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Résumé

La dégénérescence maculaire liée a I'age (DMLA) est la cause la plus fréquente de déficience visuelle
centrale irréversible chez les personnes de plus de 50 ans dans les pays industrialisés, avec des
impacts sociétaux et financiers majeurs. La DMLA est une maladie a multiples facettes provoquée par
des interactions entre les facteurs de risque et les antécédents génétiques et I'inflammation joue un
role important. Les effets pro-inflammatoires provoquent une perturbation de I'environnement sous-
rétinien physiologiquement immunosuppresseur. L'accumulation de phagocytes mononucléaires
(PM) dans I'espace sous-rétinien qui s'ensuit est au coeur de |'étiologie des formes atrophiques et
humides de la DMLA.

Apres l'usage de tabac, I'obésité est I'un des facteurs de risque modifiables les plus importants. Nous
avons démontré que les régimes riches en graisses exacerbent la néovascularisation choroidienne
(NVC) en modifiant le microbiote intestinal. La dysbiose intestinale entraine une perméabilité
intestinale accrue, une inflammation chronique de bas grade, une augmentation des PM sur le site
de l'angiogenése pathologique dans I'ceil et exacerbe finalement la NVC. La modification du
microbiote peut réduire l'inflammation et atténuer la NVC et peut ainsi fournir des traitements peu
intrusifs et rentables pour prévenir ou retarder la DMLA exsudative.

Une autre option thérapeutique qui pourrait réduire la NVC par modulation inflammatoire consiste
a piéger localement les ligands de NRP1 avec un piege dérivé de NRP1. Les ligands de NRP1 sont
élevés dans le vitré des patients atteints de DMLA. Nous avons constaté que les PM exprimant NRP1
favorisaient la NVC en atténuant la production de facteurs inflammatoires et en favorisant I'activation
alternative, donnant aux PM un caractére pro-angiogénique. Les PM moins inflammatoires et plus de
type M2 qui sont enrichis avec |'age et exacerbent la NVC peuvent étre modulés et devenir moins
nuisibles en empéchant I'activation de NRP1.

Cette thése explore deux angles dans lesquels la régulation de l'inflammation peut influencer la
formation de NVC et jette les bases du développement futur de nouveaux traitements préventifs

primaires et secondaires efficaces dans le contexte de la DMLA.

Mots clés: Dégénérescence maculaire liée a I'age, néovascularisation choroidienne, obésité,
microbiote intestinal, angiogenése, inflammation, rétine, Neuropiline-1, phagocytes mononucléaires,

polarisation des macrophages.



Abstract

Age related macular degeneration (AMD) is the most common cause of irreversible central vision
impairment in people over 50 in industrialized countries, with major societal and financial
impacts. AMD is a multifaceted disease provoked by interactions among environmental risk
factors and genetic backgrounds in which inflammation plays an important role. Proinflammatory
effects cause a disruption of the physiologically immunosuppressive subretinal environment. The
ensuing accumulation of mononuclear phagocytes in the subretinal space is central to the
etiology of both atrophic and wet forms of AMD.

After smoking, obesity is one of the most important modifiable risk factors. We demonstrate that
high-fat diets exacerbate choroidal neovascularisation (CNV) by altering gut microbiota. Gut
dysbiosis leads to heightened intestinal permeability and chronic low-grade inflammation,
increases recruitment of microglia and macrophages to the site of pathological angiogenesis in
the eye and ultimately exacerbates CNV. Modifying microbiota can reduce systemic and local
choroidal inflammation and attenuate pathological neovascularization and may thus provide
minimally intrusive and cost-effective paradigms to prevent or delay exudative AMD.

Another therapeutic option that could reduce CNV through inflammatory modulation is locally
trapping ligands of NRP1 with a NRP1-derived trap. Ligands for NRP1 are elevated in the vitreous
of patients with AMD at times of active CNV. We found that NRP1-expressing MPs promote CNV
by mitigating production of inflammatory factors and promoting alternative activation, giving the
MPs a pro-angiogenic character. The less inflammatory and more M2-like MPs that are enriched
with age and exacerbate CNV can be rendered less detrimental by hindering NRP1 activation.
This thesis explores two angles wherein regulation of inflammation can influence the formation
of CNV and lays the groundwork for future development of novel effective primary and secondary

preventive treatments for AMD.

Keywords: Age Related Macular Degeneration, Choroidal Neovascularization, Obesity, Gut
Microbiota, Angiogenesis, Inflammation, Retina, Neuropilin-1, Mononuclear Phagocytes,

Macrophage polarization.
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Introduction

1. Introduction on Age-related macular degeneration

1.1 Prevalence

With and estimated 196 million people affected in 2020, age related macular degeneration
(AMD) is a leading cause of central vision loss worldwide(1). While responsible for 5.8% of blind
individuals in 2015, AMD is the fourth most common cause of blindness globally (2). In Canada
and other industrialized nations AMD is the primary cause of blindness(3). The prevalence of
early and late AMD lie around 8.0% and 0.4% within the age range of 45-85 years, with a steep
increase after the age of 75(2). Where in the United States (US) ~2% of the population at age 40
suffers from a form of AMD, approximately one in four people aged 80 and over is afflicted with
AMD(3, 4). Due to increased life expectancy and the general ageing of populations the number
of individuals with AMD is expected to increase to 288 million by 2040(1, 5). Based on analysis of
existing literature and recent meta-analyses, Wong et al determined that early AMD is most
common in individuals of European ancestry (11.2%), followed by Asians (6.8%) and least
common in individuals of African ancestry. These findings are in line with previous studies, such
as the Baltimore Eye Study and other large studies on multiethnic populations(3, 6, 7). In contrast
to the finding in two previous meta-analyses(8, 9), where the female sex was found to be a weak
risk factor for AMD, Wong et al found that sex was not significantly associated with the
development of AMD, which is in line with several other important studies (1, 2, 10-14).
Even though the scope of AMD, with an estimated 10 million patients in the US alone, is
comparable to the one of cancer (12 million(15)) or Alzheimer’s disease (5 million(16)), the exact

mechanisms mediating disease progression remains unknown(3, 4).

1.2 Impact on quality of life

In AMD related vision loss central vision is most severely impacted, while peripheral vision
remains relatively unaffected. Central vision is not only essential for everyday activities like
driving, reading, watching TV, shopping, cooking and cleaning, but also for more basic needs like

autonomous mobility, perception of scenes, face recognition and self-care(17). The (progressive)
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loss of central vision therefore has a major impact on everyday life of the patients and the people
surrounding them(18). Despite intensive research into the pathogenesis, environmental and
genetic risk factors, preventive measures and new treatments, treatment options for AMD
patients remain very limited, and the impact of vision impairment remains substantial. Both the
community and clinicians often underestimate the broad impact of AMD on the quality of life(19).
Not only is vision loss linked to an increased morbidity caused by accidents and falls(20, 21), it
also impairs the cherished independence of patients and can lead to social isolation and
depression(22). The incidence of depression is doubled in AMD patients when compared to other
elderly living in the same community, while their significant psychological distress is comparable
to the one found in patients with other serious chronic illnesses(19, 23, 24). The trauma of being
diagnosed with an incurable and progressive eye disease is often coupled with a perceived lack
of information and an unmet need for support by AMD patients, while an early diagnosis,
combined with education on prognosis and continuing support can improve functional and
psychological health(22). Awareness of the impact of AMD on quality of life is vital for patient
wellbeing and should be promoted in parallel to continuing research for a cure to this blinding

disease.

1.3 Risk factors

An increasing amount of evidence identifies age and genetic make-up as the most important risk
factors for AMD. The strong correlation between family history and AMD, with one study showing
a nearly 4-fold increase in risk for AMD for those with a positive family history for AMD(25) is
illustrative for the genetic component of the pathogenesis. However, with AMD being a complex
multifactorial disease, not one mutation can be judged causative of the pathogenesis. A
multitude of genes, including genes with retinal-specific function (e.g. ABCA4), genes related to
neovascularization (e.g. vascular endothelial growth factor (VEGF)), immune system related
genes (e.g. complement factor H (CFH)) and lipoprotein related genes (e.g. ApoE) have been
shown to be implicated in the development of AMD(26). For an exhaustive list with
approximately 40 genes that may be associated with the development of AMD see ‘Risk Factors

and Biomarkers of Age-Related Macular Degeneration’ from Lambert et al, published in 2016.
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Current evidence concerning the female sex as a risk factor is conflicting, but leaning towards
exclusion of sex as a risk factor(1, 2, 10-14, 27, 28). Race on the other hand is considered a
significant risk factor, with Caucasians being significantly more likely to develop AMD compared
to people of African descendance(28-31). And also iris colour has been linked to AMD with a 2-
fold higher incidence in people with light coloured eyes than in people with dark eyes showing a
protective effect of brown irises(8, 32-34).

All previously mentioned risk factors are non-modifiable and can not be altered by life-style
changes. But an increasing number of modifiable risk factors are being identified. Whether
sunlight exposure(35), hypertension(36), diet(37), obesity(38, 39), vitamin and mineral
supplementation(40), alcohol consumption(41) and oestrogen replacement(42, 43) increase the
risk of AMD is more controversial, but there is increasing data available to support a possible role
for several of them, especially hypertension and diet(9, 44). Evidence concerning smoking as a
risk factor is quite consistent and shows a two to three times higher risk of AMD in smokers than
in non-smokers, with a strong correlation between the intensity of smoking and the increasing
risk of AMD(45). Education of the general population on ocular health by optometrists, with a
focus on modifiable risk factors for AMD, could play a significant role in the public awareness of
the risk factors of AMD. Eye protection from sunlight, dietary changes, supplement intake,
quitting smoking, exercise and weight loss should all be promoted to reduce the lifetime risk of

AMD(44).

1.4 Human eye

The human eye can be subdivided in an anterior and a posterior segment, as indicated in the
schematic diagram of Figure 1, inspired by ‘Anatomy of the Eyeball’ from Frank H. Netter MD.
The anterior segment is the part that people see, and the posterior part is the part with which
you see. The eye consists of three layers and in the anterior segment these are represented by
the cornea, iris and lens. The cornea is the transparent outer layer of the anterior segment and
is connected to the sclera together forming the exterior layer of the eye. The iris is the coloured
circular disk that lies around the pupil, the black dilatable center of the anterior segment, through

which light can enter the eye, and travel via the lens to the posterior segment of the eye. The
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space between the cornea and the lens is filled with aqueous humor, a clear fluid that fills the
anterior and posterior chamber. The posterior part of the eye is composed of the sclera, choroid
and retina. Light entering the eye through the pupil, travels through the vitreous humour, the
jelly-like substance that fills the posterior segment of the eye, and reaches the retina, a highly
refined multi-layered cell complex that captures the visual information and transmits it to the
brain, via the optic nerve. Near the center of the retina lies the macula, an oval-shaped pigmented
area responsible for central, high-resolution, colour vision. The macula, and in particular the
fovea, the depression at the center of the macula that provides the greatest visual acuity, has a
unique structure that constitutes in majority of cone cells and is devoid of blood vessels, relying
on the choroidal circulation for nutrient and oxygen supply.

Since AMD is considered a pathology of the back of the eye, with pathologies restricted
to the retina-choroid interface of the macula, the next paragraph will review the structural

features of the posterior segment in more detail, before moving on to the pathogenesis.
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Anterior Segment | Posterior Segment

Vitreous body

Ora serrata Sclera

Choroid
Ciliary body and muscle

Retina

Anterior chamber

Aqueous humour
Central retinal

Cornea artery and vein

Pupil Optic nerve

Fovea

Macula

Posterior chamber

Zonular fibers

Figure 1 The human eye

Schematic diagram of the human eye subdivided in the anterior and posterior segment inspired
by ‘Anatomy of the Eyeball’ from Frank H. Netter MD(46). The retina is the innermost part of the
three layers that make up the back of the eye. Through the optic nerve the retina communicates
with the visual cortex of the brain. Age related macular degeneration is an eye disease that affects

the back of the eye, with pathologies of the choroid and retina leading to blindness.

1.5 Posterior segments

1.5.1 Retina

The human retina is approximately 200pum thick and consists of 8 different layers, shown in Figure
2, inspired by figure 13-7 of Medical Physiology from Walter F. Boron and Emile L. Boulpaep
2005(47). The retina is a part of the central nervous system (CNS) that converts light into neural

signals and passes it on to the brain. Upon entry in the eye, light has to pass through the vitreous
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humour and 5 layers of the retina before it reaches the photoreceptors, the light-sensitive cells
that capture photons and in collaboration with four additional types of neurons transport the
signal to the brain. Photoreceptors can be classified into rod cells, highly sensitive to light,
necessary for night vision, and cone cells, adept in detecting a wide spectrum of light, responsible
for colour vision. The human eye contains almost 100 times more photoreceptors than ganglion
cells, necessitating a convergence of information as it flows from the distal to the proximal part
of the retina towards the axons of the ganglion cells that form the nerve fiber layer. Some of the
convergence of information is commanded by the bipolar cells, which connect the
photoreceptors to the ganglion cells. Horizontal and Amacrine cells are interneurons that spread
horizontally and converge information by interconnecting photoreceptors, bipolar cells or

ganglion cells, mediating interaction over a wide area of the retina(47).

1.5.2 Retinal pigment epithelium and Bruch’s membrane

The retinal pigment epithelium (RPE), a monolayer of pigmented cells located between the
vessels of the choriocapillaris and the photoreceptors, closely interacts with the photoreceptor
outer segments (POSs) in order to maintain visual function. With its long apical microvilli the RPE
surrounds the POSs while facing the Bruch’s membrane (BM) with its basolateral membrane(48).
The BM, a highly intricate complex of collagen and elastic fibers that lies between the RPE and
the choroid, separates the RPE from the fenestrated endothelium of the choriocapillaris(49). All
nutrients, ions, water and metabolic end products that are exchanged between the POSs and the
choriocapillaris pass through the RPE cell layer and BM, which form an important part of the
blood-retinal-barrier (BRB)(50).The photoreceptors in the retina are routinely exposed to photo-
oxidative-stress and cope with the damage by continuously shedding and renewing their POSs.
The RPE fulfils an important role in the maintenance of photoreceptor functionality through
phagocytosis of up to 30,000 POSs per day in order to locally recycle and conserve essential
membrane lipids and maintain tissue homeostasis(51-54). The non-recyclable degraded material
is discharged into the Bruch’s membrane (BM) and cleared by the choriocapillaris.

Besides its phagocytic activities the RPE also secretes a variety of growth- and

immunosuppressive factors that are indispensable for the maintenance of structural integrity
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and ocularimmune privilege(55, 56). Secretion of pigment epithelial-derived factor (PEDF) on the
apical side of the RPE has both neuroprotective and antiangiogenic properties(48). It protects
neurons against apoptosis while inhibiting endothelial cell proliferation, maintaining retinal
structure(57, 58). The PEDF secretion is opposed by low concentrations of VEGF which are
secreted on the basal side of the RPE to stabilize the endothelium of the choriocapillaris by
suppressing endothelial cell apoptosis(59) and help keep it fenestrated(58, 60-62). Growth factor
secretion changes in response to damage or injury can have substantial consequences and play

a major role in the pathogenesis of retinal diseases(63-65).

1.5.3 Choriocapillaris

The choriocapillaris, the vascular bed of the choroid, has relatively wide and flat capillaries,
fenestrated capillary walls and an enormous blood flow. The highly vascularised choroid is
essential in the energy supply to the exceptionally metabolically active retina. With a rate of
1,4L/min/100g tissue the choriocapillaris has a higher perfusion than the kidney(48, 66, 67).
Besides regulating the temperature of the back of the eye the choriocapillaris sustains the
photoreceptors by supplying nutrients and eliminating waste products(68-70).

It’s the choriocapillaris, together with the photoreceptor cells, the RPE and the BM that are
particularly involved in the pathogenesis of AMD(71). With age there is an increase in inadequate
processing and removal of metabolic waste caused by: a) a declining density of the
choriocapillaris(72, 73), b) a decrease in RPE function(74, 75) and c) an increase in thickness of
the BM, reducing permeability(73). The accumulation of metabolic waste materials results in
extracellular subretinal drusenoid deposits of metabolites and deficient clearing of these
deposits can cause a pathologic reaction that causes tissue injury(52). The pursuing degeneration
of the macula and central retina, responsible for the high-acuity central vision, is the fundament
of vision loss in AMD. In general RPE dysfunction precedes all other phases in AMD progression

and can therefore be considered to be at the core of AMD pathogenesis(4).
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Figure 2 The human retina

Schematic diagram of the human retina inspired by figure 13-7 of Medical Physiology from Walter
F. Boron and Emile L. Boulpaep 2005(47). The human retina is composed of 8 different layers
made up by a range of different highly specialized cells. All these cells work together to insure

proper functioning of this highly metabolically active organ.

1.6 Pathogenesis
AMD is a progressive condition that is untreatable in most patients and is the leading cause of

blindness in the elderly worldwide. The precise etiology remains unknown, but an increased
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understanding of the mechanisms underlying the AMD pathogenesis has led to various important
insights. AMD is a disease with a gradual onset that generally evolves over several years before

symptoms appear. A schematic representation of disease progression is presented in Figure 3
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Figure 3 Disease progression in age related macular degeneration.

Age related changes in the eye can cause the insufficient clearing of cell debris in the inner retina,
leading to the formation of yellow-white deposits called drusen. Decreased function of the RPE in
concert with imbalances in immune reactions cause damage to the neurosensory retina.
Excretions of vascular growth attracting molecules by the stressed RPE, photoreceptors and
immune cells prompt choroidal vessels to invade the subretinal region. Leaking of these
pathological choroidal neovessels can lead to retinal detachment and vision loss. Figure inspired

by Guillonneau et al(76) and Walter F. Boron and Emile L. Boulpaep(47).

1.6.1 Drusen
In the early asymptomatic stage of AMD, which is also called age-related maculopathy (ARM),

insoluble extracellular lipid-, carbohydrate and protein rich aggregates accumulate between the
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basal lamina of the RPE and the inner collagenous layer of the BM(76, 77). It is not clear whether
these deposits are derived from the RPE only or also from the choroidal vasculature (76). Based
on their size they are classified as basal linear deposits (BlinD) or drusen (>125um)(78).
Additionally, reticular pseudodrusen, subretinal drusenoid deposits located between the RPE and
the photoreceptors are strongly associated with AMD(79). The term “Drusen” is derived from the
word “Druse” which means geode in German, a rock cavity filled with crystals, and was first used
by Heinrich Miller around 1850. He probably chose this name because some large drusen have
a crystalline core(80). Disturbance of the nutrient exchange between the RPE and the
choriocapillaris caused by the accumulation of BlinD and drusen contributes to the deterioration
of the RPE(81). Besides that, drusen can cause deformations and protrusions of the basal lamina
of the RPE which leads to local loss of sensitivity and thinning of the photoreceptor layer(82, 83),

as shown in Figure 4.
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Figure 4 Close-up of drusen and Pseuso-drusen formation in the inner retina

Formation of drusen and pseudodrusen, extracellular aggregates that accumulate near the RPE,
causes deformations and protrusions of the retina and complicate the critical photoreceptor

support by the RPE. Mononuclear phagocytes, derived from circulating monocytes, resident
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macrophages and microglial cells, infiltrate the subretinal space and phagocyte cell debris and
pigment from dying retinal pigment epithelium and photoreceptors and excrete proinflammatory

factors. Figure inspired by Guillonneau et al(76) and Walter F. Boron and Emile L. Boulpaep(47).

1.6.2 Geographic atrophy and dry age related macular degeneration

Although the cause-effect relationship of drusen and RPE cell death are not fully understood,
there seems to be an autostimulatory loop where drusen formation, RPE damage and
inflammatory responses reinforce each other(4, 84, 85). Upon progression of AMD, drusen can
lead to geographic atrophy (GA), where the continuous loss of RPE cells and the degeneration of
the photoreceptor cell layer which relies on the RPE for support, results in an atrophic zone (AZ).
Residual photoreceptors in the AZ often lack their POS and are not capable of sensing light(86),
causing loss of retinal sensitivity and central (scintillating) scotomas. GA often commences in the
periphery, but can progress towards the central retina and the macula, severely affecting visual
acuity(87, 88). For a visual demonstration of a scintillating scotoma, visit

https://en.wikipedia.org/wiki/Scotoma.

GA is an advanced form of AMD and is also called “dry” AMD, distinguishing it from the other
form of advanced AMD which is called “wet” AMD. While vision loss caused by the dry form of
AMD is typically gradual, wet AMD can cause rapid decrease in vision when neovascular tufts

originating from the choriocapillaris emerge(89).

1.6.3 Choroidal neovascularization and wet age related macular degeneration

“Wet”, “exudative” and “neovascular” (NV) are all terms that are used to describe the second
form of advanced AMD, where subretinal neovascularization develops below (occult) or above
(classic) the RPE. Choroidal neovascularization (CNV) is a prevalent and serious complication in
diseases that affect the posterior segment of the eye and is a hallmark of wet AMD(90). CNV is
more than just a vascular pathological condition and is better defined as an aberrant tissue
invasion of endothelial and inflammatory cells in which both angiogenesis and inflammation
play a key role(91). CNV is often of low quality and is in consequence inclined to hemorrhage or

leak. The subretinal exudative deposits of blood and lipids can cause retinal edema,
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photoreceptor cell death, fibrovascular scarring and retinal detachment(76). Since the
adherence of the RPE to the BM is weakened by drusen and increased inflammation, and the
retina is only loosely attached to the RPE, serous exudate and blood can cause detachments
over area’s much larger than the region of vascular invasion(81). Consequently, vision loss by
NV AMD can be rapid and is often more severe than by GA in dry AMD.

Even though previous GA is not required for progression to NV AMD, since NV AMD can develop
without any GA present, and patients suffering from GA do not necessarily progress to NV AMD,
there is a high concurrence between GA and CNV formation. Typically patients develop dry AMD
before progressing to wet AMD and as such, dry AMD can be considered a risk factor or even

precursor for wet AMD(4).

