTGACATGATGACATIGCTGATG
Nar2 (ex8 R) CCTCACACATAACCCGCCAAGT
UeBF (F) GAGGGCCTATTTCCCATGATTCC

2.1.19 Flow cytometry

Basal conditions:

The day before the experiment, | x 10° cells were transferred into a 25 cm’ flask with 6 mL
of medium. On the experiment day, the cells were mechanically detached from the bottom of

the flask and transferred into a Falcon.

Activation with LPS or HG exposure:

Two days before the experiment, 5 x 10° cells were seeded into a 6-multi-well plate. The day
before the experiment, the cells were exposed to HG or treated with 100 ng/mL of
lipopolysaccharide (LPS) (Sigma-Aldrich, USA) for 24h.To inhibit protein transport from the
endoplasmic reticulum to the Golgi complex, which allows the accumulation of cytokines and
better detection by flow cytometry, 5uL of Brefeldin A (BD, USA, GolgiPlug™) was added to
the culture 4 hours before the end of the 24h incubation period. Following this 4-hour
incubation with Brefeldin A, the cells were gently detached from the well's surface and

transferred into a Falcon tube.

Staining for flow cytometry:

The cells were centrifuged at 1500 rpm for 5 minutes and resuspended in cell culture
medium. Subsequently, |00 yL were resuspended into different flow cytometry tubes, each
assigned to different controls and staining conditions essential for the flow cytometry assay.
The control conditions include single labeling controls for compensation and unstained cells

to adjust parameters on the flow cytometer. The work conditions were categorized into two
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tube groups: the first for extracellular labeling without permeabilization (control of
permeabilization) and the second for combined extracellular and intracellular labeling with
permeabilization. Antibodies for extracellular labeling (CD | Ib-V500, P2y 12-APC) were added
in all tubes, thoroughly mixed, and then incubated for |5 minutes in the dark at room
temperature. After incubation, 2 mL of PBS were added, and the tubes were centrifuged at

1500 rpm for 5 minutes.

For tubes in the first category, the supernatant was aspirated and replaced with 200 pL of
PBS for flow cytometry reading. For tubes in the second category, 100 pL of Fix and Perm A
(Fixation Medium) solution (Invitrogen, USA) was added. The tubes were further incubated
for 10 minutes. After incubation, 2 mL of PBS were added, followed by another centrifugation
at 1500 rpm for 5 minutes. The supernatant was removed and 100 pL of Fix and Perm B
(Permeabilization Medium) solution (Invitrogen, USA) were added along with the intracellular
antibodies (TNF-PE, IL-17a-V450), followed by a 20-minute incubation in the dark and at
room temperature. Finally, 2 mL of PBS were added, and the tubes were once again subjected
to centrifugation at 1500 rpm for 5 minutes, with supernatant removal. This washing step was
repeated once more, and lastly, 200 pL of PBS were added to the tubes for flow cytometry

reading.

2.2 In vivo studies
Ethics statement

Experimental animals were handled in accordance with the guidelines (2010/63/EU) for the
use of experimental animals, translated to the Portuguese law in 2013 (Decreto-leil 13/2013).
In addition, all procedures involving animals were conducted in accordance with the
Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of
Animals in Ophthalmic and Vision Research and were approved by Animal Welfare
Committee of the Coimbra Institute for Clinical and Biomedical Research (iCBR), Faculty of

Medicine, University of Coimbra (ORBEA 9-2022).

2.2.1 Type | diabetes induction in C57BL/6) mice

Streptozotocin (STZ) is an antineoplastic agent with a damaging impact on mammalian

pancreatic beta cells, and it is frequently used to induce diabetes in animal models [57].
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For the experiments, an intraperitoneal (i.p.) daily injection was administered at a dose of
55 mg / kg for males and 75 mg / kg for females mice, 2 months old, over 5 consecutive days.
Glycemia was measured at different timepoints by collecting one drop of blood from the tip

of the tail. Diabetic mice were selected when their blood glucose levels exceeded 300 mg/dL

(Figure I1).
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Figure Il - Schematic timeline of in vivo assays performed in C57BL/6] mice. Timeline of in vivo assays

performed in C57BL/6] mice to study the effects of diabetes on the retina. (Created with BioRender.com)

2.2.2 C57BL/6) mice eye dissection

To prepare retinal tissue for analysis, mice were euthanized throughout cervical dislocation.
The eyes were then removed, enucleated, and fixed in 4% paraformaldehyde (PFA) in PBS
while kept on ice for |5 minutes. Following fixation, the eyes were transferred to a dissection
dish filled with PBS and placed under a dissecting microscope. A small incision was carefully
made, and a circumferential cut was performed to remove the cornea. The lens was
extracted, and the retina was delicately exposed as a white surface covering the inside of the
posterior eye cup. Subsequently, the eye cups were washed in PBS and cryoprotected using a
5% sucrose solution. The cryoprotected eye cups were then embedded in OCT in
cryomolds and rapidly frozen by immersing the molds in liquid nitrogen. Finally, the frozen

blocks were stored at -80 °C and marked with a pen for proper orientation [58].

2.2.3 Mice eye sectioning

The cryostat temperature was adjusted to -23 °C, and the object temperature was set to -
22°C.The mold with the embedded eye cups was positioned in a dorso-ventral orientation,

and sections were cut at a thickness of 12 pm. Finally, retinal sections were placed on
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superfrost microscope slides and stored at -80 °C to preserve the tissue for future analysis

[58].
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CHAPTER 3 - Results
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3.1 Results

In this study, we sought to investigate the effects of HG exposure on microglial cells and
specifically the role of NDR kinases in this process. Our object was to mimic the
hyperglycemic environment that occurs in diabetes and understand how it impacts the
behavior of microglial cells. For that purpose, BV-2 cells were chosen as an established in

vitro model to study microglial responses to HG exposure.