1.6.4 Vascular endothelial growth factor

Why choroidal vessels decide to grow into the subretinal space is not well known, but it’s
widely accepted to be a complex multifactorial process that does not necessarily follow a rigid
pathogenic process. Experimental and clinical evidences show that VEGF is a pivotal cue for
promoting angiogenesis in AMD(92). VEGF production has a number of potential sources
including RPE, photoreceptors, pericytes, glial cells, Millers cells and ganglion cells(91, 93-95).
Especially excretion of vascular growth attracting molecules by stressed RPE and photoreceptor
cells combined with an influx of mononuclear phagocytes (MPs) play a main role in the course
of CNV formation(76, 81).

VEGF-A, generally simply called VEGF, is the best known member of a gene family that also
includes placental growth factor (PGF), VEGF-B, VEGF-C, VEGF-D, and orf-virus-encoded VEGF-
E(96, 97). VEGF production is mainly elicited by hypoxic stimuli and triggers the growth of the
vascular endothelium of arteries, veins and lymphatics whilst acting as a survival factor for
endothelium, enhancing microvascular permeability and promoting monocyte chemotaxis(91,
98, 99).

Alternative splicing of the mRNA from the 8-exon VEGFA gene results in the generation of
multiple VEGF isoforms that are named based on the number of amino acids after the signal

sequence of slicing: VEGF-121, VEGF-165, VEGF-189 and VEGF-206(98). VEGF-165 is freely
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diffusible but a significant fraction remains bound to the cell surface and in the extracellular
matrix(100). Based on these optimal characteristics of bioavailability and biological potency VEGF-
165 is the most important isoform(98).

VEGF binds VEGF receptor (VEGFR)-1 and VEGFR-2, two highly analogous receptor tyrosine
kinases that consist of seven Immunoglobulin (Ig)-like extracellular domains, a single
transmembrane region and a consensus tyrosine kinase sequence that is interrupted by a
kinase-insert domain(98, 101-103). In addition to VEGFR-1 and VEGFR-2, VEGF interacts with a
family of coreceptors, the Neuropilins (NRP) (98), which will be discussed in detail in paragraph
6. VEGFR-1 and VEGFR-2 are both expressed on the cell surface of vascular endothelial cells, but
the major mediator of cell mitogenesis, survival and microvascular permeability is VEGFR-2(98).
To this day, there are not any approved treatments available for dry AMD. The development of
anti-angiogenic therapies with anti-VEGF, that decreases permeability and inhibit formation of
neovessels, has been an important breakthrough in the treatment of exudative AMD(104).
However, most exudative lesions continue to show some signs of activity and a significant
number of patients proceed to lose 3 lines or more of visual acuity, while thromboembolic
events, neuronal toxicity and a higher incidence of GA are cause of concern(105). With anti-
VEGF’s adverse effects increasing with the duration of the treatment, developing both

alternative and adjunct therapies is necessary(106).

1.7 Treatments

The growth of blood vessels inward from the choroid is for an important part caused by an
imbalance of VEGF, the most critical regulator of ocular angiogenesis, and PEDF, a potent
antiangiogenic factor. RPE cells are capable of excreting both factors, and in physiological
circumstances, they release VEGF on the laminar side, towards the choroid and PEDF on the
apical side towards the retina. NV AMD patients have been shown to express increased VEGF and
reduced PEDF levels(71). Most of the currently available therapies for NV AMD are aiming to
diminish VEGF expression in the eye and currently there are three main drugs available.

Ranibizumab, approved by the Food and Drug Administration (FDA) in 2006 for the treatment of
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NV AMD is a recombinant humanized IgG1 kappa isotype monoclonal antigen-binding fragment
that targets and binds VEGF with high affinity. Aflibercept, approved by the FDA in 2011, is a
fusion protein that combines a fragment crystallizable region of a human IgG1 and two key
binding domains of human VEGF receptors 1 and 2. Finally bevacizumab, an off-label drug for the
treatment of AMD sold under the trade name Avastin, is a full-length humanized antibody that
binds and blocks all VEGF isoforms. Being the most used ocular antiangiogenic and the 7th best-
selling drug in the world, it revenued over 6.5 billion US dollars in 2016(107, 108).

Where bevacizumab and ranizumab are Ig antibodies that bind to all isoforms of VEGF and
aflibercept is a recombinant fusion protein that forms a trap for VEGF, VEGF-B and PGF,
conbercept is a full human DNA sequence that binds VEGF, VEGF-B, VEGF-C and PGF(109).
Approved for treatment of NV AMD in 2014 in China, it’s currently seeking global approval and is
expected to bring a new treatment option in 2023(110).

All the before mentioned therapies for ocular angiogenesis are anti-VEGF ligands. However, some
patients show worsening eye disease, even upon aggressive treatment with anti-VEGF agents,
suggesting other vascular mediators contribute to the pathogenesis of NV AMD(111, 112).
Before the FDA approval of ranibizumab in 2011, NV AMD treatment was largely dependent on
laser photocoagulation therapy based on a study from the 1970’s and a photodynamic therapy
(PDT) developed in the 1990°s(113). These therapies showed a high recurrence rate, risk of
producing vision loss and limited potential to improve vision and their use in practice has
dramatically decreased in recent years. Currently PDT is only used in combination with an anti-
VEGF agent and/or steroid administration in patients that do not respond to monotherapy(113).
Despite the significant advances in treatment in recent years, AMD remains an incurable and
progressive disease. Antiangiogenic treatment does not prevent AMD neither does it alter the
course of the disease, it merely delays its progression, and has no beneficial effect on GA in dry
AMD(108). In addition, long-term VEGF inhibition is not without risks since it is associated with
thromboembolic events, neuronal toxicity and a higher incidence of GA (105, 114). Developing

alternative or adjunct therapies is therefore necessary.
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1.8 Animal models for age related macular degeneration

The most used animal model for CNV in NV AMD is the laser-induced CNV model, as represented
in Figure 5. The model is in fact a wound-healing model and does not have any of the phenotypic
aging characteristics of AMD, but it’s highly reproducible and results in CNV in almost 80% of the
lesions. In addition, it can be performed in transgenic mice, opening up various options to study
the contribution of inflammation, angiogenic factors and proteolysis(115, 116). The compromise
of the BM is instigated by the laser, other conditions of NV AMD can be simulated by for example
injectables, diets, mouse age and knock-outs.

For a complete overview of animal models of age related macular degeneration, including non-
rodents, one should consult “Animal Models of Choroidal and Retinal Neovascularization” from

Grossniklaus et al, published in 2010 (115).

Laser

Bruch’s membrane

Figure 5 Laser induced choroidal neovascularization model

Using the impact of an argon-laser that enters the eye through the dilated pupil of the
anesthetized mouse, the Bruch’s membrane is ruptured. The compromise of the membrane that
lies between the retina and the choroid collectively with the proangiogenic signalling of the
immune cells that are attracted to the site of injury prompt choroidal neovessels to grow into the

(sub)retinal space, mimicking the hallmark of wet AMD; choroidal neovascularization.
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2. Inflammation

2.1 Inflammatory pathways

The role of the inflammatory response, with its five cardinal signs of inflammation as described
in De Medicina by the Roman encyclopedist Aulus Cornelius Celsus; rubor (redness), calor (heat),
dolor (pain), tumor (swelling) and functio laesa (loss of function), is to combat infection and tissue
injury(117). The innate immune cells such as macrophages, fibroblasts, mast cells, dendritic cells
(DC), circulating leukocytes including monocytes and neutrophils work together to orchestrate a
proper inflammatory immune response and coordinate the start of long-term adaptive immunity
toward specific pathogens(118). Regulatory mechanisms that prevent uncontrolled and chronic
inflammation are of vital importance since excessive immune responses can cause severe tissue
damage. Multiple layers of regulatory mechanisms have evolved in order to fine-tune the
initiation, progression and resolution of inflammation(117).

Innate immune cells recognize pathogens and cell damage by detection of pathogen-associated
molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) with
intracellular or surface-expressed pattern recognition receptors (PRRs). Activated PRRs, such as
Toll-like receptors (TLRs) initiate signaling cascades that trigger the release of leukocyte recruiting
and activating factors(118). Triggering the activation of transcription factors like nuclear factor
kappa-light-chain-enhancer of activated B cells (NFkB), Activator protein 1 (AP1), cyclic
adenosine monophosphate (cCAMP) response element-binding protein (CREB), CCAAT-enhancer-
binding proteins (c/EBP) and Interferon regulatory factors (IRF), induces genes encoding
enzymes, cytokines, chemokines, adhesion molecules and regulators of the extracellular matrix.
A major alarm signal in the body in response to infection and inflammation is interleukin (IL) 6
(119, 120). IL6 is produced together with IL13 and tumor necrosis factor (TNF) by myeloid cells
after TLR signalling, and, if not inhibited, embarks on a feed-forward loop, leading to a significant
amplification of IL6(121). During inflammatory states circulating IL6 levels can rise up to a 1,000-
fold when compared to homeostatic conditions, while it can go up to 6 orders of magnitude under
septic conditions(122). IL6 signalling can be induced by classic signalling and by trans-signalling.

In classic signalling IL6 binds to a membrane-bound IL6 receptor (IL6R) and consequently
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associates with glycoprotein 130 kDa (gp130), a second receptor protein. Dimerization of the
receptor complex initiates intracellular signalling via the Janus kinase (JAK)/signal transducer and
activator of transcription (STAT) and rat sarcoma virus(ras)/mitogen-activated protein kinase
(MAPK) and phosphoinisitide-3 kinase (PI3K) pathways. Both gp130 and IL6R need to be
expressed in order to signal after stimulation with IL6 and whereas gp130 is expressed by all cells,
only hepatocytes and some leukocytes express IL6R(123, 124). Circulating soluble IL6R (sIL6R)
can induce signalling by binding IL6 and then associate with gp130(125). This is called IL6 trans-
signalling and through this paradigm IL6 can stimulate any cell in the body(120, 126).

IL6 plays an important role in homeostasis with roles in body weight regulation(127), liver
physiology(128) and bone metabolism(120, 129). The role of IL6 becomes even more extensive
in pathophysiological conditions. Dysregulated continual synthesis of IL6 plays a pathological
effect on chronic inflammation and autoimmunity. Rheumatoid arthritis(130), multiple
sclerosis(131), various types of cancer(132, 133), atherosclerosis(134), depression(135) and
Alzheimer’s Disease(136) are only a few examples of pathologies wherein IL6 plays a critical role.
Extensive epidemiological evidence underlines a role for IL6 in age-related pathologies, where a

state of mild inflammation is associated and predictive of many aging phenotypes(137).

2.2 Aging and inflammaging

Around 500 years before Christ, Heraklitus stated that everything flows, “Pantha rhei”, and “No
man ever steps in the same river twice”. He’s philosophising about the change that is constantly
happening in and around us. With our current knowledge of cell renewal we know that he was
right. Most cells have a shorter life than the organism and are continuously replaced after a
lifespan ranging from serval days to several decades(138). Aging, the process of becoming older,
can refer to psychological changes, relating to wisdom and maturity as well as to physical changes
like getting grey hair. Both are the result of an accumulation of changes in an organism over
time(139). In 2004 Bowen et al. stated that the rate of aging is synonymous with the rate of
change, with rapid aging associated with growth and development during fetal development to
a slower rate of change associated with loss of function (139). Nine hallmarks that represent

common denominators of aging are: genomic instability, telomere attrition, epigenetic
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alterations, loss of proteostasis, deregulated nutrient sensing, mitochondrial dysfunction, cellular
senescence, stem cell exhaustion and altered intercellular communication(140). The progressive
loss of physiological integrity and impaired functioning increases the risk for pathologies like
cancer, diabetes, cardiovascular disorders and neurodegenerative diseases(140). Aging is the
most significant risk factor associated with chronic disease in humans and is strongly associated
with inflammation(141). Inflammaging, the chronic, sterile, low-grade inflammation that
develops during aging and is a prominent risk factor for morbidity and mortality in elderly. Most,
if not all, age-related diseases have an inflammatory component in their pathogenesis, but its
causal role in adverse health outcomes remains largely unknown(137). As a response to harmful
conditions such as invading pathogens and trauma, acute and transient inflammation is a crucial
defense mechanism. Chronic inflammation however is usually low-grade and persistent and can
result in tissue degeneration, doing more harm than good. Possible mechanisms of chronic
inflammation include: a) persistent production of reactive molecules by infiltrating leukocytes, b)
altered immune modulation through damaged nonimmune and activated immune cells and c)
interference of anabolic signalling(137). Possible sources of inflammaging are: a) accumulation
of damaged macromolecules and cells (self-debris) with age due to increased production and/or
inadequate elimination, b) increased presence of harmful products produced by microbial
constituents of the human body, such as gut microbiota, c) age-associated mitochondrial
activation of Nlrp3 inflammasome, d) cellular senescence, e) age-related increase in coagulation
system activation, f) immunosenescence and g) inappropriate regulation of the complement
system(137). Even though chronic inflammation generally leads to tissue degeneration, it can
also have a protective function, playing a part in normal tissue remodelling. This is demonstrated
by the fact that inflammaging and a hypercoagulable state are compatible with health and
longevity, as seen in centenarians(142).

Overall, the notion of inflammaging is very similar to para-inflammation, as seen in the aging
retina. The dysregulation of a reparative inflammatory mechanism, resulting in a detrimental,
chronic low grade inflammation resulting in tissue damage. In the context of AMD one could

speak of a local inflammaging process.

33



2.3 Local inflammation in age related macular degeneration

The multifactorial pathogenesis of AMD includes aging, oxidative stress, genetic and
environmental factors and importantly; the immune system and inflammation. The detection of
a) inflammatory molecules such as vitronectin, amyloid A/P, Factor X, prothrombin, Ig, Human
Leukocyte Antigen — DR isotype (HLA-DR) and complement proteins (C3, C5, C5b-9, CFH and c-
reactive protein (CRP) (143), b) immune cells, including MPs, lymphocytes and mast cells (76,
144, 145) and c) genetic polymorphisms in immune related genes like CFH, complement
component 2 and factor B gene (C2/CFB), C3, CX3C chemokine receptor 1 (CX3CR1), TLR3/4 (146)
all bear testimony to an inflammatory component in the AMD pathogenesis(72). The
inflammation observed in AMD primarily involves the innate immune system, is gradual and
subtle and is characterized by the absence of acute inflammation (147). The innate immune
system is a highly conserved defense system, indispensable for the initial response to injury or
infection, initiating inflammatory responses, clearing debris, remodeling tissue and recovering
homeostasis. Why this protective system becomes detrimental in chronic age-related diseases
like AMD is not well understood.

The eye is an immune-privileged site with unique anatomical features like the BRB, a lack of direct
lymphatic drainage and a microenvironment rich with immunosuppressive molecules that
influence the activity of immune cells(148). A mixture of growth factors, cytokines,
neuropeptides and soluble receptors is continuously working to establish a down-regulatory
immune environment within the eye(148, 149). The retina expresses several immunosuppressive
signals such as neuronal CX3C chemokine ligand 1 (CX3CL1) and Fas ligand (FasL) by the RPE.
CX3CL1 is a transmembrane protein and is the only ligand of CX3CR1. CX3CR1/CX3CL1 signaling
mediates an inhibitory signal on microglial cells and Cx3crl-deficient mice show increased
neuroinflammation and degeneration(150). CX3CR1 is expressed on microglia and its deletion
stimulates the expression of inflammatory cytokines, leading to recruitment of inflammatory
macrophages, resistance to subretinal MP clearing and photoreceptor toxicity(76, 151). A
possible direct role for CX3CR1/CX3CL1 signaling is suggested by the fact that CX3CL1 expression
decreases with age and Cx3cr1(152) polymorphisms have been associated with AMD(153-157).

Fas (apoptosis antigen 1 (APO-1) or CD-95), the receptor for FasL, is a membrane protein and a
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member of the TNF receptor family, ubiquitously expressed in various tissues, with abundant
expression on immune cells(158). FasL is predominantly expressed on activated T lymphocytes
and Natural Killer cells and constitutively in the tissues of immune privileged sites such as the
eye(158). RPE cells express FasL on their cell membrane and can cause apoptotic cell death of Fas
expressing (immune)cells through the Fas-associated death domain (FADD)(159). Activation of
the FADD triggers a sequential signalling cascade that recruits and activates several caspases and
DNAses, resulting in apoptotic cell death(160-162). IL6 represses RPE FasL expression and upon
defective FasL/Fas signalling subretinal MP can accumulate as a result of their deficient

elimination(76, 163).

2.4 Parainflammation

On a scale of inflammatory states, from basal homeostatic conditions to true inflammation, para-
inflammation lies in the middle(164). Para-inflammation aims to maintain homeostasis and
restore tissue functionality in a setting of low levels of tissue stress and can be both beneficial
and detrimental, depending on whether it is well-controlled or dysregulated(164). During aging
the retina is subjected to a chronic low grade oxidative insult, activating the retinal immune
system commencing a para-inflammatory response(72). In AMD the dysregulation of this
reparative para-inflammatory mechanism leads to chronic low grade inflammation, damaging
the macula and the BRB, compromising retinal immune privilege and causing the development
of retinal lesions(72, 149). Genetic predisposition, environmental risk factors and old age all

contribute to the dysregulation of age related retinal para-inflammation(72).

3.  Mononuclear Phagocytes in age related macular degeneration

3.1 Mononuclear phagocytes and macrophages

MPs are prevalent immune cells that persist in many tissues, originating in the yolk sac and fetal

liver during development. Thereafter monocytes are derived from the bone marrow and can exit
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the circulation to migrate into tissue and become resident macrophages, DCs and osteoclasts
(165). MPs play a crucial role in development, immunity, inflammation and tissue
homeostasis(166). The ubiquitous presence of macrophages in normal and inflamed tissue
combined with their potential to become activated in response to relevant stimuli and secrete a
great repertoire of cell products allows them to play a key role in both beneficial and pathological
processes, with an especially important role for maintaining chronic inflammation(167). Based
on their location and origin macrophages are typically divided into three groups:
recruited/infiltrating  macrophages, tissue-resident macrophages and perivascular
macrophages(168).

In non-pathological circumstances recruited macrophages infiltrate a tissue during inflammation
and only briefly remain in place before they undergo apoptosis or emigrate(169).

Despite its extremely versatile and omnipotent character though, the primary role of
macrophages is not to function as an elite immune effector cell but as a common ‘janitorial’ cell
whose main function is to clear extraneous cellular material and cellular debris(170). These
processes take place independently of immune-cell signalling through phagocytosis mediating

receptors that do not actively induce transcription or production of cytokines.

3.2 Macrophage polarization

The function a macrophage carries out is dependent on the (patho)physiological situation it finds
itself in. Environmental cues can prompt macrophages to activate and change their physiology
while the remarkable plasticity that macrophages display gives rise to different populations with
different functions(170). Macrophage polarization refers to how macrophages have been
activated at a given point in space and time and is routinely viewed as a linear scale, with M1, or
classically activated, macrophages on one extreme and M2, alternatively activated macrophages,
on the other(170-172). These two activation states are in analogy to the adaptive immune system
where T helper cells can be subdivided in Thl and Th2.

A schematic of macrophage polarization is shown in Figure 6. In the presence of IL4 or IL13,
through STAT6, and indirectly by IL10, through STAT3, macrophages become alternatively

activated and are polarized to an anti-inflammatory, pro-tissue repair and proangiogenic
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phenotype, characterized by low levels of IL12 and IL23 and high levels of IL10, TGFB and
Argl1(173, 174). Macrophages in the presence of IFNy, through the interferon receptor, TNF,
through TNF receptor, PAMPs such as LPS and DAMPS through TLR activation, are classically
activated and adopt a pro-inflammatory, anti-angiogenic profile with a high production of
cytokines such as IL6, 1L12, IL23, TNF and iNOS(173, 174). This is an oversimplified presentation
that doesn’t take into account that there is a large range of intermediate phenotypes that exist
between the extremes of M1 and M2. The polarization state of macrophages can affect the
profile of excreted growth factors and affect different stages of angiogenesis(175).

Several techniques can be applied in order to get an idea of the activation of the cells.
Morphology can give a first impression of the character(176), with M1 macrophages adopting an
enlarged amoeboid cell shape with roundish cell bodies and numerous delicate cytoplasmic
extensions on the cellular surface and M2 macrophages demonstrating a bigger heterogeneity
with large ramified macrophages with an elongated cell body and cytoplasmic extensions on the
apical ends of the cell bodies(177). Secondly, several surface receptors that are indicative of
polarization can be detected by immunohistochemistry(178) or fluorescence-activated cell
sorting (FACS)(179), with major histocompatibility complex (MHC) I, CD80 and CD86 as M1
markers and CD64, CD163, CD206 and CD209 as M2 markers(180, 181). Then there’s still the
option of looking at the secretome of macrophages. TNF, IL13, IL6, IL12, I1L23, inducible nitric
oxide synthases (iNOS) and a plethora of chemokines from the C-X-C motif chemokine ligand
(CXCL-1,3,5,8,9,10,11,13,16) and CC chemokine ligands (CCL-2,3,4,5,8,15,11,19,20) family and C-
X3-C motif ligand 1 (CX3CL1) being indicative of M1 polarization(180, 182). A secretome with
IL1R, IL10, transforming growth factor beta (TGFf), arginase 1 (ARG1) and several CCLs (CCL-
1,2,13,14,17,18,22,23,24,26) is indicative of M2 polarization(180, 183, 184). Lastly, macrophages
can be analyzed based on their gene expression and the transcriptomic characterization of
macrophages. Inflammatory and anti-inflammatory gene expression patterns, changes in
mitochondrial metabolism and several novel marker genes can help classify the polarization of

these enormously plastic cells(185, 186).
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PAMPs, DAMPS, TNF and IFNy classically activate macrophages that adopt a pro-inflammatory,

anti-angiogenic profile with a high production of cytokines such as IL6, IL12, IL23 and TNF. In the

presence of IL4, IL10 and IL13 macrophages become alternatively activated and are polarized to

an anti-inflammatory, pro-tissue repair and proangiogenic phenotype, characterized by low levels

of IL12 and IL23 and high levels of IL10, TGFB and Arg1. Figure inspired by Biswas et al(187), Tugal

et al(188) and Atri et al(181).

3.3 Mononuclear phagocytes in the posterior segment of the eye

The healthy choroid houses numerous resident myeloid cells which remain in close association

with the choroidal vessel cultivating important immune-vascular interactions(189). The immune
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privileged retina contains several types of MPs, including blood monocytes, tissue-resident
macrophages, DCs and microglia(190). Microglia are highly specialized central nervous system
resident immune cells that exert significant influence during retinal development and in
pathological situations, forming the first barrier against pathogens and environmental
insults(191). Fate mapping analysis revealed that adult microglia stem from primitive yolk sac
macrophages that have migrated into the retina before the BRB was established(192). Microglia
are crucial for retinal growth and neurogenesis during development and are implicated in the
clearance of apoptotic neurons and the maintenance of synaptic structure in the adult
retina(193).

In adulthood microglia are solely dependent on local expansion and are maintained
without recruitment of circulating monocytes(194, 195). By way of self-renewal the retinal
population is maintained throughout life(196), forming a highly intricate network with their long
protrusions(197) in the inner and outer plexiform layers of the retina(198), leaving the
photoreceptor cell layer and the subretinal space devoid of MPs during physiological
conditions(76, 199). Besides their very important role as housekeepers, the microglia are
imperative as a watchdog for retinal homeostasis(200) and immune response(201, 202). The
retina houses a highly sensitive immune system(201) and upon perception of danger signals, like
PAMPs or DAMPs, microglia migrate to the site of damage, start proliferating and release pro-
inflammatory cytokines and reactive oxygen species (ROS) (197, 203). In addition they greatly
increase their phagocytic activity in order to clear debris and prevent accumulation of waste
products(204), rapidly de-escalating the insult, repairing damaged tissue and reinstating
homeostasis(76, 201). Macrophages that have been attracted from the choroid rapidly disappear
from the retina through apoptosis after resolution(205). Tight control of these immune actions
is vital for maintenance of retinal health, and is imposed by cross-talk with Miiller cells and retinal
neurons and by means of regulatory molecules like complement factors, chemokines and
neurotrophic factors(206-208). The healthy mammalian retina is devoid of MPs other than
microglia and a key feature of macular degeneration is the infiltration of circulating MPs into the
subretinal space. Microglia can play a role in immune homeostasis like a double edged sword,

with an “adaptive” and a “maladaptive” response(209). In the “adaptive” response reactive
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microglia migrate into the subretinal space and restrict disease progression, opposed to the
“maladaptive” response, where microglial activation results in a surge of pathogenic monocyte
derived cells in the subretinal space(209, 210). Under continuous pathological stimuli, microglial

inflammatory response can become dysregulated and worsen pathology.

3.4 Mononuclear phagocytes in age related macular degeneration

Macrophage and microglial dysfunction play an important role in the pathogenesis of AMD and
several other retinal diseases(76, 207). A schematic overview of some of the most important
pathogenic roles of MP’s is shown in Figure 7. When, for a number of possible reasons, including
genetic predispositions, high glucose levels, persistent insult or chronic systemic low-grade
inflammation and “inflammaging”, inflammation does not subside, microglia can cause
irreparable damage to the retina(72, 137, 211-213). Chronic retinal inflammation is linked to a
decline in RPE function, BRB compromise, formation of neovessels and a protracted recruitment
of choroidal macrophages(214-216). Further attraction of MPs from the choroid and circulation
through CCL2 and the secretion of pro-inflammatory IL1p, ROS, TNF, iNOS and C1q are the result
of inflammatory escalation caused by over-reactive microglia(199, 201, 217, 218). Within this
setting microglia are no longer able to distinguish stressed cells from apoptotic cells and proceed
to the phagocytosis of viable neurons contributing to retinal decline(219, 220).

Recognizing that non-resolving retinal inflammation is not the primary cause of AMD, it’s role in
the pathogenesis is significant. AMD is associated with systemic inflammation and local activation
of MPs around large drusen, GA lesions and CNV(76). Whether the persistent inflammation is
caused by an unsettled primary problem or the inability to exit a downward spiral remains
unclear and might very well differ from case to case(76). Breaking the vicious cycle of
inflammation and deterioration with appropriate anti-inflammatory therapies is an, at this time,
not sufficiently explored possible treatment avenue(76).

The increase in phagocytes-derived cytokines upon disturbance of chororetinal homeostasis
causes direct and indirect damage to the retina. The IL1B protein is transcribed from the 113
gene after inflammatory stimuli like PAMPs and DAMPs, is a potent survival factor for endothelial

cells, induces similar genes than VEGF and exacerbates CNV(76, 221-224). Besides its pro-
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angiogenic effect, MP derived IL1B can induce neuronal damage like rod apoptosis and cone
segment degeneration(151, 225-227). Excessive IL1B is another cause for photoreceptor
degeneration in addition to RPE dysfunction and disappearance(199).

Comparable to IL1B, TNF is an important player in the pathogenesis of AMD(228, 229) and an
increased expression of TNF by monocytes correlates with a higher prevalence of CNV(230). Early
AMD is associated with an increase in recovery time after exposure to high levels of illumination
(bleach) and evidence suggests this might be caused by increased levels of TNF produced by
infiltrating MPs associated with large drusen(76, 163, 199, 231). TNF greatly affects RPE
homeostasis by repressing orthodenticle homebox (OTX)2, a critical transcription factor of the
RPE during retinal development and the retinol visual cycle(76, 232). The visual cycle is a complex
system which replenishes the compounds that are needed for biological conversion of a photon
into an electrical signal in the retina and a slower visual cycle negatively influences daytime
vision.

In concert with IL1B, TNF and VEGF, IL6 is a highly relevant contributor to CNV formation(163,
233). IL6 induces VEGF production which promotes angiogenesis and vascular permeability
through gp130 signalling, consequent STAT3 phosphorylation and VEGF promotor binding(234).
Macular edema in patients with CNV is significantly associated with intraocular levels of IL6
showing an even better correlation than VEGF levels with macular edema(235, 236). IL6 further
has an important influence on the immune privilege in the eye, contributing to MP infiltration.

IL6 reduces RPE FasL while protecting retinal neurons(163).
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Figure 7 Mononuclear phagocytes in age-related macular degeneration

The secretion of pro-inflammatory IL16, ROS, TNF, iNOS and C1q are the result of inflammatory
escalation caused by over-reactive microglia. Within this setting microglia can proceed to the
phagocytosis of viable neurons contributing to retinal decline. IL16, IL6, TNF and VEGF production
promote angiogenesis and vascular permeability. Choroidal neovascularization is often of low
quality and are in consequence inclined to hemorrhage or leak. The subretinal exudative deposits
of blood and lipids cause retinal edema, photoreceptor cell death, fibrovascular scarring and
retinal detachment. Figure partially inspired by Guillonneau et al(76) and Walter F. Boron and

Emile L. Boulpaep(47).

4.  Obesity

4.1 Prevalence
Over the past two generations the prevalence of obesity, -a complex, multifactorial disease with

genetic, behavioral, socioeconomic and environmental origins-, has increased worldwide (237).
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Economic growth, industrialization, mechanized transport, urbanization, an increasingly
sedentary lifestyle and a nutritional transition to processed foods and high calorie diets have
caused an alarming rise in the prevalence of this largely preventable disease(238). According to
the World Health Organization obesity has nearly tripled since 1975 and in 2016 more than 1.9
billion adults were overweight, of which 650 million were obese(239). Most of the world’s
population now lives in a country where overweight kills more people than underweight(239).
Obesity is defined as excess of body-fat mass, with a body mass index (BMI)>30 kg/m?(240). BMI
expresses body weight as a function of body height and can be further subcategorized into class
1 (BMI of 30 to <35), class 2 (BMI of 35 to <40), and class 3 (BMI of >40)(241). While representing
a major risk factor for diseases such as diabetes mellitus type 2, hypertension, myocardial
infarction, stroke, fatty liver disease and several cancers, obesity contributes to a decline in
quality of life and life expectancy(237). Unemployment, social disadvantages and reduced socio-
economic productivity associated with obesity additionally impact well-being(237). The
economic costs of obesity are staggering, with an annual medical spending attributable to an
obese individual in 2014 in the US mounting to almost $2000 US, accounting for $149.4 billion
nationally(242). With up to one-third of adults in the US affected, obesity is among the most
common and costly chronic disorders worldwide(240). Strategies to curb the pandemic of
overweight and obesity have not been successful and this disease with its high morbidity and

mortality causes a major challenge to chronic disease prevention(238).

4.2 Inflammation in obesity

Despite the failure to slim down the high prevalence of obesity, there is a gain in understanding
of its pathophysiology. The search for a mechanism linking obesity to its frequent comorbidities
has revealed a connection between nutrient excess and the activation of the innate immune
system(243-246). Early on in the onset of obesity the activation of an inflammatory program
shifts the immune system to a proinflammatory phenotype. Several different mechanisms have
been investigated in rodents and obese individuals(247). In a review from Kanakadurga Singer
and Carey Lumeng different early events in obesity-induced inflammation during human

development, of which many are sustained into adulthood, have been described(248). For
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example, a raised circulation of different lipid species contributes to inflammation through
binding to TLR4 and TLR2, resulting in NFkB and c-Jun N-terminal kinases (JNK)1 activation(249-
251). Another potential mechanism underlying inflammation acts through hypoxia that develops
in the adipose tissue due to inadequate perfusion and increased oxygen consumption(252).
Cellular hypoxia initiates inflammation through the induction of the Hypoxia-inducible factor
(HIF)1 gene program(253). Not only hypoxia but also mechanical stress caused by the expansion
of adipocytes can strain the cells with subsequent proinflammatory responses(254). One last
example of an inflammatory cascade initiating causatum is the increase in intestinal permeability
caused by obesity(255). Higher circulating levels of lipopolysaccharide (LPS), derived from the
Gram-positive bacterial species present in the intestinal lumen, activate PRRs such as TLR4 and
cause a systemic chronic low grade inflammation(256). The chronic activation of the innate
immune system that is seen in obesity-induced inflammation leads to maladaptive responses
such as fibrosis and necrosis and can cause significant tissue damage in multiple organs, including
adipose, pancreas, liver, skeletal muscle, heart and brain(247).

The involvement of chronic low grade inflammation in de pathogenesis of AMD combined with
the proinflammatory state in obesity have prompted the investigation into a relation between

obesity and AMD.

4.3 Obesity and age related macular degeneration

Evidence of chronic low grade inflammation in AMD and the proinflammatory character of
obesity inspired several studies, including cross-sectional, case-control and longitudinal
cohort(27, 38, 79, 257-264) into the relation between obesity and AMD(39). The evidence for an
association between obesity and AMD have not been consistent, with several studies finding a
positive association between BMI and AMD(28, 258, 262-270) while some others reported no
association(271-274).

BMI has several limitations as a measure for obesity since it combines adipose and nonadipose
body components without taking of variation attributable to body frame size into account(275).
Adams et al conducted a comprehensive study of body composition and AMD to determine the

strength of the associations of different forms and stages of AMD with 5 adiposity measures—
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body mass index, waist/hip ratio, waist circumference, fat mass, and body fat percentage(39).
Using a large Australian cohort with 21,287 participants from the Melbourne Collaborative
Cohort Study the authors found that an increase of 0.1 in waist/hip ratio was associated with a
13% increase in the odds of early AMD and a 75% increase in the odds of late AMD in men. These
results suggest a stronger relation between waist/hip ratio and AMD than between BMI and

AMD, confirming obesity as a risk factor for AMD.

4.4 Intestinal permeability

With a total surface of more than 200-meter square the gastrointestinal (Gl) tract forms one of
the most important exposures to the outside world, necessitating a strict separation of the
external and internal environment(276). The sole structural barrier between the intestinal lumen
and the circulation is a contiguous layer of epithelial cells, ranging from the oesophagus to the
anus, functions as a barricade that blocks a wide variation of environmental agents from
accessing the body. Intestinal permeability is the feature that allows solute and fluid exchange
between the intestinal lumen and the intestinal mucosa(277). Most of the epithelial barrier is
formed by enterocytes, cells with a lipid bilayer and a brush border, optimizing its dual function
as absorptive and barrier cell. With a marked solubility to lipid compounds but a strong restraint
to water soluble factors the enterocyte has several transport systems in place for the transport
water soluble compounds(278). Besides the transcellular absorption pathway there is the
possibility of the paracellular pathway. At the junction of epithelial cells lie tight junctions and
adherens junctions, complex structures of lipid and protein structures that allow for alterative
permeability of the cell-cell junction(279). Once considered a static parameter, the permeability
of these junctions is now recognized to be highly dynamic. A schematic diagram of intestinal
permeability is shown in Figure 8.

With the help of members of the occludin and of the claudin family, two types of membrane
proteins found in the vicinity of cell junctions that cross the plasma membrane to interact with
proteins from the adjoining cell, epithelial tight junctions can open and close in response to a

variety of stimuli(280, 281). The relative abundance of different claudin family members is
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important for junction functionality and during normal development and during disease, the
relative abundance of claudins can change by up to 1000-fold(282, 283).

There are many factors that impact the regulation of intestinal permeability and whereas normal
intestinal permeability is associated with health, increased intestinal permeability is associated
with several intestinal and extra intestinal diseases(277). Some matters that influence intestinal
permeability are the mucus layer, epithelial cell integrity, epithelial junction, immune
responses(284, 285), intestinal vasculature, intestinal motility, stress(286, 287), diet(285) and gut
microbiota(277, 279, 288, 289). The gut epithelium insures a selective passage of substances and
prevents the entry of harmful elements aided by a thick layer of mucus. The mucus is excreted
by goblet cells and is enriched by antimicrobial peptides, cytokines and Igs that are secreted by
Paneth cells, epithelial cells and plasma cells(279, 290). These antimicrobial products help
eliminate potentially pathogenic bacteria, recruit immune cells, such as T helper cells and
neutrophils, or mark bacteria for destruction by intestinal lymphocytes(290). Unchecked
inflammatory responses can result in damage to the intestinal epithelium, causing an intestinal
barrier breach, allowing for the translocation of gut microbes or their secreted products to cross
into the extraluminal system. Both Gram-positive and Gram-negative bacteria shed microbial
peptides such as peptidoglycans (PGN) which can translocate when the intestinal barrier has a
reduced integrity, acting as PAMPS, inducing endotoxemia and activating pro-inflammatory

pathways of the host(291).
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Figure 8 Intestinal permeability

The gut epithelium insures a selective passage of substances through the transcellular or
paracellular pathway. At the junction of epithelial cells lie tight junctions and adherens junctions,
complex structures of lipid and protein structures that allow for alterative permeability of the cell-
cell junction. The epithelium prevents the entry of harmful elements aided by a thick layer of
mucus, excreted by goblet cells. Paneth cells enrich the mucus with antimicrobial peptides.
Unchecked inflammatory responses can result in damage to the intestinal epithelium, causing an
intestinal barrier breach, allowing for the translocation of gut microbes or their secreted products

to cross into the extraluminal system. Figure inspired by Natividad et al(292).

4.5 High fat diets and intestinal permeability

The decrease of intestinal barrier functions facilitates the passage of harmful elements such as
LPS, PGNs, whole bacteria and other toxins and plays an important role in the pathogenesis of
many diseases(293). Gut microbiota, mucus production, intestinal epithelial cells and the

mucosal immune system all collaborate in order to preserve a healthy gut barrier. Each of these
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players can be significantly influenced by food-derived compounds, either direct or indirect(293-
295). The “Western style diet” with its energy-dense, high sugar, high fat and fiber low food
increase intestinal permeability(296). One way the fat content of a diet influences intestinal
permeability is through the increased production of bile acid. Not only do bile acids function as
signalling molecules that can negatively affect the integrity of the intestinal barrier(297), they
also exert direct, receptor independent toxicity towards intestinal epithelial cells(298, 299) and
induce changes in tight junction proteins(277, 300). The other way high fat diets (HFD) influences
intestinal permeability is through inflammation. The HFD induced stimulation of
proinflammatory signalling cascades, increase in barrier-disrupting cytokines (TNF(301),
IL1B(302), IL6(303) and interferon gamma (IFNy)(304)) and decrease in barrier-forming cytokines
(1L10(305), IL17(306) and 1L22(307)) all negatively inflect gut barrier function(308). Finally, a HFD
induces gut microbiota changes and dysbiosis with an enrichment of barrier-disrupting

species(308-310).

5. Gut microbiota

5.1 We are not alone in our bodies

Inside every person live trillions of microorganisms such as bacteria, viruses, fungi and other life
forms(311). The community of microorganisms that reside in an environmental niche is called
microbiota. The collective genome of all these microorganisms is called the microbiome. The first
one to give a name to the human microbiome was Joshua Lederberg: “microbiome, to signify the
ecological community of commensal, symbiotic and pathogenic microorganisms that literally
share our body space”(312). Many organs have highly distinct microbiota, as can be seen in Figure
9 that is based on data from The human microbiome, written by Hubert E Blum(313). The group
that has attracted the most attention by far is the gut microbiota. The human intestine can be
described as an anaerobic bioreactor that is programmed by an enormous population of more
than 100 trillion (10714) microbial cells, almost outnumbering the number of eukaryotic cells of

the organism they inhabit(314-317). Our microbiota has coevolved with us and complements and
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manipulates our biology in a mutually beneficial way. The microbiota functions in tandem with
the host giving the ability to harvest nutrients such as amino acids and short-chain fatty acids
from food and acting as a source of essential nutrients and vitamins(318). It also helps maintain
stability and protecting us from colonization and invasion by opportunistic pathogens(314, 319).
In January of 2020 Nature Research published Nature Outlook, The gut microbiome, a whole issue
dedicated to the latest research on the gut microbiome(320). The gut microbiota has attracted
tremendous attention in the last few decades in biomedical research and much more research is
under way. Gut microbes play a part in health and disease, including cancer(321), autoimmune
disorders(322) and autism spectrum disorder(323), while strongly interacting with certain
drugs(324). Researchers are investigating what makes a microbiome “good”(325), whether we
caninfluence it with our diet(326) and how fecal microbiota transplantations (FMT) can help cure
diseases(327). To this day it is difficult to describe the precise impact of the intestinal microbiota
on human health and the involvement in disease and there is still room for plethora or exciting

findings related to this “forgotten organ”(328).

Gut Skin Mouth
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Figure 9 Distinct microbiotal compositions

Different parts of the body — the gut, skin, mouth, etc — all have very different, distinct
communities of microbes. While gut microbes have gained a lot of attention, microbes
elsewhere are also important. Based on data from The human microbiome, written by Hubert E

Blum(313).
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5.2 Shaping of the human gut microbiome

The Gl tract of a normal fetus is (almost(329)) sterile up until the moment of birth. Rapidly after
birth bacteria start to appear in the feces of the newborn(330). Gut microbiota is acquired shortly
after birth from the surrounding environment by vertical and horizontal transmission. The
delivery mode is one of the first things to affect the colonisation of the gut. Vaginally delivered
children are exposed to the high load of lactobacilli and other microbes in the vaginal flora, as
opposed to the children delivered by caesarian that come into the world under aseptic conditions
before they are placed on their mothers chest(331). As a consequence the pioneering microbes
that are the first to colonize the newborn are substantially different. Infants born through
caesarian have a lower total microbiota diversity during the first 2 years of life and the abnormal
development of the intestinal microbiota may continue even beyond infancy(332). In 2016
Dominguez-Bello et al published a study where they exposed infants delivered by C-section to
maternal vaginal fluids at birth. The vaginal microbial transfers were achieved by swabbing the
babies, starting with the mouth, then the face and finally the rest of the body with a gauze that
had incubated in the mothers vagina during the hour preceding the C-section. Similar to vaginally
delivered babies, the gut, oral, and skin microbiome of these newborns during the first 30 days
of life was enriched in vaginal bacteria underrepresented in unexposed C-section infants(333).
During the first years of life, microbial diversity increases and the composition of the microbiome
matures towards a distinct profile, reaching maturity and the complete functional capacity of an
adult microbiota around 2.5 years of age(334-336). Although quite stable in adulthood, the gut
microbiome is still prone to disturbance by life events and can shift composition under influence
of environmental factors such as diet, exercise and medication(294, 336-338). Imbalances in the
gut microbiota are termed “dysbiosis”. Dysbiosis can induce aberrant immune responses and

disrupt the local and systemic homeostasis of the host(339).

5.3 16S rRNA analyses
In order to distinguish different microorganisms researchers commonly look at the “16S”. The
16S ribosomal ribonucleic acid (RNA) (rRNA) gene contains highly-conserved hypervariable

regions ranging from region V1 to V9 which can be used to determine microbial communities
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within samples(340). Initial efforts to determine the number and diversity of microbes were
based on culture-based approaches using the 16S rRNA technology(341-344). Yet, 20-60% of the
human-associated microbiota is uncultivable, resulting in a gross underestimation of its
diversity(344-346). Technological developments of deoxyribonucleic acid (DNA) sequencing have
greatly facilitated culture- and cloning-free analyses of the microbiome. Advances in high-
throughput sequencing technologies have enabled researchers to explore the microbiome using
the hypervariable regions of the 16S rRNA gene in a cost-effective manner(340) including
oral(347), vaginal(348, 349), skin(350) and gut microbiota(351). Using the 16S rRNA gene studies
have revealed a significant inter-individual diversity of the gut flora(352) and differences between
the gut microbiota of obese versus lean donors(353, 354). Inter-individual diversity of gut flora
can in part be explained by genetic differences amongst hosts and is also heavily influenced by

dietary habits(337, 355).