3.1.1 Changes observed in BV-2 cultured cells exposed to HG levels are

not due to osmotic effects

In this study, we pretend to understand the role of NDR kinases on microglial cells under
diabetic retinopahty conditions. To mimic the acute flutuations in glycemia that occur in vivo,
we exposed BV-2 cultured cells to shifts from normal levels of glucose (CT) to high levels of
glucose (HG) and then back to normal levels. Previous studies have already expose microglial
cells to different levels of glucose to evaluate their cytotoxicity [59], [60]. Based on scientific
literature, we chose to use a concentration of 30.5 mM of glucose for HG conditions [36],
[61]. The concentration of glucose in CT conditions was 5.5 mM. Additionally, we also
incubated cells with 25 mM of mannitol (M) along with 5.5 mM of D-glucose already present
in cell culture medium, which was used as an osmotic control to ensure that the observed
effects from HG exposure were not due to osmotic flutuations. Our results demonstrate
that mannitol did not affect the viability of the cells (M:96.3 + 21.8 % of control) (Figure 12).
Based on our results and the existing literature that shows that this concentration of
mannitol does not affect BV-2 cells [36], [59], [61], [62], and to optimize the use of sample

material, we decided to not use mannitol as a control for the subsequent set of experiments.
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Figure 12 — Increases in the osmolarity of the medium do not induce significant changes in BV-2 cell viability.
The viability of BV-2 cells was assessed by resazurin reduction. BV-2 cell cultures were incubated in 5.5 mM glucose (CT),
30.5 mM glucose (HG) or 30.5 mM mannitol (M) for 4h.All the results are expressed as percentage of control + SEM, and

statistical analysis was assessed with one-way ANOVA test.

3.1.2 High glucose exposure alters the NDRI/2 protein expression in BV-2

microglial cells for the 7h assay

To assess if the NDR1/2 protein levels are affected under diabetic conditions, we performed
a Western Blot analysis.As illustrated in Figure |13, there was a statistically significant decrease
(p = 0.05) in the expression of NDR1/2 for the 7h HG exposure when compared to CT
conditions (CT 7h: 100.0 = 17.1 %; HG 7h:81.5 + 12.2 % of control). For the other assays no
statistically significant alteration were detected in these protein levels, but a slight decrease
can be observed, particularly in BV-2 cells submitted to the |12h assay (CT 12h: 100.0 + 8.7 %;
HG 12h:91.3 + 11.3 % of control), (CT 4h: 100.0 + 12.2 %; HG 4h: 71.9 + 8.6 % of control).
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Figure 13 — NDRI/2 protein and expression levels in BV-2 cultured cells. The protein levels of NDRI/2 were
evaluated by Western Blot analysis. BV-2 cell cultures were incubated in 5.5 mM glucose (CT) or 30.5 mM glucose (HG) for
different timepoints: (A) 4h HG assay; (B) 7h HG assay; (C) two times 4h HG with a break of 4h in between.
Representative Western Blots are presented below the graphs.All the results are expressed as percentage of control + SEM,
and statistical analysis was assessed with a student’s t-test after confirmation of a Gaussian distribution; * p < 0.05: HG

compared with CT.

3.1.3 High glucose alters the NDR1/2 protein expression in BV-2 microglial

cells

The NDRI/2 protein expression under high glucose conditions was also evaluated through
immunocytochemistry. For that, cells were incubated with the Ndrl/2 primary antibody, and
the mean fluorescence intensity (MFI) was evaluated and compared with the respective
controls. Figure 14 shows that for 7h and 4h exposures there was a decrease in NDRI/2
expression when compared to cells that were only exposed to normal glucose levels. This
decrease it is only statistically significant (p < 0.05) for the 7h incubation (CT 4h: 100.0
19.2 %; HG 4h: 73.1 £ 18.3 % of control) (CT 7h: 100.0 £ 11.9 %; HG 7h: 66.8 + 15.0 % of
control). In contrast, there was an increase (p < 0.01) in the expression of the NDRI/2
protein in cells submitted to the |2h incubation, (CT 12h: 100.0 + 7.5 %; HG 12h: 153.4 +
1.5 % of control). Moreover, we observed that the NDRI/2 localization pattern change
between CT and HG condition. In CT condition, NDRI/2 are mostly diffusely localized
throughout the cytoplasm, while in HG NDR1/2 are also presented in bright spots near the

nuclear membrane (Figure 14 D).

39



WT BV2

A 4h Assay B 7h Assay C 12h Assay
200 200— . 200 *x
z -y Z
‘w @ w .
s S s £ 'y
£ 150 £ 150 £ 150
@ a @
g : :
SE ‘ SE 100 SE - :
@ E. 100 E § e E 100
El 3 3
(™S w (N
?—! 50 g 50 E‘\_! 50 —
© o n:
a =] =]
=z 0 = o z 0
cT HG cT HG
D 4h Assay 7h Assay 12h Assay

| - - -
o
(L)
b =
- -

Figure 14 — NDRI/2 protein expression levels in BV-2 cultured cells. The protein levels of NDR/2 were evaluated
by Immunocytochemestry analysis. BV-2 cell cultures were incubated in 5.5 mM glucose (CT) or 30.5 mM glucose (HG) for
different timepoints: (A) 4h HG assay; (B) 7h HG assay; (C) two times 4h HG with a break of 4h in between.All the results
are expressed as percentage of control * SEM of the mean of fluorescence intensity (MFl), and statistical analysis was
assessed with a student’s t-test after confirmation of a Gaussian distribution; * p < 0.05;** p < 0.01: compared with CT. (D)
Representative fluorescent images of BV-2 cells stained with Ndrl/2 antibody (green) and the nuclear marker DAPI (blue).

For the analysis the background of all images was removed.

3.1.4 High glucose exposure alters the NDR2 mRNA expression in BV-2

microglial cells for the 7h assay

To determine the impact of HG exposure on Ndr2 mRNA levels in BV-2, we conducted a
gRT-PCR analysis. As shown in Figure 15, there was a significant decrease (p < 0.05) in the
expression of NDR2 for the 7h HG exposure when compared to CT conditions (HG 7h: 0.5

* 0.1). Contrarily, for the 4h and |2h incubations, we observed an increase in the Ndr2
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mRNA expression compared to the CT, which was nevertheless not statistically significant

(HG 4h:2.2 £ 0.7;HG 12h: 1.5 £ 0.2).