5.4 Influence of diet on microbiota

With the advances of 16S rRNA sequencing, an increasing number of studies have been able to
investigate the impact of diet on microbial composition. Current research shows that diet
exercises an extensive effect on the gut microbiotal composition(356). Dietary habits are
considered one of the main factors contributing to the richness of human gut microbiota and
reduction in microbial diversity is possibly one of the unwanted effects of highly processed,
nutrient-rich uncontaminated foods. A decreased exposure to a large array of environmental
microbes and a diet low in unabsorbable fibers, promoting a microbe unfriendly habitat in the
gut, reduces the richness of the microbiome. Both in the Western world and in developing
countries, diets rich in protein, sugar and fat are associated with a rapid increase in the incidence
of non-infectious intestinal diseases(357). The probable favourable effects of diets on bowel
disorders was already described in the 1970’s by Burkitt who noticed a remarkable absence of
non-infectious intestinal diseases in Africans(358). De Filippo et al showed in 2010 that the fecal
microbiota of European children and that of children from a rural African village of Burkina Faso
are compellingly different. In Burkina Faso, where the diet, high in fiber content, is similar to that

of early human settlements at the time of the birth of agriculture, children harbor a microbiome
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that is significantly richer and more biodiverse than the microbiome of children that grow up in
Florence, Italy(357).

But also closer to home, in less dramatic situations, a regime can greatly impact microbiota. Diets
composed entirely of animal or plant products rapidly alter the microbial community structure
within just 24 hours of initiation, with reversion to baseline within 48 hours of
discontinuation(294, 359). This illustrates the volatility if the human microbiome that does not
only differ between two individuals living a completely different life-style, but also changes within
an individual, depending on his choice of meal.

Not only within humans diets shape the community of microbes living in the gut. A previous study
of 59 mammalian species revealed that both host diet and phylogeny influence bacterial diversity
and that the gut microbiota of humans consuming a “Western style diet” is typical for omnivorous
primates(360). To isolate the effects of phylogeny and diet, Ley et al included multiple samples
from many of the mammalian species, as well as species that had unusual diets compared to their

close phylogenetic relatives.

5.5 Dysbiosis

Dysbiosis, an imbalance in the gut microbiota, can disrupt local and systemic homeostasis of the
host(339). Alterations in the microbiota can be the result of various environmental factors such
as diet, drugs, pathogens and toxins(318). Growing evidence shows that dysbiosis is associated
with the pathogenesis of both intestinal and extra-intestinal disorders. Examples of intesinal
disorders are inflammatory bowel disease, irritable bowel syndrome and coeliac disease.
Examples of extra-intestinal disorders associated with gut microbiotal dysbiosis are allergies,
asthma, metabolic syndrome, cardiovascular disease and obesity(318).

The hierarchy of biological classification consists of eight major taxonomic ranks, ranging from
domain to species, as shown in Figure 10. The kingdom “Bacteria” is constituted of 29 lineages
called bacterial phyla. A bacterial phylum is a lineage of bacteria whose 16S rRNA genes share a
pairwise sequence of ~25% or more(361). Almost 40% of the microbial genes present in each
individual are shared with at least half of the general population, known as the core

microbioma(362). The core microbioma is dominated by the phyla Bacteroidetes and Firmicutes,
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as well as Proteobacteria, Actinobacteria, Fusobacteria, Spirochaetes, Verrucomicrobia and
Lentisphaerae(363, 364). Changes in the composition of the intestinal microbiota are often
described as changes in relative abundance of beforementioned phyla.

Both in obese mice(353) and humans(354) an increase in the relative abundance of Firmicutes
and Bacteroidetes has been found in addition to a reduction in microbial diversity when
compared with lean individuals(355). Antibiotic treatment induced changes in the gut microbiota
were accompanied by a decrease in metabolic endotoxemia (an increased plasma concentration
of circulating endotoxins such as LPS), and inflammation(365).

Inter-individual and intra-individual variations in addition to age-related changes in the intestinal
microbiota make it hard to pinpoint the relation between changes in microbiotal community and
health(318). On top of that, it is important to note that it is not always clear whether changes in
phylogenetic composition are the cause or a consequence of a given disease(318). Evidence of
direct involvement of intestinal microbiota in a pathogenesis can be provided by studies that use
germ-free mice. In several disease models, such as those for inflammatory bowel syndrome(366)
and autoimmune arthritis(367), severity or incidence of disease are reduced under germ-free

conditions.
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Figure 10 Biological classification in taxonomic ranks

The hierarchy of biological classification consists of eight major taxonomic ranks, ranging from
domain to species. The core microbioma is dominated by the phyla Bacteroidetes and Firmicutes,
as well as Proteobacteria, Actinobacteria, Spirochaetes, Fusobacteria, Verrucomicrobia and
Lentisphaerae. Changes in the composition of the intestinal microbiota are often described as

changes in relative abundance of beforementioned phyla.
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6. Neuropilin-1

6.1 Structure of Neuropilin-1

NRP1 is a single pass transmembrane glycoprotein that is highly conserved and expressed in all
vertebrates(368-370). NRP1 is composed of ~900 amino acids, encoded by 17 exons(368).
Originally discovered as an adhesion molecule in the nervous system(371), rediscovered as a
semaphorin (SEMA) 3 binding receptor in neurons(372, 373) and subsequently as a VEGF
receptor in blood vessels(374), NRP1 has been a topic of interest for several decades now with
implications in cardiovascular and neuronal development, angiogenesis, lymphangiogenesis,
migration and recruitment(370). More recently NRP1 has attracted attention as an immune
response modulator in both physiological and pathological conditions in several distinct immune
cells such as DCs(375), T cells(376), B cells(377) and macrophages(368-370, 378, 379). The
multipotency of NRP1 can be explained by one’s atypical ability to bind several structurally
unrelated ligands via distinct sites on its extracellular domain(380-382).

A schematic overview of the NRP1 receptor is shown in Figure 11. NRP1 is comprised of a large
extracellular N-terminal containing five domains, a short membrane spanning domain and a small
cytoplasmic domain(368). The extracellular part consists of two complement-binding homology
domains identified as al and a2 followed by two coagulation factor V/VIII homology domains
identified as b1 and b2, and a MAM (meprin/antigen 5/receptor tyrosine phosphatase m) domain
identified as c(369). The short intracellular (cytoplasmic) domain is catalytically inactive but can
bind intracellular proteins containing a PDZ domain with its C-terminal SEA (serine-glutamine-
alanine) motif (369). It’s through its large and complex extracellular domain that NRP1 interacts
with several binding partners and can engage in different signalling pathways(383). The
extracellular domains al and a2 are essential for binding of SEMA3 family members(372, 373)
and the domains b1 and b2 mediate binding to different isoforms of VEGF(374, 375, 380, 384),
TGF[(385), platelet derived growth factor (PDGF)(386, 387) and more(382).

The most described ligands of NRP1 are the SEMA and VEGF families. Semaphorins are axonal
chemorepellants that provoke axon growth cone collapse, guiding neurons during the

development of the nervous system(388). Eight classes of semaphorins have been described, but
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only class 3 semaphorins bind NRP1(389, 390) with SEMA3A being the preferred ligand(368). The
VEGF family exists of six proteins(96) of which two (VEGFA and VEGFB) bind NRP1, with VEGFA
being the strongest and best characterized ligand(388). The short cytoplasmic and catalytically
inactive domain requires NRP1 to form a coreceptor complex in order to transmit intracellular
signals. SEMA3A signaling through NRP1 occurs through complexing of NRP1 with a Plexin, a large
transmembrane molecule, with NRP1 acting as a bridge between the proteins(388, 391). VEGF
signaling also occurs via coreceptor complexes, most commonly between NRP1, VEGFR-2 and the
VEGF165 isoform(388). VEGF165 forms a complex binding to VEGFR2 and NRP1, with NRP1
enhancing the binding of VEGF165 and VEGFR2, potentiating VEGFR2 signalling and
proangiogenic activities(392).

Several soluble forms of NRP1 (sNRP) have been described, where the absence of the ¢,
transmembrane and intracellular domains keep the receptor from directly interacting with the
cell(393-395). By sequestration of available ligands it can however function as a decoy receptor,
inhibiting transmembrane NRP1 function(393).

NRP1 has a close homolog identified as NRP2(396). The amino acid sequences of the different
domains are ~44% identical to the ones of NRP1, with an identical domain structure(369, 396).
There exists a certain overlap in possible ligands, but where NRP1 preferentially binds VEGF165
and SEMA3A, NRP2 prefers VEGF145 and SEMA3F(397). NRP2 plays an important role in neurons

but is, unlike NRP1, dispensable for vasculogenesis and angiogenesis.
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Figure 11 Schematic of the Neuropilin-1 receptor

Neuropilin-1 is comprised of a large extracellular N-terminal containing five domains, a short
membrane spanning domain and a small cytoplasmic domain. The extracellular part consists of
two complement-binding homology domains identified as al and a2 followed by two coagulation
factor V/VIIl homology domains identified as b1 and b2, and a MAM (meprin/antigen 5/receptor
tyrosine phosphatase m) domain identified as c. The short intracellular (cytoplasmic) domain is
catalytically inactive but can bind intracellular proteins. The extracellular domains al and a2 are
essential for binding of SEMA3 family members and the domains b1 and b2 mediate binding to

different isoforms of VEGF, TGF[3, PDGF and more. Figure inspired by Raimondi et al(369).

6.2 Functional significance of Neuropilin-1

NRP1 is widely expressed and detected in a majority of human cell types(398). The vascular and
neural defects that present in NRP1-null mice are embryonically lethal, demonstrating the
essential role of NRP1 in development(368, 399-401). Vascular endothelial NRP1 binds VEGF, a
crucial regulator for vasculogenesis and angiogenesis, while NRP1 on the membranes of
developing neurons forms part of a receptor complex binding the axon guidance inhibitory class
3 semaphorins, explaining why Nrp1 inactivation causes vascular defects and disorganization of
nerve fiber development(399, 400). Besides an imperative role during embryogenesis, NRP1 has
important functions in adult tissues not only in axon guidance and angiogenesis but also in

immune responses and tumor progression(402).
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NRP1 expression is increased in a variety of cancers (prostate(403), lung(404), colon(405),
breast(406), melanoma(402), astrocytoma(407), and glioma(408)) and typically exerts growth-
promoting functions(409, 410), positively correlating with tumour progression and poorer
outcome. Being implicated in various aspects of tumour vascularization, cell growth, survival,
migration and metastasis(388, 405, 411-414), NRP1 is an important target in anti-cancer
therapies.

NRP1 acts as a receptor hub on the cell surface forming a complex with one of its many possible
co-receptors including but not limited to Plexin(415), VEGFR(416), TGFf receptor(TGFBR)(417),
PDGF receptor(386) and epidermal growth factor receptor(418). In collaboration with these co-
receptors NRP1 promotes multiple signaling cascades(419, 420). All ligands of abovementioned
co-receptors of NRP1 are growth factors or semaphorins and function as modulators of
angiogenesis (410). The extent of eligible ligands combined with its broad presence on vascular
endothelial and smooth muscle cells enables NRP1 to play an important role in promoting
pathologic angiogenesis. Targeting NRP1 pathways may offer numerous windows for

intervention in angiogenesis-dependent diseases, including several eye diseases.

6.3 Neuropilin-1 in sprouting angiogenesis

VEGF and Notch signalling pathways are implicated in the designation of tip and stalk cells in
the vascular endothelium during sprouting angiogenesis(421). NRP1 forms a complex with
VEGF165 and VEGFR2, enhancing the binding of VEGF165 and VEGFR2, potentiating VEGFR2
signaling.(388). VEGF stimulation incites an upregulation of Delta-like (DIl) 4 expression in tip
cells(422). Subsequent activation of Notch signaling by Dll4 ligands in the stalk suppresses the
tip cell phenotype while also reducing VEGFR2 expression and increasing VEGFR1 levels(423).
Contrary to the stalk cell, the tip cell receives low Notch signaling, favoring high expression of
VEGFR2 and NRP1 though low VEGFR1. Opposed to DIl4 in tip cells, Jagged1 ligand is expressed
in stalk cells, antagonizing DIl4-Notch signaling in the sprouting front, enhancing differential

Notch activity between tip and stalk cells(421-423).
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6.4 Neuropilin-1 in immune cells

Studies in recent years have characterized NRP1 expression in different immune cells and
shown an important regulating role in immune responses mediated by macrophages, DCs and T
cell subset, especially regulatory T cell (Treg) populations(370). Here we will provide a short
introduction on the role of NRP1 in different cell types. For a more complete reference we refer
the reader to “Multifaceted Role of Neuropilins in the Immune System: Potential Targets for
Immunotherapy” by Sohini Roy, published in 2017(370).

In T cells NRP1 has been mainly associated with suppressive functions. NRP1 plays an important
role in the formation of the immunological synapse between DCs and T cells(424). DC secreted
Sema4A binds to NRP1 and favors Treg survival, stability and quiescence(425). In CD8-positive T
cells NRP1 is involved in maintenance of immune homeostasis in absence of danger
signals(426).

In order to activate T cells following antigen exposure, DCs need to migrate to lymphoid tissues.
NRP1, PlexinAl and Sema3A regulate cytoskeleton rearrangement in DCs during their
transmigration to lymphatics(427). By acting as a receptor for several viruses (including SARS-
Cov-2)(428) NRP1 increases the susceptibility to infection of different cells, including DCs and
mediates virus transmission to non-infected cells(429, 430).

Resident macrophage NRP1 is involved in vasculogenesis and maintenance in the fetus(431-
433) while tumor associated macrophage (TAM) resident NRP1 promotes angiogenesis and
immunosuppression(378, 434-438). Adipose tissue macrophages that express NRP1 play an
essential role in limiting obesity-associated inflammation(439). In microglia NRP1 is linked to
TGF [ release and immunosuppression by Tregs(440) and promotes M2 polarization and

phagocytosis of cellular debris(441).
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Hypothesis and objectives

AMD, the primary cause of blindness in developed countries and the third cause worldwide, is a
progressive retinal disease that occurs in elderly(442). Given increasing life expectancy in
developed countries, the impact of AMD will only increase in the coming years. Central vision
loss from AMD poses a significant burden on health care systems and profoundly impacts well-
being and mental health(17). While a clear mechanism of pathogenesis has yet to be elucidated,
environmental risk factors for AMD have in common they all induce inflammation. Interestingly,
overall abdominal obesity has recently been linked to increased risk for progression to late stage
NV AMD, most probably through the low-grade inflammation that is associated with
obesity(443).

The human intestinal tract hosts an estimated 100 trillion microorganisms, outnumbering the
human cells by 10-fold. This microbiota exercises great influence on human health(444) and
several studies have associated dysbiosis of the microbiota with the onset of chronic
inflammatory diseases such as obesity, diabetes and metabolic syndrome(444). Inducing changes
in gut microbiota composition with diet, antibiotics and pre/pro-biotics influences inflammation.
Cani et al defined the LPS from Gram-negative intestinal microbiota as the triggering factor for
metabolic endotoxaemia and chronic low-grade inflammation. In mice, a high-fat diet stimulates
the growth of LPS-containing bacteria in the gut. The changes in gut-microbiota composition
increase the gut-permeability by disruption of the tight-junction proteins Zonula Occludens-1 and
Occludin, resulting in increased plasma LPS levels(444).

Given the link between diet, microbiota and inflammation our first hypothesis is that gut
microbiota influences development of AMD by modulating chronic low-grade inflammation. We
aim to assess the influence of microbiotal dysbiosis induced by HFD on the formation of CNV.
And whether microbiota of RD fed mice can influence the formation of CNV of HFD fed mice
through fecal transplant and vice versa. This study will provide mechanistic insight on the link
between obesity and para-inflammation. In the long term, therapeutic modulation of gut
microbiota may yield an easily applicable and cost-effective frontline strategy that could provide

an adjunct to current regimes to treat or prevent AMD.
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To date, the available treatments such as intra-ocular injections with Anti-VEGF’s are invasive
and show neuronal toxicity. In addition, approximately 1 out of 10 treated patients does not
respond to anti-VEGF therapy(445) with neovascular network complexes persisting despite
monthly intravitreal injections. Recent studies have raised the possibility that NRP1 functions
that are VEGF —independent and function by other ligands of this receptor, such as Sema3A, may
also be possible therapeutic targets. NRP1 is highly expressed on cells of both the innate and
adaptive immune system(370) where it plays an important role in homing and modulating
myeloid cell function(370, 378, 379, 446). Considering the pro-angiogenic properties of several
NRP1 ligands, our second hypothesis is that myeloid-resident NRP1 plays a promoting role in the
formation of CNV in NV AMD. Our objective is to elucidate the role of NRP1-positive MPs in CNV
in the pathogenesis of AMD, while exploring intravitreal injections with sNRP as a possible

therapeutic target in neovascular eye disease.
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Abstract

Age-related macular degeneration in its neovascular form (NV AMD) is the first cause of vision
loss among adults above the age of 60. Epidemiological data suggests that in men, overall
abdominal obesity is the second most important environmental risk factor after smoking for
progression to late-stage NV AMD. To date, the mechanisms that underscore this observation
remain ill defined. Given the impact of high-fat diets on gut microbiota, we investigated
whether commensal microbes influence the evolution of AMD. Using mouse models of NV
AMD, microbiotal transplants and other paradigms that modify the gut microbiome, we
uncoupled weight gain from confounding factors and demonstrate that high-fat diets
exacerbate choroidal neovascularisation (CNV) by altering gut microbiota. Gut dysbiosis leads
to heightened intestinal permeability and chronic low-grade inflammation characteristic of
inflammaging with elevated production of IL-6, IL-1B, TNF-a and VEGF-A that ultimately

aggravate pathological angiogenesis.

Introduction

While AMD is the leading cause of irreversible blindness in the industrialized world(1-3), the
cellular and molecular mechanisms that precipitate disease remain incompletely understood
despite significant genome-wide association studies identifying susceptibility genotypes and
target mechanistic pathways(4-7). Obesity has long been suspected as a risk factor for AMD, but
increased body-mass index associations with AMD were inconsistent(8). Using 21,287
participants from the Melbourne Collaborative Cohort Study, it was recently demonstrated that
each increase of 0.1 in waist/hip ratio (a measure for abdominal obesity) was associated with a
13% increase in the odds of early AMD and a 75% increase in the odds of late AMD in men, making
obesity the second most important environmental risk factor for late AMD after cigarette

smoking(9).
Progression of AMD is influenced by single or compounded environmental and genetic risk

factors that lead to persistent low-grade inflammation and a largely innate immune response(10-

12). Evidence for environmental factors predisposing to AMD is supported by the fact genetically
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unrelated individuals with shared long-term environmental exposure develop the disease with a
concordance of 70.2%(13). A consequence of cohabitation and common lifestyle habits that
prospectively impact disease modifiers such as systemic inflammation is microbial exchange(14).
Given that commensal gut microbiota exert profound influence on digestion, dietary metabolism,
endotoxemia and immune responses(15-18), they are prime candidates to impact chronic low-
grade inflammation(19). Microbiota related low-grade inflammation is characterized by elevated
pro-inflammatory gene expression and is a common consequence of an altered host-microbiota
relationship caused by instigator bacteria or dietary components, that influence intestinal
permeability(20). There is accumulating evidence that assert the importance of intestinal
permeability, a barrier aspect closely associated with the intestinal commensal microbiota as well
as to the mucosal immune system, in intestinal and systemic health(21-25). Heightened intestinal
permeability can allow for an increased translocation of bacterial products like LPS and other
pathogen associated molecular pattern molecules (PAMPs)(16, 18, 26). These PAMPs impact pro-
inflammatory signaling through pattern recognitions receptors (PRRs) of the innate immune
system, especially the toll-like receptors (TLRs) and Nod-like receptors (NLRs), inducing low-grade
systemic inflammation(20). Microglia, perivascular macrophages, a small number of dendritic
cells and RPE cells express various PRRs, including TLRs and NLRs and may predispose for PAMPs
of intestinal origin to impact ocular inflammation(27). In addition, bacterial products or
metabolites from gut microbiota can modulate microglia maturation, morphology and
function(28) and activate retina-specific T cells that are thought to be involved in autoimmune
uveitis(29).

Dysbiosis in gut microbes is particularly important for the aging population given that they
modulate aging-related changes in innate immunity, sarcopaenia, cognitive function and frailty
in general (30). Here we sought to evaluate the contribution of intestinal flora to progression of

NV AMD, particularly in the context of obesity-driven CNV.
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Results

High-fat diet modulates gut microbiota and exacerbates CNV.

In light of epidemiologic data linking obesity to CNV(8, 31), we first investigated the propensity
of diets with elevated fat content to exacerbate CNV. C57BL/6J mice were raised under sterile
barrier conditions and placed on a regular-chow diet (RD; 16% kcal fat) or high-fat diet (HFD; 60%
kcal fat), from 6 weeks of age (Fig 1A). As expected, upon sacrifice at 13 weeks, HFD-fed mice
gained over 50% more weight than control RD-fed mice (Fig 1B, C). At 11 weeks of life, we
subjected mice to a laser-induced photocoagulation model of CNV, where perforation of BM
initiates sprouting of subretinal blood vessels from the choroid, thus mimicking NV AMD(32).
Quantification of FITC-dextran perfused neovessels over isolectin B4 (IB4)-labeled impact area by
confocal imaging 14 days after laser burn revealed a robust 60% increase in CNV in HFD-fed mice
when compared to RD controls (Fig 1D, E). These experimental mouse data are in line with

previously published results(33) and verify human studies(9, 31).

To tease out the contribution of gut microbes to heightened CNV in mice receiving HFD, mice
were administered 0.5g/L of the broad-spectrum, non-gut permeable(16) antibiotic (AB)
neomycin trisulfate salt hydrate orally through their drinking water. Remarkably, HFD-fed mice
treated with neomycin displayed levels of CNV akin to RD-fed control mice and thus significantly
less than HFD-fed mice receiving vehicle control (Fig 1D, E). Treatment with neomycin did not
impact weight gain (Fig 1B, C), hence uncoupling mouse weight from extent of CNV and

strengthening the link between gut flora and pathological angiogenesis.