WT BV2

A 4h Assay B 7h Assay C 12h Assay

3

1 -
.
0- 0- 0-

CcT HG CT HG CcT HG
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Figure 15 — NDR2 mRNA expression levels in BV-2 cultured cells. The mRNA levels of NDR2 were evaluated by
qRT-PCR analysis. BV-2 cell cultures were incubated in 5.5 mM glucose (CT) or 30.5 mM glucose (HG) for different
timepoints: (A) 4h HG assay; (B) 7h HG assay; (C) two times 4h HG with a break of 4h in between. All the results are

normalized to control + SEM, and statistical analysis was assessed with a student’s t-test: * p < 0.05: HG compared with CT.

3.1.5 Screening of possible Indels in exon 7 of Ndr2 gene by Sanger

Sequencing

In this study, we employed CRISPR-Cas9 technology to perform a Ndr2 knockout (KO) in
BV-2 cells. To validate the possible KO obtained by CRISPR/Cas9, we screened 10 clonal
population of BV-2 cells transfected with pX459 plasmid containing a sgRNA against the

exon 7 of the Ndr2 gene using Sanger sequencing.

The Sanger sequencing results of several clones revealed three distinct alterations in the base
pair (bp) sequence between the WT BV-2 cells and the cells transfected using the CRISPR-
Cas9 strategy, indicative of a successful gene editing outcome. Considering these results, we
chose to work with one clone from two categories that were most likely to generate
possible KOs: clone 19 and clone 22 (WT BV-2: 37 bp; Ndr2 KO BV-2 Clone 19: 36 bp; Ndr2
KO BV-2 Clone 22: 40 bp; Figure 16). These variations are known as insertions or deletions
(indels), and result in a change in the reading frame of the target gene, causing a frameshift
mutation. Consequently, the encoded protein is likely to be altered or truncated, potentially

leading to functional changes or loss of function.
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A WT BV2

ACCAGACAACCTTTTACTGGATGCCAAGGCACGTGAGGAGGAGAGAGTCCTGGGCTTTGGCTGTGCCGTGA

B Ndr2 KO BV2 - Clone 19

ACCAGACAACCTTTTACTGGATGCCAAGGGACATGTAAAATTATCCGATTTTGGTTTGTGCACGGGGTGA

C Ndr2 KO BV2 - Clone 22

ACCAGACAACCTTTTACTGGATGCCAAGGGACATGTAAAAGTTATCTGATTTTGGTTTGTGCACGGGGATGA

.

-

Figure 16 - Sanger Sequencing Results of Ndr2 Gene Editing using CRISPR-Cas9 Strategy. (A) The
chromatogram displays the baseline DNA sequence of the Ndr2 gene in WT BV-2 cells. (B, C) The chromatogram displays
the DNA sequence of BV-2 cells after the CRISPR-Cas9 strategy was applied.
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3.1.6 CRISPR-Cas 9 strategy induced a downregulation of the Ndr2 gene

Following Sanger sequencing analysis, we performed two validation assays to confirm that,

indeed, we have a disruption of the Ndr2 gene.

Firstly, we assessed the Ndr2 mRNA levels by qRT-PCR in the KO cells to compare with WT
BV-2.As we can see in Figure |17 (A), both clones presented a statistically significant decrease
(p = 0.001) in the mRNA levels when compared to the control group (Clone 19:23.5 + 4.6
% of control; Clone 22:26.5 + 2.9 % of control). Additionally, we performed ICC to evaluate
the protein expression of NDR2 in both conditions. For that, cells were incubated with an
antibody specific to Ndr2, and the results are expressed in Figure 17 (B).VWe also observed a
decrease in the NDR2 protein levels in both selected clones when compared to WT BV-2

expression (Clone 19:5.2 % of control; Clone 22:40.9 % of control).

Since we have amplification signals from gRT-PCR results and NDR2 expression from ICC,
we can't consider that these clones present a real KO of the Ndr2 gene. However, there is a
clear downregulation of the Ndr2 gene for both clones, which is bigger for clone 19.

Therefore, from now on, these clones will be referred to as Ndr2 downregulated BV-2 cells.

A B WT
150 = 150 =
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NDR 2 mRNA Expression
(27(-AACT)
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Figure 17 —Validation of Ndr2 KO BV-2 cultured cells by CRISPR/Cas9 strategy. (A) The mRNA levels of NDR2
were evaluated by qRT-PCR in BV-2 (WT) and Ndr2 KO BV-2 (Clone 19 and Clone 22) cultured cells. These results are
expressed as percentage of control + SEM, and statistical analysis was assessed with one-way ANOVA test: ¥* p < 0.001.
(B) The protein levels of NDR2 were evaluated by Immunocytochemistry analysis in BV-2 (WT) and Ndr2 KO BV-2 (Clone
19 e Clone 22) cultured cells. These results are expressed as percentage of control of the mean of fluorescence intensity

(MFI).
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3.1.7 High glucose levels impact the viability of both WT and Ndr2
downregulated BV-2 cells

To evaluate the effects of Ndr2 downregulation on BV-2 cells, we performed a viability assay
based on resazurin reduction. Initially, we evaluated the impact of different timepoints of HG
exposure on WT BV-2. The results revealed no difference in cell viability for the 4h
incubation when compared to the control condition (HG 4h: 944 + 7.0 % of control)
however, there was a significant increase in cell viability for the 7h (p < 0.05) and 12h
exposures (p < 0.01), (HG 7h: 160.0 £ 19.6 % of control) (HG 12h: 167.1 + 157 % of
control), (Figure 18 A-C).