To ascertain that HFD and oral neomycin modify intestinal flora, we next profiled gut
microbiomes. The ratio of Bacteroidetes and Firmicutes, the two dominant phyla that make up
over 90% of bacterial phylogenetic types in the distal gut(34), is affected by diet(35, 36).
Comparison of distal gut microbiota from lean and obese individuals shows that the relative
proportion of Bacteroidetes is decreased in obese individuals compared to lean individuals(17,
35), which is consistent with mouse studies and underscores that diet impacts intestinal flora(17,

34, 37). We characterized gut microbiome composition by sequencing the hyper-variable regions
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V2,V3, V4,V6,V7,V8 and V9 of bacterial 16S rRNA extracted from fecal pellets originating from
RD-fed and HFD-fed mice receiving vehicle, as well as HFD-fed and RD-fed mice receiving
neomycin (Fig 1F, EV1A). Consistent with clinical data(17, 34, 38), mice on HFD had shifted ratios
of commensal gut microbes. Bacteroidetes/Firmicutes ratios shifted from 66%/33% of total
bacteria in RD to 19%/67% in HFD. Importantly, oral neomycin restored the proportion of
Bacteroidetes to ~65% of total bacteria and reduced Firmicutes from ~65% to less than 10%. In
addition, relative abundance of Proteobacteria (a microbial signature of dysbiosis in gut
microbiota(38)) rose with HFD and further with antibiotic treatment reaching 25% of the
population (fig 1G). Of note, HFD-fed mice host the most diverse microbiome, with a modest but
important presence of Actinobacteria and Spirochaetes (0.5 and 1.5% of the total). These phyla
were undetectable in RD-fed mice or after receiving oral neomycin. RD-mice on neomycin
showed consistently higher levels of Proteobacteria at the expense of Firmicutes, confirming
microbial shifts with oral neomycin. Together, these data reconcile that modulation in gut

microbiota correlates with severity of CNV.

High-fat diet potentiates recruitment of microglia and macrophages during CNV.

Mononuclear phagocytes (MPs) such as microglia and macrophages contribute to AMD
pathogenesis (39-41) and localize to sites of neovascularization following laser-induced CNV(12,
42, 43) (44) (Fig 2A-C). Microglia are CNS-resident macrophages that are derived from primitive
macro phages in the yolk sac(45). Upon CNS injury, they move to sites of insult and polarize to-an
activated state and produce pro-inflammatory cytokines.(46) Depending on the extent of injury,
circulating monocytes may also be recruited from the bloodstream.

Analysis by FACS of whole retinas and RPE-choroid- sclera complexes from mice on regular diets
revealed a 2-fold rise in MPs (Ly6G -, F4/80%, CD11b*) at 3 (p3) and 7 (p7)) days post laser burn
(Fig 2D, E) when compared to non-burned eyes (gating scheme in Fig S2A). At day 14 post-burn
(p14), the number of MPs returned to basal levels (Fig 2D, E). A Similar kinetic profile was
observed for microglia (Ly6G-, F4/80*, CD11b*, CX3CR1" CD45°) (Fig 2F, G). Notably, the overall
proportion of microglia within the MP population dropped in the first week following laser burn

(p3 and p7), suggesting cellular infiltration from circulation (Fig EV2B).
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Importantly, a HFD potentiated these effects as the heightened CNV observed in HFD-fed mice
(Fig 1D, E) was accompanied by a ~2-fold increase in MPs and microglia at sites of lesion when
compared to control RD-fed mice(Fig 2H-K). This increase in subretinal MPs persisted at 14 days
post burn as determined by immunofluorescent quantification of IBA-1* cells around the laser-
induced lesion (Fig 2L, M). Oral neomycin abrogated this recruitment (Fig 2H-M), which is
consistent with the observed reduction in CNV (Fig 1D, E). Hence, the intestinal microbiota of
HFD-fed mice augments recruitment of microglia and other MPs that may be central to disease

progression.

Heightened CNV in mice with dysbiosis is accompanied by increased intestinal permeability,
metabolic endotoxemia and systemic inflammation.

Pattern recognition receptors (PRRs) allow the innate immune system to recognize pathogen
associated molecular patterns (PAMPs) and trigger an inflammatory reaction to fight off the
microbes that produce them(47). Although PAMPs circulate at low concentrations under
physiologic conditions(48), an increase in LPS concentrations, a condition termed “metabolic
endotoxemia” may provoke low-grade inflammation(16), insulin resistance(49), augmented
cardiovascular risk(23), fatty liver disease(21), white adipose tissue inflammation(50) and
retinopathy of prematurity (ROP)(51). In obesity, changes in gut microbiota have been suggested
to compromise barrier function of the epithelial layer of the gut, thus increasing entry of PAMPs
into systemic circulation (16, 52, 53).

Analysis of intestinal permeability by Evans Blue assay revealed that HFD elevated intestinal
permeability by 3-fold when compared to controls (Fig 3A). In our experimental paradigm,
antibiotic treatment did not restore intestinal permeability of HFD-fed mice as there was no
significant difference between HFD-fed mice and HFD-fed mice that were treated with antibiotics
(Fig 3A).

We next determined whether the levels of circulating PAMPS were sufficient to trigger a PRR
response. We therefore subjected murine macrophages that express several PRRs with a

chromosomal integration of a secreted embryonic alkaline phosphatase reporter construct
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inducible by NF-kB and AP-1 (RAW-Blue™ cells) to serum from mice under various feeding
paradigms. This reports on activation of PRRs such as toll-like receptors (TLRs), NOD-like
receptors (NLRs), RIG-I-like receptors (RLRs) and C-type lectin receptors (CLRs).

Serum from HFD-fed mice activated PPRs significantly more readily than serum from RD-fed mice
as had been suggested (16, 22, 54) or HFD-fed mice receiving antibiotic treatment (Fig 3B). The
reduction in PRR response in antibiotic-treated mice may occur due to an overall reduction in the
absolute number of bacteria present in the intestine.

We next investigated both systemic and local profiles of classic inflammatory mediators that are
associated with para-inflammation in AMD(27). Consistent with the heightened activation of
PPRs (Fig 3B), serum cytokine concentrations of IL-1B, IL-6, TNF-o. IL-17A and IFN-y were
significantly induced with HFD, as was anti-inflammatory IL-10 (Fig 3C, EV3A). Oral intake of
neomycin reversed the trend (Fig 3C, EV3A). Moreover, this pattern held in naive choroids
(without laser-induced CNV) with transcript levels of /I-16, II-6 and Tnf-a as well as with the
cardinal angiogenic factor Vegf-a (Fig 3D). Moreover, neomycin treatment of HFD-fed mice
improved their glucose tolerance (Fig EV3B, C) suggesting a general improvement in metabolic
health, an important risk factor for AMD(55), and confirming efficient modulation of gut
microbes(49). These data suggest that HFD primes choroids for CNV in a gut flora-dependent
manner, where dysbiosis of the gut microbial community results in alterations of circulating
levels of pro- and anti-inflammatory cytokines and the expression of inflammation associated

mMRNAs.

Microbiotal transplants confirm that high-fat diet aggravates CNV through gut microbiota.

To ascertain that HFD-associated gut microbial communities drive increased CNV, we
transplanted by oral gavage cecal microbiota harvested from the feces of RD-fed mice to HFD-
fed mice (HFDxRDT). RD-fed mice transplanted with a fecal suspension of RD microbiota
(RDxRDT) and HFD-fed mice transplanted with fecal suspension of HFD microbiota (HFDxHFDT)
served as controls (Fig 4A). Prior to microbiotal transplantation, recipient mice were treated with
ampicillin and neomycin in drinking water to deplete their original commensal microbiome.

Gavage with cecal microbiota was repeated on a weekly basis to maintain a constant composition
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of the transplanted flora (Fig 4B). Although mice on HFD were significantly heavier than those on
RD, microbiotal transfer from RD-fed mice did not significantly alter weight gain of HFD-fed mice
and thus permitted to uncouple the effects of weight gain from those of microbial transfer (Fig
4C, D).

To verify successful transplantation of diet-associated microbial phyla, we characterized fecal
microbiota as above (Fig 4E, EV4A). In RDxRDT-mice, Bacteroidetes were the most abundant
phylum representing 75-80% of the microbiome while accounting for only 35% in HFDxHFDT-
mice where Firmicutes and Proteobacteria filled the balance. Transfer of RD microbiota to HFD-
fed mice restored microbial proportions found in RD-fed mice (Fig 4F). In addition, improved
glucose tolerance in HFDxRDT-mice compared to HFDxHFDT-mice attests to successful
microbiotal transplants (Fig EV4B, C).

While HFDxHFDT showed a ~2-fold increase in CNV when compared to RDxRDT, transfer of RD-
microbiota to HFD-fed mice diminished CNV by ~35% supporting a role for gut microbiota in
pathological CNV (Fig 4G, H). In addition, our data attest to intestinal permeability being lowered
through microbiotal transfer. Whereas, HFDxHFDT mice show 2-fold higher levels of serum Evans
Blue compared to RDxRDT, transfer of RD microbiota to HFD-fed mice reduced permeability to
levels seen in RDxRDT mice (Fig 4l). Analysis of choroidal levels of Il-6, Tnf-a and Vegf-a,
confirmed that transfer of RD-fed fecal suspensions to HFD-mice reduced overall inflammation
(Fig 4]). II-1p transcripts were not affected. In concert, these results provide evidence for the

influence of gut microbiota on CNV.

Discussion

With an increasing prevalence of obesity and increasing life expectancy, the societal impact and
financial burden of AMD are expected to rise dramatically in the coming years(56, 57).
Polymorphisms in genes implicated in inflammation predispose to AMD(58) with strong linkage
to single nucleotide polymorphisms in CFH factors, CFHR (CFH related factors), ARMS2, VEGFA,
and TGFBR1(59-62), yet by themselves, no single mutation can account for disease development.
To date, the contribution of our ‘second genome’ (the microbiome) has not been investigated.

Our study suggests that gut microbiota influence development of neovascular lesions associated
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with AMD and this particularly when obesity is a predisposing factor. We show that diets rich in
fat alter the gut microbiome and in turn elevate choroidal and systemic inflammation and
heighten pathological CNV. This effect could originate from increased intestinal permeability to
PAMPs secondary to dysbiosis (fig. 5). In this regard, obesity related changes in gut microbiota
have been shown to decrease barrier function of the gut, allowing increased entry of PAMPs into
systemic circulation and consequently triggering inflammation (16, 52, 53). Both antibiotic
treatment and microbiotal transplants from RD-fed mice lower systemic and choroidal
inflammation, yet only RD-microbiotal transplants significantly lower intestinal permeability.
While the microbial community of HFDxRDT mice resembles the one of RD-fed mice more closely
than that of HFD-fed mice treated with antibiotics, the effects of neomycin treatment likely occur

through a decrease in the absolute number of bacteria present in the gut.

Modifying microbiota can reduce systemic and local choroidal inflammation and attenuate
pathological neovascularization. Of note, one of the most heavily regulated inflammatory
cytokines in our experimental paradigms was IL-6. Elevated levels of IL-6 are associated with
early(63) and late AMD(64) and are significantly related to smoking, higher body mass index and
“inflammaging”, the low-grade, chronic, systemic sterile inflammation in aging, in the absence of
infection(65). Dysbiosis of gut flora may thus be an additional factor that accounts for the
inconsistent responses between individuals subjected to dietary interventions designed to stall
progression of AMD such as AREDS formulations(66, 67). In addition, from an experimental
perspective, our study strengthens the notion that housing and dietary considerations must be
taken into account when designing animal-based studies on angiogenesis and aging. Gut
microbiota is acquired shortly after birth from the surrounding environment, forming a relatively
stable community that can shift composition under influence of environmental factors such as
diet, exercise and medication(35, 36, 68). Modifying gut microbiomes may thus provide

minimally intrusive and cost-effective paradigms to prevent or delay exudative AMD.
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Materials and methods

Animals

All animal procedures were validated by the Animal Care Committee of the University of
Montreal and Hbpital Maisonneuve Rosemont in accordance with the guidelines established by
the Canadian Council on Animal Care.

Briefly, 6-week-old male C57BL/6 WT mice, purchased from The Jackson Laboratory, raised under
sterile barrier conditions and housed under a 12h light cycle with water and food ad libitum were
placed on either a regular-chow diet (RD) (16% kcal fat, 63% kcal carbohydrate, 21% kcal protein)
or a high-fat diet (HFD) (60% kcal fat, 26% kcal carbohydrate, 14% kcal protein) for 7 weeks and
weighed weekly to register weight gain. At the age of 9 weeks, half of the RD, and half of the HFD
mice received antibiotic treatment with 0.5g/L neomycin trisulfate salt hydrate in their drinking
water, resulting in 4 different experimental groups: Control (RD), Antibiotics (RD+AB), High-Fat
(HFD) and High-Fat + Antibiotics (HFD+AB). Neomycin is not absorbed from the gut(16), therefore
the antibiotic treatment was isolated to the Gl-tract and had no direct systemic effect.

At the age of 13 weeks, fecal pellets and blood were collected before sedation with Isoflurane
gas and cervical dislocation. Eyes were enucleated, dissected and stored at -80°C for mRNA

extraction.

Laser induced CNV

At the age of 11 weeks, mice were anesthetized with 10uL/g body weight of a 10% ketamine, 4%
xylazine solution, and their BM was ruptured using an argon laser as described previously(32).
Two weeks after CNV induction the mice were perfused with 0,5mL of 15mg/mL of Fluorescein
Isothiocyanate (FITC)-dextran (average mol wt 20,000) and sacrificed. Eyes were enucleated and
processed for analysis by immunohistochemistry. The sclera-choroid-RPE-cell complex was
mounted onto a slide and the burns and macrophages were photographed with an Olympus
FV1000 microscope. The neovascularization was captured in a Z-Stack, and the lesion caused by
the laser impact was captured in a single plane image. The Z-stacks were compressed into one
image and the FITC-dextran labeled neovascular area and the area of the lesion were measured

per lesion in Image-J.
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Immunohistochemistry

Eyes were fixed for 30 minutes in 4% PFA at room temperature, before dissection of the sclera-
choroid-RPE-cell complex. After a secondary fixation of 15 minutes in 4% PFA at room
temperature, the choroids were stained with Rhodamine labeled Griffonia (Bandeiraea)
Simplicifolia Lectin | (Vector Laboratories Inc.) in 1 mM CaCl2 in PBS and IBA1 (rabbit polyclonal;
Wako).

Microbiome Sequencing

DNA was extracted from fecal pellets with the Qiagen QIAmp Fast Stool Mini Kit according to
manufacturer’s instructions with several small modifications, briefly: 2-3 fecal pellets were
homogenized in 500ulL InhibitEX Buffer using a disposable homogenizing pestle and vortex. The
suspension was heated for 5 min at 70°C before stool particles were pelleted by 1 min
centrifugation at 20.000g. The supernatant was thoroughly mixed with 20uL Poteinase K before
500uL Buffer AL was added and the mix was incubated at 70°C for 10 min. After the addition of
500ulL of 100% ethanol the lysate was applied to the QlAamp spin column and centrifuged for
one minute at 20.000g. The filtrate was discarded before 500uL Buffer AW1 was added to the
spin column and centrifuged for 1 minute at 20.000g. This step was repeated with 500ulL Buffer
AW?2. The spin column was dried by centrifugation for 3 minutes at 20.000g in a clean 2mL
collection tube. The DNA was eluted in 200ulL of Buffer ATE, directly pipetted on the QlAamp
membrane and collected in a clean eppendorf.

After DNA extraction from the fecal pellets, the Thermo Fisher lon lon 165™ Metagenomics Kit
was used to amplify the hyper-variable regions V2, V3, V4, V6, V7, V8 and V9 of bacterial 16S
rRNA. The amplified fragments were then barcoded, sequenced on the lon PGM sequencer

system and analyzed with the lon Reporter Software.

FACS

Retinas and sclera-choroid-RPE-cell complexes of non-burned and burned mice at p3, p7 and p14

were cut into small pieces and homogenized in a solution of 750 U/mL DNasel (Sigma-Aldrich
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Corp., St. Louis, MO, USA) and 0.5 mg/mL of collagenase D (Roche, Basel, Switzerland) for 20
minutes at 37°C. Homogenates were filtered through a 70-um cell strainer and washed in PBS.
After incubation with LEAF purified anti-mouse CD16/32 (101310; BiolLegend, San Diego, CA,
USA) for 15 minutes at room temperature to block Fc receptors, cells were incubated for 30
minutes at room temperature with the following antibodies: Alexa Fluor 700 anti-mouse CD45.2
(109822; BioLegend), FITC anti-mouse/human CD11b (101206; BioLegend), PE/CY7 anti-mouse
Ly-6G/Ly-6C (Gr-1; 108416; BioLegend), Pacific blue anti-mouse F4/80 (123124; BiolLegend),
7AAD (51-68981E; BD Biosciences, San Jose, CA, USA), anti-mouse CX3CR1 Phycoerythrin
conjugated Goat IgG (FAB5825P; R&D Systems, Inc., Minneapolis, MN, USA). Fluorescence-
activated cell sorting (FACS) was performed on a LSRIl (BD Biosciences) device and data were

analyzed using FlowJo software (version 7.6.5; FlowJo, Ashland, OR, USA).

Intestinal Permeability Assay

Mice were injected by oral gavage with 1mL of 50 mg/mL Evans Blue divided over 5 injections,
30 minutes apart. After 24h, 120ul of blood was collected from the submandibular vein. Serum
was analyzed for Evans Blue concentration with a spectrophotometer at an optical density of

620-740nm and quantified with the help of a standard dilution curve.

RAW-Blue Assay

Blood was collected through cardiac puncture and serum was stored at -80°C until use in the
Raw-Blue assay. PAMPs were assayed with RAW-Blue™ cells (InvivoGen, San Diego, CA) through
detection of NF-kB/AP-1 activation following activation of TLRs (with the exception of TLR5),
NOD1/2 and Dectin-1 using a modified version of the manufacturer’s protocol. RAW-Blue™ cells
were grown in growth medium (DMEM, 4.5 g/L glucose, 2mM L-glutamine, 10% fetal bovine
serum (FBS), 100 pg/mL Zeocin™ (InvivoGen, San Diego, CA)). The assay was performed when the
cells were in passage 10-15 by plating 10° cells in 96-well plates containing basal DMEM. After 6
hours of starvation 30 ul of mouse serum, 30 ul of FBS(- control) or 30 ul of FBS+LPS(+ control)
was added per well and cells were incubated for 21 h at 37°C under an atmosphere of 5%

C02/95% air. SEAP levels were determined using a spectrophotometer at 620-655nm after a 1-3
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h incubation at 37°C of 20 ul of induced RAW-Blue™ cells supernatant with 180 ul QUANTI-

Blue™(InvivoGen, San Diego, CA).

Cytokine Assessment

Serum cytokine assays were performed using a Bio-plex Mouse Cytokine 6-plex panel (1x96-well)
(Bio-Rad) according to the manufacturer’s instructions. The Bio-Plex cytokine assay is a multiplex
bead-based assay involving matrices that is designed to quantitate multiple cytokines as follows.
The wells of a 96-well plate were pre-wet with 100ulL of Bio-Plex assay buffer. 50uL of vortexed
multiplex bead working solution was pipetted into each well and immediately removed. Wells
were washed twice with the Bio-Plex wash buffer before 25ulL of vortexed Bio-Plex Detention
Antibody working solution was added to each well and incubated for 30 min. After a triple wash
with the Bio-Plex wash buffer, 50ulL of vortexed 1x streptavidin-PE was added to each well and
incubated for 30 min. After 3 washes, the beads in each well were resuspended with 125 ul of
Bio-Plex assay buffer, shaken at 1100 rpm for 30 s, and the plate was immediately read on the
Bio-Plex system. Cytokine concentrations were calculated from the standard curve by use of Bio-

Plex manager software. Samples were run in duplicate.

Real-time PCR analysis

After enucleation eyes were dissected to isolate retinas and sclera-choroid-RPE-cell complex.
RNA was isolated using Trizol and digested with DNase | to prevent amplification of genomic DNA
contaminants. M-MLV reverse transcriptase (Life Technologies) was used for the reversed
transcription, and SYBR Green (Bio-Rad) to determine gene expression in an ABI Biosystems Real-
Time PCR machine with B-Actin as a reference gene. We used to following primers: Mouse 8-
Actin= F: 5’-GAC GGC CAG GTC ATC ACT ATT G-3’, R: 5’-CCA CAG GAT TCC ATA CCC AAG A-3".
Mouse /I-16= F: 5" CTG GTA CAT CAG CAC CTC ACA-3’, R: 5’-GAG CTC CTT AAC ATG CCC TG-3'.
Mouse /I-6= F: 5’AGA CAA AGC CAG AGT CCT TCA GAG A-3’, R: 5’-GCC ACT CCT TCT GTG ACT CCA
GC-3’. Mouse Tnf-a= F:5’-CCC TCA CAC TCA GAT CAT CTT CT-3’, R:5’-GCT ACG ACG TGG GCT ACA
G-3’. Mouse Vegf-a= F: 5’-GCC CTG AGT CAA GAG GAC AG-3’, R: 5’-CTC CTA GGC CCC TCA GAA
GT-3'.
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Microbiota transplant

A litter of 6 C57BL/6 WT mice was divided over 3 cages, representing 3 experimental groups:
regular-chow diet-fed mice receiving a transplant from regular-chow diet-fed mice (RD x RDT),
high-fat diet-fed mice receiving a transplant from high-fat diet-fed mice (HFD x HFDT) and high-
fat fed mice receiving a transplant from regular-chow diet-fed mice (HFDxRDT). At the age of 6
weeks 2 cages were started on HFD while the other cage remained on a regular-chow diet. Mice
received anitibiotics (ampicillin 1.0g/L + neomycin 0.5g/L) in their drinking water for 5 days, to
deplete the original gut microbiota, as described before(69). Two days after discontinuing the
antibiotics they received their first microbiota transplant, either from mice on a regular-chow
diet or a high-fat diet.