Next, we evaluated the impact of HG on Ndr2 downregulated BV-2 cell viability. For the
clone 19, no differences in the resazurin reduction were observed for the 4h and the 7h
incubations (Clone 19 — HG 4h: 101.7 £ 37.3 % of control) (Clone 19 — HG 7h: 106.9 + 25.5
% of control). For the |12h incubation, a decrease in viability was observed when compared to
the control, although it did not reach statistical significance (Clone 19 — HG [2h: 79.0 + 12.7
% of control) (Figure 18 D-F). For the clone 22, no differences were observed in the 12h
exposure (Clone 22 — HG 12h: 97.5 * 9.4 % of control), while a decrease was observed in
the other incubations, with statistical significance (p < 0.01) only reached for the 4h HG
exposure (Clone 22 — HG 4h: 56.6 + 5.5 % of control) (Clone 22 — HG 7h:83.4 *+ 8.6 % of
control), (Figure 18 G-I).
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Figure 18 — High glucose exposure affects BV-2 cells viability. WT BV-2 (A, B, C) and Ndr2 downregulated BV-2
(D, E, F, G, H, I) cell cultures were incubated in 5.5 mM glucose (CT) or 30.5 mM glucose (HG) for different timepoints:
(A, D, G) 4h HG assay; (B, E, H) 7h HG assay; (C, F, 1) two times 4h HG with a break of 4h in between.All the results are

expressed as percentage of control £ SEM, and statistical analysis was assessed with a student’s t-test after confirmation of a

Gaussian distribution; * p < 0.05,** p < 0.01: HG compared with CT.
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3.1.8 The phagocytic activity of WT and Ndr2 downregulated BV-2 cells is

affected by exposure to high glucose conditions

WT BV-2 and Ndr2 downregulated BV-2 cultured cells were treated with HG for different
timepoints and then incubated with fluorescent beads to assess the phagocytic activity
(Figure 19). Beads uptake by WT BV-2 cells increased after 4h HG exposure, with statistical
significance (p < 0.05), (CT 4h: 55.7 £ 13.5 %; HG 4h: 137.3 % 20.9 %). Contrarily, for the 12h
incubation there was a significant decrease (p < 0.001) in the phagocytic ability after HG
exposure (CT 12h: 1574 £ 4.0 %; HG 12h: 101.3 + [1.5 %). For the 7h exposure no
significant changes were observed (CT 7h:79.8 + 14.8 %; HG 7h: 110.2 + 11.6 %).

In contrast, incubation of clone 19 BV-2 cells with HG media induced a decrease in
phagocytosis for the 4h and 7h incubations when comparing CT with HG conditions,
although not statistically significant (Clone 19 — CT 4h: 65.7 + 2.0 %; HG 4h: 449 = 1.6 %)
(Clone 19 — CT 7h: 85.1 + 22.7 %; HG 7h: 47.6 * 3.3 %). No alterations were observed for
the 12h exposure (Clone 19 — CT 12h: 46.4 £ 19.0 %; HG 12h: 55.2 + 3.4 %). In the case of
clone 22, results showed a not significant decrease in phagocytosis, when compared to
control, for the 4h HG exposure (Clone 22 — CT 4h: 115.9 + 30.5 %; HG 4h: 81.4 + 27.0 %).
No alterations were observed for the 7h and 12h HG exposures (Clone 22 — CT 7h: 81.2 +
17.8 %; HG 7h:87.1 = 18.7 %) (Clone 22 — CT 12h: 100.8 + 12.1 %; HG 12h:95.7 £ 5.8 %).

Upon comparing all the results within the CT conditions of all different cell groups, we
observed that no differences were identified between WT BV-2 and clone 19 for the 4h and
7h incubations. However, a decrease was evident (p < 0.001) for the [2h assay when
comparing the CT of WT BV-2 with the CT of clone 19. For clone 22, under CT conditions,
no differences were found for the 7h exposure when compared to CT BV-2. There was a
non-significant increase for the 4h and a significant decrease for the |2h incubation (p <

0.05).

Finally, within HG conditions, there was consistently a decrease for all the timepoints when
comparing WT BV-2 and clone |9, although only the 4h assay reached statistical significance.
Between WT BV-2 and clone 22 there was a non-significant decrease for the 4h incubation,

and no differences were observed for the other assays (Figure 20).
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Figure 19 - Representative fluorescent images of phagocytic activity. WT BV-2 (WT) and Ndr2 downregulated BV-
2 (Clone 19 and Clone 22) cell cultures were incubated in 5.5 mM glucose (CT) or 30.5 mM glucose (HG) for different
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timepoints: (A) 4h assay; (B) 7h assay; (C) |2h assay. Fluorescent beads (green) where used to assess the phagocytic activity

and cells were stained with phalloidin (red) and the nuclear marker DAPI (blue). Scale bar: 50 um x 50 pm.
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Figure 20 — Phagocytic efficiency of BV-2 cultured cells. WT BV-2 (WT) and Ndr2 downregulated BV-2 (Clone 19

and Clone 22) cell cultures were incubated in 5.5 mM glucose (CT) or 30.5 mM glucose (HG) for different timepoints: (A)
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4h assay; (B) 7h assay; (C) 12h assay. All the results are presented as the mean + SEM, and statistical analysis was assessed
with one-way ANOVA test after confirmation of a Gaussian distribution; * p < 0.05, ¥ p < 0.001: compared with WT CT; #
p < 0.05, compared with WT HG.

3.1.9 Ndr2 downregulation and exposure to HG and LPS induce

expression of IL-17a and TNF- o

The flow cytometry findings are preliminary results obtained in collaboration with Dr. Paulo
Santos of the Immunology and Oncology Laboratory at the Institute of Immunology. In this
study, both WT BV-2 cells and Ndr2 downregulated BV-2 clone |19 were subjected to either
HG or LPS exposure for 24 hours. For the analysis, CD| Ib-V500 and P2y12-APC positive
cells were selected, which correspond to microglial cells, and then the expression of IL-17a
and TNF-a was evaluated. As we can see in Figure 21 in the case of WT BV-2 cells, HG
promoted the expression of IL-17a and TNF- a, when compared to the control condition.
Similarly, Ndr2 downregulation leads to increased expression of IL-17a and TNF-a to similar
levels as LPS, and exposure to HG does not alter their expression levels in comparison to

the control. This pattern is consistently observed in response to LPS exposure as well.

IL-17a TNF-a

Sample Name

CTWTBV-2

HG WT BV-2

LPS WT BV-2

CT NdrZ Downregulated BV-2 Clone 19

HG Ndr2 Downregulated BV-2 Clone 19

A
JEELE

LPS NdrZ Downregulated BV-2 Clone 19

V450-A : IL-17a PE-A = TNFa

Figure 21 - Expression of IL-17a and TNF- ¢ in BV-2 cultured cells. The IL-17a and TNF- o levels were evaluated by

Flow Cytometry analysis. BV-2 cell cultures were incubated in 5.5 mM glucose (CT), 30.5 mM glucose (HG) or 100 ng/mL
LPS (LPS) for 24h.
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3.1.10 The migration rate of WT BV-2 and Ndr2 downregulated BV-2 cells
is affected by high glucose condition

The migration rate of WT BV-2 and Ndr2 downregulated BV-2 cultured cells after 4h of HG

exposure was evaluated by the scratch assay, and the results are expressed in Figure 22.

For all the groups, there was a non-significant decrease when comparing the CT group with
HG conditions within each group (WT BV-2 CT 4h: 663.8 + 216.4 %;WT BV-2 HG 4h: 379.4
t 122.1 %) (Clone 19 — CT 4h:234.4 £ 14.6 %; HG 4h: 170.4 + 41.3 %) (Clone 22 — CT 4h:
376.8 + 38.0 %; HG 4h: 267.5 * 18.6 %). Additionally, WT BV-2 cells exhibited an increased
capacity for migration in both CT and HG conditions when compared to the different clones.
Indeed, the migration rate of the WT in HG is similar to the migration rate of the clones 19
and 22 in CT while the migration rate of the clones |9 and 22 in HG is even lower. Among

the Ndr2 downregulated BV-2 cells, clone 19 showed the lowest migration rate.
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Figure 22 - Migration rate of BV-2 cultured cells. WT BV-2 (WT) and Ndr2 downregulated BV-2 (Clone |9 and
Clone 22) cell cultures were incubated in 5.5 mM glucose (CT) or 30.5 mM glucose (HG) for 4h. All the results are
presented as the mean + SEM, and statistical analysis was assessed with one-way ANOVA test after confirmation of a

Gaussian distribution; * p < 0.05, compared with WT HG.

3.1.11 Microglia distribution is altered in retinas of STZ-induced diabetic

mice

Diabetes triggers microglial cell activation, and existing literature suggests that activated

microglia migrate from the inner to the outer layers of the retina [63]. To assess differences
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in microglial cell localization between non-diabetic mice (CT) and diabetic mice (STZ),
immunostaining using the Ibal antibody, a specific marker for microglial cells, was performed.
As expressed in Figure 23, the predominant distribution of microglial cells in control mice
was observed in the IPL. However, In STZ-induced diabetic mice, a clear migration of

microglial cells from IPL to OPL was evident.

Although the findings regarding the migration of activated microglial cells in response to
STZ-induced diabetes are not novel, they serve as a crucial foundation for future

investigations. In particular, it will be essential to conduct a comparative analysis with the

Ndr2 KO mouse model.

STZ

DAPI

Ibal

sa L M. OPL O

Merge

Figure 23 — Representative fluorescent and confocal images of mice retinal microglial cells. Non-diabetic (CT)
and STZ-induced diabetic mice’s (4 months old) retinal sections were stained with lbal antibody (green) and the nuclear
marker DAPI (blue). Activated microglia translocation from the inner plexiform layer (IPL) to the outer plexiform layer
(OPL) (white arrow). ONL — outer nuclear layer; OPL — outer plexiform layer; INL — inner nuclear layer; IPL — inner

plexiform layer; GCL — ganglion cell layer. Scale bar: 50 pm x 50 pm.
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3.1.12 Ndr2 localization is altered in STZ-induced diabetic mice

To assess differences in the retinal distribution of Ndr2 between non-diabetic mice (CT) and
diabetic mice (STZ), we conducted immunostaining using the Ndr2 antibody. As expressed in
Figure 24, Ndr2 seems to be present across all layers of the retina, from ONL to IPL, in non-
diabetic mice, with a more preeminent expression in the inner segment of the
photoreceptors (IS) and in the synapse-rich regions OPL and IPL. However, in STZ-induced
diabetic mice, the expression of Ndr2 was notably confined to in the inner segment of the

photoreceptors and the IPL, with no observable presence in the other retinal layers.
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Ndr 2
l l l |
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Figure 24 — Representative fluorescent and confocal images of mice retinal sections. Non-diabetic (CT) and

Merge

STZ-induced diabetic mice (4 months old) retinal sections were stained with Ndr2 antibody (green) and the nuclear marker
DAPI (blue). ONL — outer nuclear layer; OPL — outer plexiform layer; INL — inner nuclear layer; IPL — inner plexiform layer;

GCL - ganglion cell layer. Scale bar: 50 ym x 50 pm.
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3.1.13 Ndr2 mRNA levels are not affected in retinal cells of STZ-induced

diabetic mice

The RNA of the retina of CT and STZ-induced diabetic mice was extracted to evaluate the
impact of diabetes on Ndr2. For that, we conducted a qRT-PCR analysis, and as shown in
Figure 25, no changes were observed when compared to the control group (STZ: 1.6 + 0.4).
Nevertheless, a tendency towards increased Ndr2 mRNA levels can be observed in the
diabetic mice. These are preliminary results obtained from a small number of animals (n=2

CT and n=3 STZ) and would need to be repeated with a lagger number of samples.

Ndr2 mRNA Expression
(27(-AACT))

|
CT STZ
Figure 25 - NDR2 mRNA expression levels in the retina of STZ-induced diabetic mice. The NDR2 mRNA levels

of CT and STZ-induced diabetic mice (4 months old) were evaluated by qRT-PCR analysis. The results are normalized to

control £ SEM (n=2 control retinas and n=3 STZ retinas).
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CHAPTER 4 - Discussion
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4.1 Discussion

This study presents, for the first time, novel insights regarding the response of NDR kinases

within microglia when exposed to acute high glucose conditions.