Feces were collected from 20 different donor mice, either on RD, or HFD for at least 5 weeks. The
fecal pallets were collected in 2.5mL of sterile PBS with 0.05% cysteine HCL, homogenized and
centrifuged at 600rpm for 5 minutes. 200uL of the supernatant was introduced orally to the mice
with the help of flexible gavage needles. This was repeated with fresh fecal samples every 7 days
for the duration of the experiment. At the age of 11 weeks mice were subjected to 4 laser burns
per eye. Mice were weighed weekly and feces were collected for analysis by 16S sequencing.
Mice are coprophagic and hence care is taken to isolate individuals with given gut microbiota

modifying protocols.

Glucose Tolerance Test (GTT)
Mice were starved 12 hours overnight. Blood glucose was measured (Accu-Chek; Roche) at
baseline, 15, 30, 60, 120 and 240 minutes following intra-peritoneal injection of 2mg/kg of 10%

D-glucose.

Statistical analysis
Results are presented as mean + SEM. GraphPad Prism version 6.00 (GraphPad Software, San

Diego, CA; www.graphpad.com) was used to analyze the statistical significance of differences by

one-way ANOVA and Tukey’s multiple comparisons test or a 2 tailed Student’s t-test, where
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appropriate. Data with P < 0.05 was considered statistically different; *P< 0.05, **P< 0.01, ***P<

0.001.
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The paper explained

Problem

Age-related macular degeneration in its neovascular form (NV AMD) is the first cause of vision
loss among adults above the age of 60. Epidemiological data suggests that in men, overall
abdominal obesity is the second most important environmental risk factor after smoking for
progression to late-stage NV AMD. To date, the mechanisms that underscore this observation
remain ill defined. Given the impact of high-fat diets on gut microbiota, we investigated whether

commensal microbes influence the evolution of AMD.

Results

Using mouse models of NV AMD, microbiotal transplants and other paradigms that modify the
gut microbiome, we uncoupled weight gain from confounding factors and demonstrate that high-
fat diets exacerbate choroidal neovascularisation (CNV) by altering gut microbiota. Gut dysbiosis
leads to heightened intestinal permeability and chronic low-grade inflammation with elevated
production of IL-6, IL-13, TNF-a and VEGF-A that ultimately exacerbate pathological

angiogenesis.

Impact

With an increasing prevalence of obesity and increasing life expectancy, the societal impact and
financial burden of AMD are expected to rise dramatically in the coming years. Our study suggests
that gut microbiota influence development of neovascular lesions associated with AMD and this
particularly when obesity is a predisposing factor. Modifying microbiota can reduce systemic and
local choroidal inflammation and attenuate pathological neovascularization and may thus

provide minimally intrusive and cost-effective paradigms to prevent or delay exudative AMD.
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Figure 1. High-fat diet exacerbates CNV and influences gut microbiota.

(A) Schematic representation of experimental timeline where half of the mice start a high-fat diet
(HFD) at 6 weeks and later half of these receive neomycin (AB) treatment from the age of 9 weeks
until sacrifice at week 13. Control mice were fed a Regular-chow Diet (RD). At the age of 11 weeks,
mice are subjected to 4 laser burns per eye to perforate BM and recruit subretinal blood vessels
from the choroid. (B) Weight gain and (C) area under the curve of percentage weight gain of HFD-
fed mice compared to RD-fed mice, treated with vehicle or antibiotic; n= 13(RD), 17(HFD),
16(HFD+AB), 12(RD+AB); C1 99.9% (D) Compilation of compressed Z-stack confocal image of FITC-
dextran-labeled CNV and single-plane confocal image of isolectin B4-stained choroidal flat
mounts from RD- and HFD-fed mice, with vehicle or antibiotic treatment. (E) Quantification of
area of FITC-dextran-labeled CNV over isolectin B4-stained laser impact area fold RD; n= 11(RD),
16(HFD), 11(HFD+AB), 12(RD+AB), with 36(RD), 32(HFD), 33(HFD+AB), 34(RD+AB) burns total; Cl
99%. (F) Representative circle charts of relative abundance of bacterial phyla, class, order and
family (from central to peripheral), in gut microbiota of RD-fed mice with vehicle, HFD-fed mice
with, HFD-fed mice with neomycin and RD-fed mice with neomycin and (G) relative proportion
per group of different phyla; n= 7(RD), 8(HFD), 6(HFD+AB), 7(RD+AB); Bacteroidetes; Cl 99.9%,
Firmicutes; Cl 99%, Proteobacteria; Cl 99%, Actinobacteria and Spirochaetes. All comparisons
between groups are analyzed using one-way analysis of variance (ANOVA) and Tukey’s multiple
comparisons test; *P< 0.05, **P< 0.01, ***P< 0.001; error bars represent mean + S.E.M. Each “n”

represents one mouse per experimental group Cl: Confidence interval. Scale bar: 100um.
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Figure 2. High-fat diet increases recruitment of microglia and macrophages.

(A-C) 3D rendering of Z-stack confocal image showing Isolectin B4-stained laser-burn with FITC-
dextran-labeled CNV and IBA-1-stained MPs. (D) Representative FACS plots of retinas and sclera-
choroid-RPE-cell complexes from Regular-chow Diet (RD)-fed mice without and 3, 7 and 14 days
after laser-burn. (E) Quantification of MPs (Ly6G -, F4/80*, CD11b") at p3, p7 and p14; fold naive
(no burn); n= 5(no burn), 5(p3), 6(p7), 5(p14); Cl 95%. (F) Representative FACS plots and (G)
quantification of microglia (Ly6G", F4/80*, CD11b*, CX3CR1" CD45") fold naive; n= 5(no burn),
4(p3), 6(p7), 5(p14); Cl 95%. (H) Representative FACS plots of retinas and sclera-choroid-RPE-cell
complexes from RD- and HFD-fed mice, with vehicle or antibiotic treatment at p7. (I)
Quantification of MPs at p7 fold RD; n= 6(RD), 4(HFD), 3(HFD+AB), 4(RD+AB); Cl 95%. (J)
Representative FACS plots and (K) quantification of microglia (Ly6G-, F4/80*, CD11b*, CX3CR1M
CD45") fold RD; n= 5(RD), 5(HFD), 3(HFD+AB), 4(RD+AB); Cl 95%. (L) Representative confocal
images of IBA-1-stained MPs on choroidal flat mounts from RD- and HFD-fed mice, treated with
vehicle or with neomycin. Examples of labeled macrophages (white dots) are presented in side-
panels. (M) Total number of MPs around laser impact area; n= 7(RD), 9(HFD), 4(HFD+AB),
7(RD+AB), with 23(RD), 29(HFD), 13(HFD+AB), 23(RD+AB) burns total; Cl 99%. All comparisons
between groups are analyzed using one-way analysis of variance (ANOVA) and Tukey’s multiple
comparisons test; *P< 0.05, **P< 0.01, ***P< 0.001; error bars represent mean + S.E.M. Each “n”

represents one mouse per experimental group; Cl: Confidence interval. Scale bar: 100um.
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Figure 3. High-fat diet augments gut permeability, metabolic endotoxemia and systemic
inflammation.

(A) Concentration of gut absorbed Evans Blue in serum 24 hours after oral administration in
Regular-chow Diet (RD)- and high-fat diet (HFD)-fed mice, treated with vehicle or with antibiotic
treatment; n= 6(RD), 5(HFD), 5(HFD+AB), 5(RD+AB); Cl 99%. (B) Activation of PRRs induced by
stimulation with serum isolated from mice fed RD or HFD for 7 weeks and receiving vehicle or
neomycin for 3 weeks; fold RD; n=3 for all groups; Cl 99%. (C) Serum cytokine profiles determined
by Bio-Plex assay (Bio-Rad) of IL-1B, n= 11(RD), 12(HFD), 12(HFD+AB), 11(RD+AB); Cl 95%; IL-6,
n=11(RD), 12(HFD), 12(HFD+AB), 11(RD+AB), Cl 99.9%; TNF-a n=11 for all groups, Cl 99%; IL-17A
n=11(RD), 12(HFD), 12(HFD+AB), 11(RD+AB); Cl 95%; and IFN-y; n= 12 for all groups; Cl 95%. (D)
mRNA expression of /l-18; n= 5(RD), 7(HFD), 7(HFD+AB), 3(RD+AB); Cl 95%, II-6; n= 5(RD), 5(HFD),
4(HFD+AB), 4(RD+AB); Cl 95%, Tnf-a; n= 6(RD), 9(HFD), 4(HFD+AB), 5(RD+AB); Cl 95% and Vegf-
a; n= 6(RD), 5(HFD), 5(HFD+AB), 6(RD+AB); Cl 95% in choroids. All comparisons between groups
are analyzed using one-way analysis of variance (ANOVA) and Tukey’s multiple comparisons test;
*P< 0.05, **P< 0.01, ***P< 0.001; error bars represent mean + S.E.M. Each “n” represents one

mouse; Cl: Confidence interval.
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Figure 4. High-fat diet exacerbates CNV through gut microbiota.

(A) Schematic representation of microbiotal transfer experiments where recipient mice are
gavaged with a suspension of fecal pellets in PBS from donor mice that are either fed a Regular-
chow Diet (RD) or a high-fat diet (HFD). (B) Experimental timeline describing preparation of mice
for microbiotal transfers where mice receive 5 days of antibiotics (Neomycin and Ampicillin) at 6
weeks of age. Starting at 7 weeks of life, RD x RDT- and HFD x RDT-mice receive weekly
microbiotal transplants from RD donor mice and HFD x HFDT-mice receive weekly microbiotal
transplants from HFD donor mice until sacrifice at week 13. At the age of 11 weeks, mice are
subjected to 4 laser burns per eye. (C) Weight gain and (D) area under the curve of percentage
weight gain of RD x RDT, HFD x RDT and HFD x HFDT mice; n= 13(RDxRDT), 12(HFDxHFDT),
14(HFDxRDT); Cl 99%. (E) Representative circle charts of relative abundance of bacterial phyla in
gut microbiota of RD-fed mice receiving a RD transfer and HFD-fed mice receiving a HFD or RD
transfer (F) relative proportion per experimental group of different phyla; n= 5(RDxRDT),
5(HFDxHFDT), 4(HFDxRDT); Bacteroidetes; Cl 99%, Firmicutes; Cl 95%, Proteobacteria; Cl 95%,
Actinobacteria and Spirochaetes. (G) Compilation of compressed Z-stack confocal images of FITC-
dextran-labeled CNV and single-plane confocal images of isolectin B4-stained choroidal flat
mounts from RD x RDT, HFD x RDT and HFD x HFDT mice. (H) Quantification of area of FITC-
dextran-labeled CNV over area of isolectin B4-stained laser impact area fold RD x RDT; n=
6(RDxRDT), 9(HFDxHFDT), 9(HFDxRDT), with 15(RDxRDT), 21(HFDxHFDT), 16(HFDxRDT) burns
total; Cl 95%. (I) Concentration of gut absorbed Evans Blue in serum 24 hours after oral
administration in RD- and HFD-fed mice, after RD or HFD microbiotal transplant; n= 3(RDxRDT),
3(HFDxHFDT), 4(HFDxRDT); Cl 95%. (J)) mRNA expression of /I-18; n= 5(RDxRDT), 4(HFDxHFDT),
5(HFDxRDT), /I-6; n= 5(RDxRDT), 4(HFDxHFDT), 4(HFDxRDT); ClI 99%, Tnf-a; n= 5(RDxRDT),
4(HFDxHFDT), 4(HFDxRDT); Cl 95% and Vegf-a; n= 5(RDxRDT), 4(HFDxHFDT), 5(HFDxRDT); Cl 95%
in choroids. All comparisons between groups are analyzed using one-way analysis of variance
(ANOVA) and Tukey’s multiple comparisons test; *P< 0.05, **P< 0.01, ***P< 0.001; error bars
represent mean + S.E.M. Each “n” represents one mouse, per experimental group, in (I) both eyes
were used for mRNA extraction, giving two data points per mouse; Cl: Confidence interval. Scale

bar: 100um.
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Figure 16 Publication#1 Figure 5. High-fat diet induced dysbiosis increases intestinal permeability,

metabolic endotoxemia, systemic and local inflammation and ultimately contributes to CNV.
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Figure 5. High-fat diet induced dysbiosis increases intestinal permeability, metabolic
endotoxemia, systemic and local inflammation and ultimately contributes to CNV.

The ratio of Bacteroidetes and Firmicutes, the two dominant phyla in intestinal flora, decreases
significantly in high-fat diet (HFD)-fed mice compared to Regular-chow Diet (RD)-fed mice, with
a relative increase of Firmicutes in HFD-fed mice and decrease of Bacteroidetes. This dysbiosis is
accompanied by heightened intestinal permeability, which allows increased translocation of
pathogen associated molecular patterns (PAMPs) (endotoxemia). Recognition of these microbe-
specific molecules by pattern recognitions receptors (PRRs) present on innate immune cells
triggers synthesis and excretion of cytokines causing chronic systemic low-grade inflammation.

Ultimately, this exacerbates CNV.
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Supplemental Figure 1
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Figure 17 Publication#1 Figure EV1. Mice on HFD have shifted ratios of commensal gut microbes.

Figure EV1. Mice on HFD have shifted ratios of commensal gut microbes.

(A) Relative abundance of bacterial phyla in gut microbiota of RD-fed mice with vehicle, HFD-fed

mice with vehicle, HFD-fed mice with neomycin and RD-fed mice with neomycin, shown per

sample; n=7(RD), 8(HFD), 6(HFD+AB), 7(RD+AB).
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Supplemental Figure 2

Approximative gating of live cells Gating to remove doublets Selection of viable cells

250

200
3150_ =
(&)
[92] w
“100 ] =
50 ]
0 ! _ — 0 T T T T T T m T T T
50 100 150 200 250 0 50 100 150 200 250 0 _10° 10t 107
FSC-A FSCH Zombie Aqua-A
* Exclusion of neutrophils Gating of mononuclear phagocytes Gating of microglia
10°] ‘. ‘ 10°] 10°]
10°] 10°] 10}
2 g &
10°] 10 S107)
04 04 04
4 # = # 1
0 e 10t 100 0 0r 10t 108 S0 100 10t 10°
CDt1b CD11b D452
B 3 10
sﬂ . v
5 9 .
(2]
Mty d
85 o :‘: -I-
ES 6 ]
22 .
o
S
£

Figure 18 Publication#1 Figure EV2. FACS gating scheme and relative expression of MPs.



Figure EV2. FACS gating scheme and relative expression of MPs.

(A) Gating scheme explaining the identification of the Ly6G -, F4/80*, CD11b* mononuclear
phagocytes and the Ly6G-, F4/80*, CD11b*, CX3CR1M CD45'"° microglia in retinas and sclera-
choroid-RPE-cell complexes. 1. gating of live cells, 2. removal of doublets, 3. selection of viable
cells, 4. exclusion of neutrophils, 5. gating of mononuclear macrophages, 6. gating of microglia.
(B) Quantification of overall proportion of microglia within the MP population; n= 6(no burn),

4(p3), 6(p7), 5(p14). Error bars represent mean = S.E.M. Each “n” represents one mouse.
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Supplemental Figure 3
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Figure 19 Publication#1 Figure EV3. Serum II-10 is induced with HFD and neomycin treatment in

HFD-mice improves glucose tolerance.

Figure EV3. Serum II-10 is induced with HFD and neomycin treatment in HFD-mice improves
glucose tolerance.

(A) Serum II-10 profile; n=12 for all groups; Cl 95%. (B) Blood glucose (mg/dl) following
intraperitoneal injection of glucose (2mg/kg) in RD, HFD, HFD+AB and RD+AB-mice. (C) Area
under the curve (AUC) of the same groups; n= 5(RD), 6(HFD), 5(HFD+AB), 10(RD+AB); Cl 95%. All
comparisons between groups are analyzed using one-way analysis of variance (ANOVA) and
Tukey’s multiple comparisons test; *P< 0.05, error bars represent mean * S.E.M. Each “n”

represents one mouse; Cl: Confidence interval.
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Supplemental Figure 4
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Figure 20 Publication#1 Figure EV4. Transplantation of RD-feces into HFD-mice rebalances gut

microbiota and improves glucose tolerance.

Figure EV4. Transplantation of RD-feces into HFD-mice rebalances gut microbiota and improves
glucose tolerance.

(A) Relative abundance of bacterial phyla in gut microbiota of RDxRDT, HFDxHFDT and HFDxRDT
mice, shown per sample; n= 5(RDxRDT), 5(HFDxHFDT), 4(HFDxRDT). (B) Blood glucose (mg/dl)
following intraperitoneal injection of glucose (2mg/kg) in RDXRDT, HFDxHFDT, HFDxRDT-mice.
(C) Area under the curve (AUC) of the same groups; n= 3(RDxRDT), 2(HFDxHFDT), 4(HFDxRDT); ClI
95%. All comparisons between groups are analyzed using one-way analysis of variance (ANOVA)
and Tukey’s multiple comparisons test; *P< 0.05; error bars represent mean + S.E.M. Each “n”

represents one mouse; Cl: Confidence interval.
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ABSTRACT

Age related macular degeneration (AMD) in its various forms is a leading cause of blindness in
industrialized countries. Here we provide evidence that ligands for neuropilin-1 (NRP1), such
as Semaphorin 3A and VEGFA, are elevated in the vitreous of patients with AMD at times of
active choroidal neovascularization (CNV). We further demonstrate that NRP1-expressing
myeloid cells promote and maintain CNV. Expression of NRP1 on cells of myeloid lineage is
critical for mitigating production of inflammatory factors such as IL6 and IL1f. Therapeutically
trapping ligands of NRP1 with a NRP1-derived trap reduces CNV. Collectively, our findings
identify a role for NRP1-expressing myeloid cells in promoting pathological angiogenesis during

CNV and introduce a therapeutic approach to counter neovascular AMD.
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INTRODUCTION

Age-related macular degeneration (AMD) is a slowly progressing condition of the aging eye and
the leading cause of central vision loss in industrialized countries (1, 3, 5, 443). Central vision loss
from AMD poses a significant burden on health care systems and profoundly impacts well-being
and mental health (17). In the early asymptomatic stages of disease, insoluble extracellular lipid
aggregates termed drusen accumulate in the subretinal space. Inadequate clearance of these
deposits can trigger a pathologic inflammatory response and ensuing tissue damage (51, 76).
Advanced AMD is often classified into ‘dry’ atrophic AMD or ‘wet’ neovascular (NV) AMD. Visual
impairment in the late stages of atrophic AMD is characterized by areas with progressive
degeneration of the retinal pigment epithelium (RPE) and the photoreceptors that rely on RPE
for support (4, 88). While vision loss resulting from the dry form of AMD is typically gradual and
protracted, wet AMD can rapidly compromise the central visual field. This typically occurs when
neovascularization from the choroid (choroidal neovascularization; CNV), sprouts into the
subretinal space and neuro-retina, hemorrhages, leaks and ultimately provokes photoreceptor

death, fibrovascular scarring and retinal detachment of the macular region (88).

To date, the mechanisms that precipitate NV AMD remain only partially defined, with vascular
endothelial growth factor A (VEGF-A) playing a cardinal role in CNV (4). Current standards of care
for wet AMD such as Aflibercept, Ranibizumab and off-label Bevacizumab target VEGF-A have
revolutionized treatment of NV AMD. Unfortunately, long-term use of anti-VEGF-A therapies may
have limited efficacy (444), possible neuronal side-effects (445) and have been shown to cause
degeneration of the RPE-choriocapillaris complex in mouse models (446-448). In addition,
approximately 1 out of 10 treated patients does not respond to anti-VEGF-A therapy (441) with
NV network complexes persisting despite monthly intravitreal injections. Therefore, alternative
treatments that block retinal neovascularization in AMD are required. A pharmacogenomic link
has been suggested with the variability in treatment response (449, 450) and it has recently been
proposed that a single-nucleotide polymorphism (SNP) in Neuropilin-1 (Nrp1; rs2070296) is

associated with decreased anti-VEGF-A therapy response (451).
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NRP1 is a single-pass transmembrane receptor with a large ~860 amino acid extracellular domain
subdivided into 3 sub-domains; a large extracellular domain with two CUB motifs (A1, A2), two
domains with similarity to coagulation factor V/VIII (B1, B2), a MAM domain (C) and a single
transmembrane domain (TM) followed by a short cytoplasmic domain (CD) (452). The Al and A2
domains bind Semaphorin 3A (SEMA3A) while the B1 and B2 domains bind VEGF-A, transforming
growth factor beta (TGF-3), placental growth factor 2 (PGF) (378) and platelet-derived growth
factor (PDGF) (365, 383, 453, 454). NRP1 can collaborate with several receptors and their ligands
such as VEGFR2 and VEGF-A (370, 388), Plexin A1 and SEMA3A (411), TGF-BR and TGF-§3 (413)
and PDGF-R and PDGF-BB (382) and hence has the potential to modulate multiple receptor
signaling pathways (415, 416, 455). Of note, all above ligands are known to regulate angiogenesis,

suggesting that NRP1-mediated signaling could be of interest for NV AMD (456-460).

In addition to vessels and neurons, NRP1 is highly expressed on cells of both the innate and
adaptive immune system (366) where it plays an important role in homing and modulating
myeloid cell function (366, 374, 375, 442) and in T-cell migration (461) and differentiation (373).

Here we sought to elucidate the contribution of myeloid-resident NRP1 in NV AMD.

RESULTS

NRP1 ligands are elevated in patients with NV AMD and in a mouse model of CNV

NRP1 has been implicated in diseases characterized by deregulated vasculature such as cancer
(384, 405, 416, 462, 463), and in diseases of the retina such as diabetic retinopathy diabetic
macular edema (464, 465) and retinopathy of prematurity ((466), (467). We therefore sought to
determine whether NRP1 ligands were present in NV AMD. We obtained vitreous from patients
diagnosed with active proliferating NV AMD as determined by fundus imaging and optical
coherence tomography (OCT) and from age- and sex-matched control patients with non-vascular
retinal pathologies such as macular hole or epiretinal membranes. Representative horizontal B-
scan and thickness maps of an AMD patient with active CNV lesions and a control patient with a
non-vascular retinal pathology (macular hole) are shown in Figure 1A, B. Detailed characteristics

of patients are included in Table 1. We used ELISA-based detection for NRP1 ligands and found a
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significant increase in VEGF-A, from 129 ng/mL to 513 ng/mL and SEMA3A, from 0.001 ng/mL to
0.33 ng/mL (Figure 1C, D). TGF-f3 showed a trend towards increase from 1 ng/mL in control
patients to 1.3 ng/mL in NV AMD patients (Figure 1E), while PDGF-BB and PGF did not change

(Figure 1F, G) as previously reported (468).