It is known that hyperglycemic environments lead to alterations in the cellular metabolism
and potentially trigger specific signaling pathways, such as the Hippo pathway, which may
influence the expression and stability of NDR kinases [31], [43]. Our findings reveal a
statistically significant reduction in NDRI/2 protein expression in BV-2 microglial cells
incubated with HG for 7h, when compared to the control. This suggests that prolonged
exposure to HG levels can lead to a downregulation of the tumor suppressor NDRI/2
expression in microglial cells, possibly due to cellular stress or altered signaling pathways,
leading to the regulation of cell proliferation and/or cell survival. Interestingly, for the |2h
assay, where cells are exposed two times 4h to HG with a 4h break with NG in between,
there was a statistically significant increase in NDRI/2 protein expression, suggesting a
dynamic response to the alternating glucose environment. These results lead us to
hypothesize that during the 4h break between HG exposures, the cells might activate
compensatory mechanisms to reduce the negative effects of HG-induced stress. However,
during longer exposure times (7h), these compensatory mechanisms may no longer be
activated. Notably, despite a tendency to decrease, no alterations were observed for the 4h
incubation, indicating that may not be enough time to trigger significant changes in NDR1/2
protein expression. The choice of using an antibody that recognizes both NDR1/2 kinases in
the protein quantification studies was driven by the fact that NDR| and NDR2 kinases share
a substantial protein sequence similarity of around 90% [41]. Furthermore, at the time this
part of the study was carried out, we didn’t have a commercially available antibody specific
for Ndr2, our main kinase of interest. In terms of localization, we observed that in CT
conditions, NDR1/2 are mostly diffusely localized throughout the cytoplasm, while in HG
conditions, NDR1/2 are also present near the perinuclear areas or close to the plasma
membrane. A similar pattern of expression was observed when we evaluated the Ndr2
mRNA levels in microglial cells after 7h or two time 4h of HG. Our results demonstrated
that for the 7h HG exposure, there is a decrease in the Ndr2 mRNA levels, but for the 12h
assay, there is a tendency, not statistically significant, for an increased expression. This
supports the idea that the 4h break between HG exposures may possibly lead to the
activation of compensatory mechanisms. On the other hand, when cells are exposed to HG
for 7h there is a decrease in expression, probably because the extended time of exposure

may compromise or inhibit the ability and efficiency of the cells to mount compensatory
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responses. During shorter periods (4h assay) or intermittent incubations (l2h assay), cells

might have an opportunity to recover and initiate compensatory mechanisms.

To specifically investigate the role of Ndr2 kinase in microglial responses to HG conditions,
we generated Ndr2 KO in BV-2 cells using the gene-editing method CRISPR-Cas9. We
performed a lipofectamine transfection to introduce a plasmid coding for the cas9 gene as
well as for the sgRNA targeting exon 7 of the Ndr2 gene.The results indicated that nearly all
of the 10 clones submitted for sequencing exhibited mutations in the Ndr2 gene, each
presenting an insertion/deletion (indel) in the region near the PAM sequence. This
homogeneity among the clones could be explained by the fact that we let the mixed
population of cells grow again after the puromycin selection and before the single cell
dilution, thus amplifying certain indels. Different clonal populations of KO cells were validated
through qRT-PCR and ICC, using a commercially available antibody specific for Ndr2, which
revealed a downregulation instead of a complete absence of Ndr2. Two distinct clones,
labeled as clone 19 and clone 22, were employed in our study, and results indicated that
clone 19 exhibited a lower level of Ndr2 expression compared to clone 22. These results
could be explained by either the presence of WT cells in our KO population due to a or the
use of a polyclonal antibody against NDR2. Indeed, this commercially available Ndr2-specific
polyclonal antibody was raised against an epitope located between the amino acids 380 and
460 (Ndr2 C-term.) that partially overlaps with the Ndrl kinase. This could also explain the

increased staining in HG, as NDRI is known to be upregulated when NDR2 is absent.

Viability studies hold significance because cell viability is closely linked to cellular functions. A
decrease in viability might indicate compromised cellular functions, such as altered
metabolism, impaired signaling, or a reduced ability to respond to stress. In the literature,
microglial cells are usually incubated with HG for longer periods of time, such as 24h, 48h,
72h, and 7 days [60], [61]. In our study, we pretend to mimic what happens after the acute
variation of glycemic experienced by diabetic patients after a meal or after insulin
administration. Research conducted with BV-2 cells revealed that 48h exposure to HG
concentrations of 100 mM or higher resulted in a reduction in cell viability [64]. There are
also some studies using another type of cells, such as retinal neuronal cells and retinal
pigment epithelium cells, that have demonstrated that during 24h or 48h and 7 days,
respectively, HG levels induced a decrease in cellular viability [62], [65], [66]. Our findings
revealed that there is an increase in WT BV-2 viability for the 7h and 12h assay, when
compared to control conditions. High glucose concentrations might provide additional

energy substrates that promote cell metabolism and proliferation, therefore promoting a cell
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viability increase. While cells may initially benefit from increased glucose availability, extended
exposure to HG can lead to oxidative stress, apoptosis, and the accumulation of damaging

products, all of which can ultimately result in decreased cell viability.

Knowing that Ndr2 is a tumor suppressor and that it affects cell growth and survival [67],
viability becomes a critical and important assay to perform. In the case of Ndr2
downregulated BV-2 cells, clone 19 didn’t present any differences between the control and
HG conditions after all timepoints of incubation, and the same happened for clone 22 for the
7h and |2h assays. These results suggest that Ndr2 downregulated BV-2 cells don’t have the
ability to use the increased glucose as an energy source. Based on literature, NDR kinases
are key effectors of the Hippo pathway that regulates cell proliferation, differentiation, and
apoptosis [40]. The downregulation of Ndr2 can possibly disturb this pathway, and glucose,
instead of being a source of energy, becomes a source of stress. This conclusion is supported
by previous studies showing that Ndr2 kinase is regulated by oxidative stress and can prevent
oxidative stress-induced cell death [68]. In this study, a direct comparison of the viability
between WT BV-2 and Ndr2 downregulated BV-2 was not possible because the experiments
were conducted on different days. The viability of WT BV-2 was assessed prior to the
generation of the KO cell line. However, a comparative analysis between these two cell types

is planned for future research.

Phagocytosis is one of the main functions of microglial cells, as these cells play a vital role in
the surveillance of the surrounding environment. They are responsible for the removal of
cellular debris, apoptotic cells, and invading microorganisms [69]. The observed results reveal
intriguing variations in the phagocytic activity of BV-2 cells under different HG exposure
timepoints. In the case of a 4h HG exposure, an increase in phagocytic activity was observed.
This could potentially be attributed to an initial surge of cellular response triggered by the
abrupt change in glucose environment. However, for the 7h HG exposure, no significant
changes in phagocytosis were evident, possibly indicating a level of adaptation reached by
microglial cells within this time frame. Interestingly, when BV-2 cells were exposed to two
cycles of 4h HG exposure with a 4h break under normal glucose conditions (12h assay), a
noteworthy decrease in phagocytic activity was noted. This outcome could be the result of a
cumulative effect, where repeated exposure to HG might have led to some level of cellular
stress or altered metabolic activity, resulting in a reduced phagocytic response, or it could be

the result of an adaptative response to a repetitive stress (two HG exposures).

Phagocytosis is a complex process that involves the rearrangement of the cells’ cytoskeleton

and membrane components to engulf and internalize particles [70]. Ndr2 kinase, being
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involved in cytoskeletal organization and cell morphology, can influence the efficiency of these
processes [71]. The phagocytic activity of Ndr2 downregulated BV-2 cells is inherently less
responsive to changes in glucose concentrations since no changes were observed between
CT and HG conditions for both clones and for all the different incubation times. This reduced
responsiveness could be attributed to the downregulation of Ndr2, which may influence the
signaling pathways and cellular mechanisms that modulate phagocytosis. The generation of
Ndr2 KO cells allows us to understand the cellular behavior differences between WT and
Ndr2 downregulated BV-2 cells, which could have implications for the pathophysiology of the
disease. Our results shown that in the 12h assay, when comparing WT with Ndr2 KO BV-2,a
reduction was observed between control conditions. However, this reduction cannot be
exclusively attributed to the downregulation of Ndr2, as no differences were observed for
other assays. One possible explanation could be that the control cells in the |2h assay go
through four medium changes, and even though the new medium is always the same, the
repeated changes may subject the cells to some levels of stress, which may be amplified for
the downregulated cells, impairing the phagocytic activity. Among HG conditions, changes
were only observed for the 4h HG incubation between WT BV-2 and Ndr2 downregulated
BV-2 clone 19. Nevertheless, a tendency towards reduced phagocytosis is apparent for the
remaining timepoints. To address the veracity of these results, more replicates of the
experiment (n) are needed. Moreover, it's noteworthy that additional investigations are
necessary since alternative signaling pathways or other molecular factors might play a more

significant role in regulating phagocytosis in Ndr2 downregulated BV-2 cells.

Retinal microglial cells, in response to pathological stimulation, are capable of changing their
morphology and migrating within the retinal tissue, contributing to their crucial role in
maintaining retinal homeostasis and responding to injury [72]. Hyperglycemia could
potentially influence cellular behaviors, as exposure to HG conditions leads to a tendency for
reduced migratory activity in both WT and Ndr2 downregulated BV-2 cells. This migratory
capacity is also affected by Ndr2 downregulation since a tendency for decrease is observed
when compared to WT cells. This is supported by the fact that NDRI/2 is known to play

important roles in thymocyte egress and migration [40].

Diabetes can activate microglia and trigger their migration to areas of injury as a response to
retinal inflammation and stress caused by hyperglycemia. Here we evaluated the distribution
and localization of microglial cells in STZ-induced diabetic mice as a control for future work
with Ndr2 KO mice. Previous research by Kangjia and colleagues revealed that microglia in 4-

month-old non-diabetic mice are present in the IPL and OPL, whereas in diabetic mice
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induced by STZ, microglial cells were identified in the ONL [63]. Another study involving |-
week-old STZ-induced diabetic rats demonstrated that microglia migrate from the IPL to the
OPL in response to diabetic conditions [73]. This last one is in accordance with our findings.
Our research using 4-month-old mice revealed the presence of microglial cells within the IPL
of control mice. In 4-month-old STZ-induced diabetic mice, we observed that microglia
migrate from the IPL to the OPL. Even though our animals are 4 months old, they have only
been diabetic for 2 months, considered mid-phase diabetes. Possibly, if we analyzed mice with
more than 2 months of diabetes, we might observe microglia in the ONL, but for that,

further research is required.

Ndr2 localization was also evaluated in 4-month-old non-diabetic and STZ-induced diabetic
mice using a commercially available Ndr2-specific polyclonal antibody raised against an
epitope located between the amino acids 380 and 460 (Ndr2 C-term.). This region possesses
one of the two unique Ndr2-specific peptide antigens corresponding to amino acids 421434,
previously used to generate an Ndr2-specific antibody. Based on the literature, Ndr2 kinase is
localized in the inner segments of the photoreceptors (IS), as well as in the synapse-rich
inner (IPL) and outer plexiform layers (OPL) [74]. Our findings agree with this statement.We
have found that Ndr2 in non-diabetic mice is present in all retinal layers, from ONL to IPL,
especially in the IS, IPL, and OPL. However, when mice are injected with STZ, Ndr2
localization changes and the expression is confined to the IS and IPL. In conclusion, diabetes
seems to decrease the expression of Ndr2 in the GCL and in the OPL, a layer rich in
synapses between the photoreceptors and horizontal and bipolar cells. In other words, NDR
kinases may have a role in modulating synaptic function that is impacted by hyperglycemic
environments. Changes in synaptic activity could influence the processing of visual
information within the retina. Altered synaptic function may affect how signals from
photoreceptors are relayed to higher-order retinal cells and eventually transmitted to the
brain. Indeed, Léger and colleagues have already demonstrated that Ndr2 deletion decreases
the expression of genes involved in synapse function and modulation and promotes a

decrease in amacrine cell differentiation [74].