We next modeled NV AMD in mice by subjecting them to the laser-induced photocoagulation
model of CNV, where disruption of the Bruch’s membrane triggers sprouting of subretinal vessels
from the choroid (469) as depicted with fundus photography and fluorescein angiography (Figure
1H). Although this model does not mimic chronic aspects of human disease, it is relatively
reproducible and widely used to model CNV in NV AMD. Following induction of CNV, we sacrificed
mice and collected RPE-choroid-sclera complexes over the 2-week period of active CNV (3, 7, 10
or 14 days after laser-burn). We assessed transcript levels of Nrp1 ligand by real-time quantitative
PCR (RT-qPCR) and Vegfa levels were found to rise significantly compared to naive choroids at
day 10 (Figure 1l), while Sema3a levels rose 2-fold by day 14 (Figure 1J). Tgfbl transcripts
increased as early as 3 days after laser and were elevated throughout the course until day 14
(Figure 1K). Consistent with PDGF-BB levels in human vitreous (Figure 1F), levels of Pdgfb did not
significantly vary (Figure 1L). Pgf expression dropped in the first week after burn and rose slightly
around day 10 (Figure 1M) as reported by others (470). Collectively, these data obtained in both

humans and mice suggest that various ligands of NRP1 are elevated in NV AMD.

NRP1-expressing mononuclear phagocytes rise in the retina upon injury and promote CNV

Under physiological conditions, the subretinal space and photoreceptor cell layer are devoid of
mononuclear phagocytes (76). In late AMD, the immunosuppressive subretinal environment is
disturbed and mononuclear phagocytes accumulate and contribute to pathogenesis (76, 204,
471, 472). Secondary to laser-induced CNV, mononuclear phagocytes including microglia and
circulating monocytes are recruited to sites of neovascularization (206). NRP1 is highly expressed
on retinal mononuclear phagocytes (473) and we have previously demonstrated a role for NRP1-

expressing myeloid cells in mediating pathological angiogenesis in oxygen-induced retinopathy
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(467, 473). Hence we sought to determine the contribution of NRP1-expressing mononuclear

phagocytes to CNV.

Analysis by FACS of whole retinas and RPE-choroid-sclera complexes at day 3 (D3) of CNV
revealed a rise in Ly6G", F4/80*,CD11b* mononuclear phagocytes in laser-burned eyes when
compared to controls (Figure 2A, B). Importantly, we observed a proportional 3-fold increase in
NRP1* mononuclear phagocytes at D3 when compared to non-laser eyes (Figure 2C) (gating
scheme and internal controls in Expanded View Figure EV1A-C). In order to establish the role of
mononuclear phagocyte-resident NRP1 on CNV, we generated a myeloid specific knockout of
Nrp1 by crossing Nrpl-floxed mice with LysM-Cre (LysM-Cre/Nrp1**) mice, yielding LysM-
Cre/Nrp1//f offspring. The resulting mice showed a robust reduction in Nrp1 transcript (Figure
2D) and protein (Figure 2E, F) expression in bone marrow-derived macrophages (BMDM) when
compared to LysM-Cre/Nrp1*/* littermate controls. FACS analysis revealed a ~30% reduction in
NRP1* microglia in the retina and RPE-choroid-sclera complexes before and 3 days after laser
(Expanded View Figure EV1D, E). LysM-Cre/Nrp1/f mice on regular diets did not show any
difference in body weight, size or open field activity when compared to littermates.
Immunofluorescence of lesion sites on flat-mounted RPE-choroid-sclera complexes at D3 post
laser-burn reveal that NRP1-positive mononuclear phagocytes (labeled with IBA1) are recruited
to sites of injury (Figure 2G) while, as expected, LysM-Cre/Nrp1™/# mice did not show accretion

of NRP1-expressing mononuclear phagocytes.

Throughout the course of CNV, prior to laser-burn until D14 post laser-burn, the number of
mononuclear phagocytes present in RPE-choroid-sclera complexes of either LysM-Cre/Nrp1// or
control LysM-Cre/Nrp1*/* mice followed similar trends. Analysis by FACS or immunofluorescence
revealed that mononuclear phagocytes in either LysM-Cre/Nrp1™/# or control LysM-Cre/Nrp1*/*
mice remained similar over time and did not show significant difference either prior to laser-burn

or at D3, D7 or D14 (Figure 2H, |, ) & Expanded View Figure EV1F, G).
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Two weeks after laser-burn (D14), quantification of compressed Z-stack confocal images of FITC-
dextran-perfused neovessels revealed a ~30%-40% decrease in CNV in LysM-Cre/Nrp2™/f mice
compared to controls (Figure 2K-N). The average size of isolectin B4 (IB4)-labeled impact areas
did not differ between groups (Figure 2M) suggesting that the observed effect is directly on
nascent vasculature. Interestingly, the extent of CNV did not vary between groups in the first
week post laser-burn (Expanded View Figure EV1H-K) implying that NRP1-expressing
mononuclear phagocytes partake in later stages of disease. Together, these data suggest that
while levels of mononuclear phagocytes are similar between LysM-Cre/Nrp1** and LysM-
Cre/Nrp1f during CNV, NRP1-expressing mononuclear phagocytes promote and maintain

neovascularization in the later stages of CNV.

NRP1-expressing mononuclear phagocytes display a pro-angiogenic phenotype

Given that equal numbers of mononuclear phagocytes are present in the back of the eye of LysM-
Cre/Nrp1** and LysM-Cre/Nrp1™/f mice following laser-burn, yet NRP1* mononuclear phagocytes
promote CNV (Figure 2), we sought to determine the impact of loss of myeloid-resident NRP1 on
choroidal inflammation during CNV. Three days after laser-burn, we observed a significant rise in
mRNA transcripts for interleukin 1 3 (//1b) and interleukin 6 (//6) (Figure 3A, B) in RPE-choroid
complexes of LysM-Cre/Nrp1#/f mice when compared to controls, with a ~2-fold increase in //1b
and ~7-fold increase in 1/6. No significant change was detected in Vegfa or tumor necrosis factor
(Tnf) (Figure 3C, D). A similar pattern of expression was observed seven days post laser-burn

(Figure 3 E-H).

We next investigated immune activation in bone marrow derived macrophages (BMDM) from
LysM-Cre/Nrp1*/* and LysM-Cre/Nrp1™# mice. BMDMs were derived from bone marrow cells
using macrophage colony-stimulating factor (M-CSF) which can induce a predominantly anti-
inflammatory M2-like cell population (474, 475) However, we observed a significant increase in
NF-kB p65 phosphorylation in NRP1-deficient BMDMs (Figure 3|, J), accompanied by increased
levels of //1b and Il6 (Figure 3K, L) indicative of classical activation of mononuclear phagocytes

and suggesting that absence of NRP1 in myeloid cellsled to increased levels of these cytokines in
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RPE-choroid-sclera complexes (Figure 3A, B). In line with these findings, FACS analysis revealed a
~2-fold increase in M1-like (F4/80*, CD11b*, CD11c*, CD206°) BMDMs in LysM-Cre/Nrp1//# mice
(Figure 3M, N) (gating scheme in Expanded View Figure EV2A), accompanied by a ~25% decrease
in M2-like (F4/80*, CD11b*, CD11c, CD206") cells (Figure 3M, O).

Moreover, transcriptomic analysis by RNA sequencing (RNA-seq) and gene set enrichment
analysis (GSEA) of NRP1-deficient peritoneal macrophages revealed a significant decrease in
transcripts from the GO Angiogenesis gene set (Figure 3P) in LysM-Cre/Nrp1™# macrophages
when compared to wildtype controls. These data support the notion that absence of NRP1 on
mononuclear phagocytes renders them less pro-angiogenic and more pro-inflammatory. These
findings are consistent with the lower levels of CNV observed in LysM-Cre/Nrp17f mice (Figure
2K-N) and other studies suggesting that heightened inflammation may reduce CNV in the laser-

induced mouse model (476).

Therapeutic intravitreal administration of soluble NRP1 reduces CNV in mice

Based on the above data, we sought to determine the therapeutic value of interfering with NRP1
ligands on the outcome of CNV. We generated a recombinant NRP1-derived trap consisting of
the extracellular domain of NRP1 (Figure 4A). This trap binds and neutralizes NRP1 ligands (464,
467). We initially confirmed the binding of the NRP1 ligands SEMA3A and VEGF-A to the trap by
surface plasmon resonance (SPR). The trap was covalently immobilized by standard amine
coupling on a carboxymethyl dextran sensor chip with lower charge (CM4) and ligands were
injected at various concentrations to evaluate binding kinetics in real-time. Sensorgrams revealed
fast association and low dissociation for both ligands, which followed a simple 1:1 stoichiometry
model. Equilibrium dissociation constants (Kq) of 0.67 nM and 4.32 nM were respectively
extracted for SEMA3A and VEGF-A (Figure 4B-D), indicative of high and physiologically relevant
binding affinities. Interestingly, while the association rate constants were somewhat similar for
both ligands, SEMA3A showed a much slower dissociation to the immobilized Trap compared to

VEGF-A, suggesting that the SEMA3A-trap complex is very stable.

108



Intravitreal injections of NRP1-derived trap in C57BL/6J wildtype mice at DO led to a robust ~47%
decrease in Dextran-FITC-perfused neovessels compared to vehicle controls at day 14 post laser-
burn (Figure 4E, F). The average size of IB4-labeled impact area was not significantly affected by
the treatment (Figure 4E, G) and ratios of FITC-labeled neovessels to the size of IB4-labeled post
laser-burn scarring were reduced by 41% after trap treatment (Figure 4E, H). Transcripts for
Vegfa and Tnf did not vary following treatment with trap while //6 rose (Expanded View Figure
EV3A-C).

In order to determine if the beneficial effects of NRP1-derived traps on CNV were mediated by
influencing NRP1* mononuclear phagocytes, we injected traps into the vitreous of LysM-
Cre/Nrp1f and LysM-Cre/Nrp1** mice following laser-burn. Similar to wildtype mice, trap
treatment in LysM-Cre/Nrp1*/* led to a significant decrease in FITC-perfused vessels and FITC/IB4-
ratios (Figure 41, J, L). Treatment of LysM-Cre/Nrp2™/f mice reduced CNV to similar levels as seen
in controls, however the magnitude of effect was diminished (Figure 4l-L). NRP1 is expressed by
several other cells in the retina and sclera-choroid-RPE complex such as endothelial cells and
neurons. Intravitreal injection of the NRP1-derived traps will influence ligands that signal in all
NRP1-expressing cells. The reduced therapeutic effect of the trap in LysM-Cre/Nrp2/f mice
suggests that a portion of the therapeutic effect of the NRP1 trap is mediated through myeloid
cells.Together, these data suggest that sequestering NRP1 ligands is an effective strategy to

reduce pathological subretinal neovascularization.

DISCUSSION

Here we show that several ligands of NRP1 are induced in the vitreous of patients with active NV
AMD and that myeloid-resident NRP1 contributes to pathological angiogenesis in later stages of
CNV in mice. Moreover, we demonstrate that while mononuclear phagocyte-resident NRP1 is
not essential for cellular recruitment to sites of CNV, it is critical for mitigating myeloid cell

inflammation and skews myeloid cells towards a pro-angiogenic phenotype. Absence of NRP1
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leads to enhanced production of pro-inflammatory factors as we have previously suggested for
dendritic cells (371) and adipose tissue macrophages (375). These data add to the notion that
less inflammatory and more M2-like mononuclear phagocytes are enriched with age, and

exacerbate CNV in the laser-induced mouse model (476, 477).

Accumulation of mononuclear phagocytes in AMD secondary to the disruption of the
physiologically immunosuppressive subretinal environment is central to the etiology of both
atrophic and wet forms of disease (76, 196, 472). Our data suggest that NRP1 keeps mononuclear
phagocytes in a less inflammatory and more reparative state, towards the M2 portion of the
spectrum. This is consistent with findings demonstrating that NRP1-deficient myeloid cells are
more pro-inflammatory, classically activated cells in models of obesity (375), tumor growth (366,
374, 453, 478), and sepsis (479). With respect to being pro-angiogenic, NRP1-expressing
mononuclear phagocytes have been described as dispensable for physiological angiogenesis in
the retina and elsewhere (428, 473), yet important for vessel growth during weight gain (375).
They have also been reported to normalize tumor blood vessels (480), and promote pathological

angiogenesis in the retina (467) and tumors (Casazza et al., 2013).

Based on the above findings, we sought to determine the therapeutic potential of neutralizing
NRP1 ligands. A single intravitreal injection of a recombinant NRP1-derived trap was effective at
preventing CNV, highlighting the therapeutic potential of NRP1 for exudative AMD. In addition,
others (465) and us (464, 467) have demonstrated efficacy for recombinant NRP1 for retinal
vasculopathies characterized by preretinal neovascularization or vasogenic edema. Potentially,
non-responders to anti-VEGF therapy could benefit from this treatment paradigm, since a genetic
variation of Nrp1 is an indicator of reduced treatment response to anti-VEGF therapeutics like
Ranibizumab in patients with NV AMD (449, 451). NRP1-derived traps have a considerably lower
affinity for VEGF-A compared to current anti-VEGF therapeutics such as Ranibizumab,
Bevacizumab and Aflibercept (481) and hence may limit toxicity associated with sustained VEGF-
A deprivation. Of note, the NRP1-derived trap was less effective in retinas of LysM-Cre/Nrp1//#

suggesting a mechanism of action in part redundant with deletion of NRP1 in myeloid cells.
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In sum, while a role for endothelial-resident NRP1 has been demonstrated in choroidal and
retinal neovascularization (482), we provide evidence that NRP1-expressing immune cells
contribute to CNV. Collectively, we provide rationale for therapeutic targeting of NRP1 ligands or

NRP1-expressing myeloid cells for exudative AMD.

MATERIALS AND METHODS

Vitrectomy

All patients were previously diagnosed with NV AMD and were followed and treated by a single
vitreoretinal surgeon (F.A. Rezende). Control patients underwent surgical treatment for non-
vascular pathology (epiretinal membrane or macular hole) by the same surgeon. Patients
underwent surgery under local retro/peribulbar anesthesia. Three-port 25-gauge
transconjunctival pars plana vitrectomy was performed through 25-gauge valved cannulas
(Alcon). Under microscope visualization using a wide-angle viewing system (Resight, Zeiss),
undiluted vitreous at the macular area was collected with a 25-gauge vitrector. Vitreous
samples were frozen on dry ice immediately after biopsy and stored at -80°C. We obtained
approval of human clinical protocols from the Hopital Maisonneuve-Rosemont ethics
committee (Ref. CER: 10059). Written informed consent was obtained from all subjects and the
experiments conformed to the principles set out in the WMA Declaration of Helsinki and the

Department of Health and Human Services Belmont Report.

Quantification of ligands of NRP1 in human vitreous by ELISA

Samples were centrifuged at 15,000g for 5 minutes at 4°C prior to analysis. NRP1 ligands were
qguantified in supernatants using ELISAs following manufacturer’s instructions; VEGF-A (DVEOQO,.
R&D Systems), SEMA3A (LS-F29822, LSBio), TGF-& (BMS-249-4, Thermo Fisher Scientific Inc.), PGF
(EHPGF, Thermo Fisher Scientific Inc.) and PDGF-BB (BMS2071, Thermo Fisher Scientific Inc.)
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Animals

All studies were performed in accordance with the Association for Research in Visions and
Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research. All
animal procedures were validated by the Animal Care committee of the University of Montreal
and Hopital Maisonneuve-Rosemont in agreement with the guidelines established by the
Canadian Council on Animal Care.

C57BL/6) wild-type (WT), LysM-Cre (Lyz2tm1(cre)lfo/J; no. 004781), Neuropilinl-floxed
(Nrp1tm2Ddg/J; no. 005247) mice were purchased from the Jackson Laboratory (Bar Harbor, ME,
USA) and bred in house. We generated a line of myeloid-specific transgenic mice by breeding
LysM-Cre mice (Cre-recombinase expressed in the myeloid lineage) with NRP1-floxed mice,
resulting in a mouse with attenuated Nrp1 in myeloid cells (LysM-Cre/Nrp17/#). Mice were raised
under sterile barrier conditions and housed under a 12-h light cycle with water and food ad

libitum. Only male mice were used in this study.

In vivo imaging following laser-induced choroidal neovascularization (CNV)

In vivo imaging was performed using a scanning laser ophthalmoscope (Micron IV; Phoenix
Laboratories, Pleasanton, CA, USA). Mice of 9 to 11 weeks of age were subjected to pupil dilation
(Mydriacyl; Alcon, Mississauga, ON, Canada) and anesthetized with a mix of 10% ketamine and
4% xylazine (10pl/g body weight). Fluorescein (Alcon, 1 unit/g body weight of a 5% fluorescein
dilution in 0.9% sodium chloride) was injected subcutaneously and corneas were lubricated with
Optixcare ophthalmic gel (Aventix Animal Health, Burlington, ON, Canada). After a fluorescein
circulation of 5 minutes, retinas were imaged before and after inducing choroidal
neovascularization with 4 distinct laser-burns (50um, 300mW, 0.05s). Animals were followed-up

3, 7 and 14 days after laser-burn.

Surface plasmon resonance
SPR analyses were performed using a Biacore T200 instrument (GE Healthcare). Purified
recombinant trap was immobilized by standard amine-coupling chemistry on a Biacore CM4

carboxymethylated dextran sensor chip, which was pre-activated with 100 mM N-
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hydroxysuccinimide (NHS) and 100 mM of 3-(N,Ndimethylamino) propyl-N-ethylcarbondiimide
(EDC). Surfaces were blocked by injecting 1 M ethanolamine. An immobilization abundance of
100 to 150 RU of Trap was reached. SEMA3A and VEGFA were respectively injected over the
sample and reference flow cells at increasing concentrations (12.5 to 100 nM) at a flow rate of
40 pl/min in PBS buffer supplemented with 0.025% (v/v) Tween-20. Binding sensorgrams were
obtained by subtracting the reference flow cell. Response curves were analyzed using
BlAevaluation software (GE Healthcare) and data from all concentrations were globally fit to a

one-site Langmuir binding model.

Real-time quantitative PCR analysis

Immediately after enucleation eyes were dissected to isolate the sclera—choroid—RPE cell
complex. BMDM’s were washed 3x in PBS and collected in TRIzol. RNA was isolated using TRIzol
and digested with DNase | to prevent amplification of genomic DNA contaminants. All-In-One RT
MasterMix (ABM) was used for the reverse transcription, and BrightGreen qPCR MasterMix
(ABM) to determine gene expression in an ABI Biosystems Real-Time PCR machine with B-actin
(Actb) as a reference gene. We used the following primers: Mouse Actb = F: 5’-GAC GGC CAG GTC
ATC ACT ATT G-3’, R: 5’-CCA CAG GAT TCC ATA CCC AAG A-3’; Mouse Vegfa = F: 5’-GCC CTG AGT
CAA GAG GACAG-3’, R: 5’-CTC CTA GGC CCC TCA GAA GT-3’; Mouse Sema3a = F: 5'-GGG ACT TCG
CTATCT TCA GAA-3’,R: 5'-GGC GTG CTT TTA GGA ATG TTG-3’; Mouse Tgfb1 = F: 5’-ACG CCT GAG
TGG CTG TCT TTT GAC-3’, R: 5’-GGG CTG ATC CCG TTG ATT TCC ACG-3’; Mouse Pdgfb=F: 5’- GAA
GTT GGC ATT GGT GCG AT-3’, R: 5- TGG AGT CGA GTC GGA AAG CT-3’; Mouse Nrpl=F: 5- ACC
CACATT TCG ATT TGG AG-3’, R: 5’-TTC ATA GCG GAT GGA AAA CC-3’; Mouse Il1b =F: 5’-CTG GTA
CAT CAG CACCTC ACA-3’, R: 5’-GAG CTC CTT AAC ATG CCC TG-3’; Mouse 116 = F: 5’-AGA CAA AGC
CAG AGT CCT TCA GAG A-3’, R: 5’-GCC ACT CCT TCT GTG ACT CCA GC-3’; Mouse Tnf = F: 5’-CCC
TCA CAC TCA GAT CAT CTT CT-3’, R: 5’-GCT ACG ACG TGG GCT ACA G-3’; Mouse iNos = F: 5’-CGG
CAA ACA TGA CTT CAG GC-3’, R: 5’-GCA CAT CAA AGC GGC CAT AG-3’; Mouse Cd163 = F: 5’-ATG
CTT CCA TCC AGT GCC TC-3’, R: 5’-CAC AAA CCA AGA GTG CCG TG-3’; Mouse Cd206 = F: 5’-GTT
CAC CTG GAG TGA TGG TTC TC-3’, R: 5’-AGG ACA TGC CAG GGT CAC CTT T-3’; Mouse Arg1 = F:
5’-CAF CAC TGA GGA AAG CTG GT-3’, R: 5’-CAG ACC GTG GGT TCT TCA CA-3’; Mouse Pgf = F: 5'-
CAG TTG CTT CTT ACA GGT CC-3’, R: 5’-CAC CTC ATC AGG GTATTC AT-3".
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Laser-induced CNV

At the age of 6 weeks, mice were anesthetized by intraperitoneal injection with 10 ul/g body
weight of a 10% ketamine and 4% xylazine solution. Using an argon laser we ruptured their
Bruch’s membrane, as described previously (469). Mice were sacrificed at 3, 7, 10 or 14 days after
we induced 4 burns per eye for the immunohistochemistry analysis and 6 burns per eye for the

RT-gPCR and FACS analyses.