IL-17a and TNF-a are pro-inflammatory cytokines produced by immune cells, including
microglia, as part of the immune response and play a role in recruiting and activating immune
cells to fight potential threats or respond to tissue damage [75], [76]. Their expression levels
can provide insights into the degree of inflammation within microglial cells, which is essential
for understanding the immune response in conditions like diabetic retinopathy. Several

studies have previously evaluated the expression of TNF-a under HG conditions. Increased
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levels of TNF- a have been detected in rat microglia after at least 6h of HG exposure [77].
Furthermore, the mRNA levels of this pro-inflammatory cytokine have shown an increase in
BV-2 cells treated with HG [78]. TNF-a has been found in the retinas of STZ-induced diabetic
mice [79] and in the serum of DR patients [80]. Regarding IL-17a, there is relatively limited
research available, but a study has concluded that diabetes leads to an elevated retinal
expression of IL-17a, suggesting the potential involvement of this cytokine in DR [81]. Our
results have demonstrated that within WT BV-2 cells there was an upregulation of IL-17a and
TNF-a for HG and LPS conditions, which validates our model. Hyperglycemia is known to
trigger an inflammatory response in various cell types, including microglial cells. When
exposed to HG levels or LPS, microglia may perceive this as a pathological stimulus, triggering
an immune response. This response could be a protective mechanism to maintain tissue
homeostasis. Ndr2 downregulation in CT conditions also induced an upregulation of IL-17a
and TNF-a.The levels of expression of those cytokines are the same as observed for WT BV-
2 exposed to HG or LPS and are also the same observed for Ndr2 downregulated BV-2
exposed to HG or LPS. Since expression of IL-17a and TNF-a is observed for both CT and
HG conditions, Ndr2 potentially play a role in modulating immune responses and its
downregulation can lead to an enhanced immune response characterized by increased
cytokine production. This aligns with findings from studies conducted in macrophages, which
have demonstrated that Ndr2 functions as an inhibitor of IL-17 and NF-kB signaling (TNF-a)
[82]. These preliminary results corroborate our hypothesis that Ndr2 downregulated
microglial cells will exhibit a higher expression of IL-17 and TNF-a, which is regulated by NF-
kB signaling, and will have more difficulty adapting to an environmental stress like HG
exposure. Ndr2 deprived cells lose the ability to respond to a stress stimulus as they are
already in an activated state and producing higher levels of cytokines. These data are also in
concordance with previous data from Léger and colleges that have established that Ndr2
deletion in mice results in deregulation of stress- and inflammation-related gene expression
in the retina. [83] Additionally, it leads to the migration of Ibal-positive cells (microglia)
towards the outer retina and an upregulation in retinal expression of the activated NF-kB

p65 subunit (p-p65) in |-month-old animals (preliminary data not presented in this thesis).

Collectively, our discoveries indicate that hyperglycemic environments impact Ndr2 kinase,
which in turn has an impact on retinal microglial cells. The employment of a Ndr2 KO in BV-2
cells has enabled us to gain insights into the function of Ndr2 kinase in microglial responses
under HG conditions, suggesting that the downregulation of Ndr2 causes an upregulation of

IL-17 and NF-kB signaling from the microglial cells. Moreover, the deletion of Ndr2 leads to
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an upregulation of gene expression related to stress and inflammation within the retina,
including components of the NF-kB signaling pathway. Therefore, NDR2 kinase is an
important regulator of the inflammatory response mediated by retinal microglia cells within
the context of diabetic retinopathy. This study also suggests that Ndr2 plays a role in retinal
functions, particularly in synaptic processes and the processing of visual information. These
are the preliminary results, and further research is needed to elucidate the precise
mechanisms underlying the role of Ndr in response to HG conditions and uncover the

specific pathways and interactions involved.
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5.1 Conclusion

Diabetic retinopathy is a severe complication of diabetes and a leading cause of visual
impairment worldwide. It is well established that hyperglycemia plays a critical role in the
pathogenesis of DR, triggering an array of cellular responses within the retina. However, the
role of NDR kinases, particullarly NDR?2, in the context of DR remains largely unexplored.
Based on that, this work started with the purpose of deciphering the functions of NDR

kinases in microglial cells after acute HG exposure.The main conclusions of this study were:

Decreased protein levels of NDRI/2 were observed for WT BV-2 cells exposed to
the 7h assay, while an increase in protein levels of NDRI/2 was noted for cells
subjected to the |2-hour assay.

Ndr2 mRNA levels exhibited a reduction in WT BV-2 cells following 7h exposure to
HG and a tendency towards increased expression in cells exposed to the |2h assay.
Enhanced cell viability was evident in BV-2 cells following 7h and 12h assay HG
exposure.

Ndr2 downregulated BV-2 cells demonstrated an impaired ability to utilize increased
glucose as an energy source.

Increased phagocytosis for WT BV-2 incubated with HG for 4h, yet decreased in WT
BV-2 cells submitted to the |2h assay.

The phagocytic activity of Ndr2 downregulated BV-2 cells displayed reduced
responsiveness to changes in glucose.

In diabetic STZ-induced mice, retinal microglia exhibited a shift from the inner
plexiform layer (IPL) to the outer plexiform layer (OPL).

Diabetic conditions appeared to decrease the expression of NDR2 in the OPL in
STZ-induced diabetic mice, with localization confined to the IS and the IPL.

Both HG conditions and Ndr2 downregulation correlated with the upregulation of

inflammatory cytokines IL-17a and TNF-a.

In conclusion, this study revealed a relationship between Ndr2 kinase, microglial responses,

and the hyperglycemic environment, characteristic of diabetic retinopathy.

For future work, it would be intriguing to evaluate the expression and regulation of other
inflammatory cytokines in Ndr2 downregulated or KO microglial cells, contributing to a
more comprehensive understanding of the immune response. The assessment of ROS levels
under hyperglycemic conditions would also be interesting to shed light on potential

mechanisms linking oxidative stress to NDR2 kinase activity. Investigating the genetic and
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epigenetic regulation of the Ndr2 gene in microglial cells exposed to high glucose levels holds
promise for revealing regulatory elements that contribute to its expression and activity.
Lastly, extending the study to an in vivo Ndr2 knockout mouse model would provide a more
physiologically relevant setting to examine retinal microglial responses, validating findings

from in vitro studies and offering a deeper insight into the repercussions of Ndr2 absence.
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