Immunohistochemistry

7 or 14 days after CNV induction, mice were sedated with isoflurane gas and cardiacally perfused
with 0.5mL of 15mg/mL of fluorescein isothiocyanate (FITC)-dextran (average mol wt 2,000 kDA)
and euthanized. Eyes were enucleated and fixed for 30 minutes in 4% PFA at room temperature,
before dissection of the sclera-choroid-RPE cell complex. After a secondary fixation of 15 minutes
in 4% PFA at room temperature, the choroids were stained with rhodamine-labeled Griffonia
(bandeiraea) Simplicifolia Isolectin | (RL-1102-2, Vector Laboratories Inc.) (1:100), NRP1 (AF566,
goat polyclonal; R&D Systems) (1:250) and IBA-1 (019-19741, rabbit polyclonal; Wako) (1:350)
overnight. After 1 hour incubation with secondary antibodies the sclera-choroid-RPE cell complex
was mounted onto a slide, and the burns and macrophages were captured in a Z-stack with an
Olympus FV1000 microscope. The Z-stacks were compressed into one image and quantified in

Imagel.

FACS on retina and sclera-choroid-RPE cell complexes

Retinas and sclera-choroid-RPE cell complexes of non-burned (D0) and burned mice at D3 were
cut into small pieces and homogenized in a solution of 750U/mL DNAse | (Sigma-Aldrich Corp.)
and 0.5mg/mL of collagenase (Roche) for 20 minutes at 37°C. Homogenates were filtered
through a 70um cell strainer and washed in PBS. Viability of the cells was checked by Zombie
Aqua (423101: BioLegend) staining for 15 min at room temperature. After incubation with
LEAF-purified anti-mouse CD16/32 (101310; BioLegend) for 10 min at 4°C to block Fc receptors,
cells were incubated for 25 min at 4°C with the following antibodies: BV711 anti-mouse/human

CD11b (101242; BioLegend), PE anti-mouse F4/80 (123110; BioLegend), APC anti-mouse CD64
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(139305; BioLegend), FITC anti-mouse CD38 (102705; BioLegend), APC/Cy7 anti-mouse Ly-6G
(127624; BioLegend), BV785 anti-mouse CD11c (117335; BioLegend) and PE/Cy7 anti-mouse
CD206 (141719; BioLegend). Antibody dilution was determined with titration by lot.
Fluorescence-activated cell sorting (FACS) was performed on a BD LSRFortessaTM X-20 cell

analyzer, and data were analyzed using FlowJo software (FlowJo version 10.2).

Generation of BMDM

Bone marrow from both femurs and tibiae was harvested through bone flushing with PBS
supplemented with 10% FBS. After red blood cell (RBC) lysis, cells were seeded in complete
medium (Dulbecco’s modified Eagle’s medium (DMEM) plus 10% FBS and 1%
streptomycin/penicillin) and stimulated with macrophage colony-stimulating factor (M-CSF)
(Mouse M-CSF Recombinant Protein, eBioscience™; Invitrogen) 1:5000. After 3 days of
incubation at 37°C with 5% CO,, fresh medium containing M-CSF was added. Cells were allowed
to differentiate for a total of 6 days, before their medium was replaced by complete medium
without M-CSF. LPS stimulated cells were stimulated for 24 hours with 250ng/mL LPS (Escherichia
coli O55:B5 lipopolysaccharide; Sigma-Aldrich). The cells were not tested for mycoplasma

contamination. As evaluated by flow cytometry, the purity was usually around 99%.

Western blot analysis

For assessment of BMDM protein levels, we collected BMDM by scraping the cells in RIPA1x on
ice. Protein concentration was assessed by bicinchoninic acid (BCA) assay (Sigma-Aldrich), and
30ug protein was analyzed for each condition by standard SDS-PAGE technique. Anti-NRP1
antibody (ab81321) (1:2000) and Anti-NF-kB p65 (ab16502) (1:500) antibody were purchased

from Abcam.

FACS on BMDM for extracellular staining
BMDM'’s were collected in PBS through scraping. Viability of the cells was checked by Zombie
Aqua (423101: BioLegend) staining for 15 min at room temperature. After incubation with LEAF-

purified anti-mouse CD16/32 (101310; BioLegend) for 10 min at 4°C to block Fc receptors, cells
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were incubated for 25 min at 4°C with the following antibodies: BV711 anti-mouse/human CD11b
(101242; BioLegend), PE anti-mouse F4/80 (123110; BioLegend), APC anti-mouse CD64 (139305;
BioLegend), FITC anti-mouse CD38 (102705; BioLegend), APC/Cy7 anti-mouse Ly-6G (127624
BioLegend), BV785 anti-mouse CD11c (117335; BioLegend) and PE/Cy7 anti-mouse CD206
(141719; BiolLegend). Antibody dilution was determined with titration by lot. Fluorescence-
activated cell sorting (FACS) was performed on a BD LSRFortessaTM X-20 cell analyzer, and data

were analyzed using FlowJo software (FlowJo version 10.2).

RNA-seq sample preparation, sequencing and analysis

RNAseq data is available from a previous study (Wilson et al, 2018) in Gene Expression Omnibus
(GEO) under the entry GSE110447. RNA-seq was performed as described previously (375). Gene
set enrichment analysis GSEA was conducted using GSEA v2.2.1 software provided by Broad
Institute of Massachusetts Institute of Technology and Harvard University. We used the gene set
contributed by the MSigDB Team, and ANGIOGENESIS contributed by the Gene Ontology

Consortium from the Molecular Signature Database of the Broad Institute, Inc.

Intravitreal injections
Wildtype, LysM-Cre/Nrp1#/f and LysM-Cre/Nrp1*/* mice subjected to laser-burn were
intravitreally injected with NRP1-derived trap or Vehicle (Saline 0.9%) on the day of the burn

and sacrificed at D14.

Statistical Analysis
Data are presented as mean + SEM Student’s T-test was used to compare two different groups
or, when indicated, a one-way analysis of variance (ANOVA) and Dunnett’s multiple comparisons

test. A P<0.05 was considered statistically different. N was indicated for each experiment.

Data Availability

This study includes no data deposited in external repositories.
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The paper explained:

Problem

Age-related macular degeneration (AMD) is a slowly progressing condition of the aging eye and
the leading cause of central vision loss in industrialized countries. Advanced AMD is often
classified into ‘dry’ atrophic AMD or ‘wet’ neovascular (NV) AMD. Wet AMD typically occurs when
neovascularization from the choroid (choroidal neovascularization; CNV), sprouts into the
subretinal space and neuro-retina, hemorrhages, leaks and ultimately provokes photoreceptor
death, fibrovascular scarring and retinal detachment of the macular region. This can rapidly
compromise the central visual field.

Results

In the current study, we show that several ligands of Neuropilinl (a transmembrane receptor
that binds several growth factors and guidance cues and potentiates their signaling) are induced
in the vitreous of patients with active NV AMD. We observed that myeloid cells expressing NRP1
contribute to pathological angiogenesis in later stages of CNV in mice. Moreover, we
demonstrate that while mononuclear phagocyte-resident NRP1 is not essential for recruitment
of immune cells to sites of CNV, it is critical for mitigating myeloid cell inflammation and favors
alternative activation. Using a NRP1-derived trap, we significantly reduced CNV.

Impact
Our study ultimately shows that therapeutic targeting of NRP1 ligands or NRP1-expressing
myeloid cells hinders CNV.
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Figure 21 Publication#2 Figure 1. NRP1 ligands are elevated in patients with NV AMD and in a

mouse model of CNV.
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Figure 1. NRP1 ligands are elevated in patients with NV AMD and in a mouse model of CNV.

A. Optical coherence tomography (OCT) horizontal B-scan and thickness map of neovascular age
related macular degeneration (NV AMD) patient with active lesions (1), cystoid macular edema
(2), subretinal fibrin deposits (3) and serous retinal detachment (4).

B. Optical coherence tomography (OCT) horizontal B-scan and thickness map of control patient
with a medium sized, stage 3, full thickness macular hole (5).

C-G. Vitreous humor analyzed by ELISA for VEGF-A (C); n = 7 (Ctrl), 9 (NV AMD), SEMA3A (D); n =
10 (Ctrl), 10 (NV AMD), TGFp (E); n = 8 (Ctrl), 7 (NV AMD), PDGF-BB (F); n = 5 (Ctrl),6 (NV AMD),
PGF (G): n =5 (Ctrl), 5 (NV AMD). Dots represent concentrations of individual patient samples.
H. Micron IV infrared and fluorescein in vivo imaging of naive mouse fundus and following laser-
induced CNV at DO, D3, D7, D14.

I-M. Time course of mRNA expression of NRP1 ligands in mouse RPE-choroid-sclera complexes
relative to naive (no burn), 3 (D3), 7 (D7), 10 (D10), and 14 (D14) days after burn for Vegfa (1); n
=11 (No burn), 6 (D3), 7 (D7), 4 (D10 and D14), Sema3a (J); n =17 (No burn), 6 (D3) , 4 (D7), 3
(D10 and D14), Tgfb1 (K); n = 14 (No burn), 3 (D3), 7 (D7), 3 (D10), 6 (D14), Pdgfb (L); n=9 (No
burn), 5 (D3 and D7), 4 (D10 and D14), Pgf (M); n =6 (No burn), 4 (D3), 3 (D7), 6 (D10), 3 (D14).

Data information: All comparisons between groups were analyzed using a Student’s unpaired t-
test (C-G) or a one-way analysis of variance (ANOVA) and Dunnett’s multiple comparisons test (I-
M); *P < 0.05, **P < 0.01, ***P < 0.001; error bars represent mean + SEM; exact P values listed

in table 2.
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Figure 2
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upon injury and promote CNV.
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Figure 2. NRP1-expressing mononuclear phagocytes increase in the retina upon injury and
promote CNV

A. Representative FACS plots of retinas and sclera-choroid-RPE cell complexes from naive and
burned mice 3 days (D3) after laser-burn.

B. Quantification of mononuclear phagocytes (Ly6G", F4/80*, CD11b*) in retinas and sclera-
choroid-RPE cell complexes at D3 relative to Naive; n =5 (Naive), 4 (CNV).

C. Quantification of NRP1* mononuclear phagocytes (Ly6G-, F4/80*, CD11b*, NRP1*) in retinas
and sclera-choroid-RPE cell complexes at D3 relative to Naive; n = 5 (Naive), 4 (CNV).

D. mRNA expression of Nrp1 in BMDM relative to LysM-Cre/Nrp1*/*; n = 3 (LysM-Cre/Nrp1*/*), n
= 4 (LysM-Cre/Nrp 17/,

E. Quantification of NRP1 protein expression in LysM-Cre/Nrp1** and LysM-Cre/Nrp1//f BMDM;
n= 6.

F. Representative Western Blot showing NRP1 expression in LysM-Cre/Nrp1** (Ctrl) and LysM-
Cre/Nrp2#/f (Nrp1f/f).

G. Representative confocal images of NRP1 and IBAl-stained mononuclear phagocytes on
choroidal flat mounts from LysM-Cre/Nrp1** and LysM-Cre/Nrp17f mice at D3. Arrow heads
indicate NRP1-positive mononuclear phagocytes. Scale bar: 20um.

H. Representative confocal images of IBA-1-stained mononuclear phagocytes on choroidal flat
mounts from LysM-Cre/Nrp1** and LysM-Cre/Nrp1/# mice at D7 and D14. Examples of
macrophage quantification (yellow stars) are presented in side panels. Scale bar: 20pum.

1, J. Total number of IBA-1-positive mononuclear phagocytes counted around laser impact area
on confocal images of choroidal flat mounts at D7 (I) and D14 (J); n = 19 burns (D7 LysM-
Cre/Nrp1*/*), n = 25 burns (D7 LysM-Cre/Nrp17#) n = 37 burns (D7 LysM-Cre/Nrp1**), n = 23
burns (D7 LysM-Cre/Nrp1#/f), 3-5 mice with ~4 burns per eye.

K. Compilation of representative compressed Z-stack confocal images of FITC—dextran-labeled
CNV and IB4-stained laser impact area from LysM-Cre/Nrp1*/* and LysM-Cre/Nrp1™/f mice at D14.

Scale bar: 20pum.

129



L-N. Quantification of area of FITC—dextran-labeled CNV (L), isolectin B4 (IB4)-stained laser
impact area (M) and the ratio of FITC/IB4 per laser-burn (N) relative to LysM-Cre/Nrp1** at D14;
n = 23 burns (LysM-Cre/Nrp1**), n = 27 burns ( LysM-Cre/Nrp1//f).

Data information: All comparisons between groups were analyzed using a Student’s unpaired t-

test; *P <0.05, **P <0.01, ***P < 0.001, ****P< 0.0001; error bars represent mean = SEM; exact

P values listed in table 2.
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Figure 23 Publication#2 Figure 3. NRP1-expressing mononuclear phagocytes display a pro-

angiogenic alternatively activated phenotype.
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Figure 3. NRP1-expressing mononuclear phagocytes display a pro-angiogenic alternatively
activated phenotype.

A-D. mRNA expression of inflammation markers relative to LysM-Cre/Nrp1** in mouse RPE-
choroid-sclera complexes at D3 for //1b (A); n = 10 (LysM-Cre/Nrp1*/* and LysM-Cre/Nrp1//1), Il6
(B); n = 7 (LysM-Cre/Nrp1** and LysM-Cre/Nrp1/), Vegfa (C); n = 10 (LysM-Cre/Nrp1*/* and
LysM-Cre/Nrp1/f), Tnf (D); n = 5 (LysM-Cre/Nrp1*/*), n = 10 (LysM-Cre/Nrp1//#),

E-H. mRNA expression of inflammation markers relative to LysM-Cre/Nrp1** in mouse RPE-
choroid-sclera complexes at D7 for //1bB(E); n = 6 (LysM-Cre/Nrp1**), n = 10 (LysM-Cre/Nrp1/#),
116 (F); n = 3 (LysM-Cre/Nrp1**), n = 4 (LysM-Cre/Nrp1™/f), Vegfa (G); n = 6 (LysM-Cre/Nrp1*/*), n
=10 (LysM-Cre/Nrp17/#), Tnf (H); n = 8 (LysM-Cre/Nrp1*/*), n = 12 (LysM-Cre/Nrp1//f),

I. Representative Western Blot showing pNF-kB expression in LysM-Cre/Nrp1*/* (Ctrl) and LysM-
Cre/Nrp2//f (Nrp1f/f),

J. Quantification of pNF-xB expression in LysM-Cre/Nrp1*/* and LysM-Cre/Nrp1/f BMDM; n= 6.
K, L. mRNA expression relative to LysM-Cre/Nrp1*/* of inflammation markers in mouse BMDMs
for 11bEE(K); n = 4 (LysM-Cre/Nrp1*/*), n = 5 (LysM-Cre/Nrp1™/f) and 1l6 (L); n = 3 (LysM-
Cre/Nrp1**), n = 2 (LysM-Cre/Nrp1//f)

M. Representative FACS plots of M1 and M2-Like macrophages in LysM-Cre/Nrp1** and LysM-
Cre/Nrp1//f BMDMs.

N, O. Quantification of M1-Like macrophages (F4/80*, CD11b*, CD11c*, CD2067)(N), M2-Like
macrophages (F4/80*, CD11b*, CD11c, CD206*) (0) in LysM-Cre/Nrp1** and LysM-Cre/Nrp1//f
BMDM s relative to LysM-Cre/Nrp1*/*; n=5.

P. Heatmap (left) and enrichment plot (right) of GO Angiogenesis gene set enrichment analysis
(GSEA) of wildtype and LysM-Cre/Nrp1™/# peritoneal macrophages; n = 2. NES, normalized

enrichment score; FDR, false discovery rate.

Data information: All comparisons between groups were analyzed using a Student’s unpaired t-

test; *P < 0.05, **P < 0.01; error bars represent mean = SEM; exact P values listed in table 2.

132



Figure 4

A B C D
65 160
. 55 SemasA 50N :;g VEGFA 100nM
=) ~—SemagA 25nM — VEGFA 50nM
Analyte Kon Koff Kd T — =)
(M-1, sec-1) (sec-1)  (nM) b 4 SemadA 12,50M @ 100 — VEGFA 250M
@ 35 [}
I Sema3A  2.31x10° 1.55x10% 0.67 & o g0
225 o 60
VEGF 2.79x105  1.2x10° 432 3 2
o 15 O 40
i
5 20 |
. 0 i
-50 50 150 250 350 450 .20-50 50 150 250 350
Time (s) Time (s)
E Wildtype Wildtype G
= Vehicle = Vehicle 3 Vehicle
8 B Trap ® B Trap B Trap
e g 2
o s S 2
B © L
: v ¥ x50
o gl pgic} gt
\ og (= I Qv 1
i : ;
a « ~ 0.
L~ L o
8 S E
S & T o
[ FITC Ratio
+Vehicle +NRP1-derived trap
- +l4
I LySM Cre/Nrp1 J O LysM-Cre/Nmp 1%+ +Vehicle K O LysM-Cre/Nip 1%+ +Vehicle O LysM-Cre/Nip 1** +Vehicle
Bl LysM-Cre/Nmp 1#* +Trap Bl LysM-Cre/Np1** +Trap Bl LysM-Cre/Nip1** +Trap
Wl LysM-Cre/Np 1™ +Vehicle Wl LysM-Cre/Np 1™ +Vehicle Il LysM-Cre/Nip1™ +Vehicle
o B LysM-Cre/Np 1™ +Trap B LysM-CreiNp 1™ +Trap B LysM-Cre/Np1™ +Trap
Q £ g2 o 4 » 2.0 2
3 2 22 ©
=4 o o+ 2 +
83 < 2% < S3
- ™ 5 ™ - o
< a3, ozs Qis
)y 29 3o R
o a g Qo. s Q L G
© 5% 3= Cs
= 2% 22 7
- w o —o.
2 FITC Ratio
CHNY
a £ ®
c o) »
z = 5
+ T Q
[++] [&]
h —
@© o
a2
o Q c
© = =
£ = =
L ()] O
+ Q.
«©
58
< — C
o a |22
g > £
= T | =
B 0|l 3
2 »w|? =
] =
3 8la ¢
& o 0C €
i = |2
Z o

Biood vessel QNRP1Ligand  § NRP1 Trap

Figure 24 Publication#2 Figure 4. Therapeutic intravitreal administration of soluble NRP1 reduces

CNV in mice.
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Figure 4. Therapeutic intravitreal administration of soluble NRP1 reduces CNV in mice

A. Schematic representation of a soluble receptor Neuropilin-1, consisting of five domains; two
CUB motifs (A1, A2), two coagulation factor domains (B1, B2) and the MAM domain (C).

B. Rate constant and binding affinities of Sema3A and VEGF to immobilized trap obtained using
a one-site Langmuir binding model.

C, D. Representative SPR sensorgrams for various concentrations of Sema3A (C) and VEGF (D)
binding to immobilized Trap.

E. Compilation of representative compressed Z-stack confocal images of FITC—dextran-labeled
CNV and isolectin B4 (IB4)-stained laser impact area from Vehicle and NRP1-derived trap treated
wildtype mice. Scale bar: 20um.

F-H. Quantification of area of FITC—dextran-labeled CNV (F), IB4-stained laser impact area (G) and
the ratio of FITC/IB4 per laser-burn (H) relative to Vehicle at D14; n = 24 burns (Vehicle), n = 26
burns (NRP1-derived trap).

I. Compilation of representative compressed Z-stack confocal images of FITC—dextran-labeled
CNV and IB4-stained laser impact area from Vehicle and NRP1-derived trap treated LysM-
Cre/Nrp1*/* and LysM-Cre/Nrp1"/f mice at D14. Scale bar: 20um.

J-L. Quantification of area of FITC—dextran-labeled CNV (J), isolectin B4 (IB4)-stained laser impact
area (K) and the ratio of FITC/IB4 per laser-burn (L) relative to LysM-Cre/Nrp1*/* + Vehicle in
Vehicle and NRP1-derived trap treated LysM-Cre/Nrp1** and LysM-Cre/Nrp1™# mice at D14; n =
16 burns (LysM-Cre/Nrp1*/* + Vehicle), n = 16 burns (LysM-Cre/Nrp1*/* + Trap), n = 13 burns
(LysM-Cre/Nrp2™/f + Vehicle) , n = 19 burns (LysM-Cre/Nrp1/# + Trap).

M. Proposed therapeutic paradigm. From a therapeutic perspective, intravitreal injection of

NRP1-derived traps reduces pathological angiogenesis associated with  CNV.
Data information: Comparisons between groups were analyzed using a Student’s unpaired t-test;

(E-G) or one-way ANOVA with Tukey's multiple comparisons test (I-K); *P < 0.05, **P < 0.01, ***p

< 0.001, ****P< 0.0001; error bars represent mean = SEM; exact P values listed in table 2.
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Figure 25 Publication#2 Graphical abstract. Myeloid-resident Neuropilin-1 promotes choroidal

neovascularization while mitigating inflammation.

The number of mononuclear phagocytes present in RPE-choroid-sclera complexes of either LysM-
Cre/Nrp1"f' (NRP1-) or control LysM-Cre/Nrp1** (NRP1+) mice after laser-burn follows similar
trends. However, the NRP1-mononuclear phagocytes show a more pro-inflammatory character
with an increased transcription of pro-inflammatory cytokines. Whereas over time the NRP1+
mononuclear phagocytes adopt a more pro-angiogenic role and promote choroidal
neovascularization (CNV), the NRP1- mononuclear phagocytes remain less proangiogenic and
more pro-inflammatory. This leads to a significant decrease in CNV formation in LysM-Cre/Nrp1//f
mice at D14 compared to controls. While levels of mononuclear phagocytes are similar between
LysM-Cre/Nrp1*/* and LysM-Cre/Nrp1™# during CNV, NRP1-expressing mononuclear phagocytes

promote and maintain neovascularization in the later stages of CNV.
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Pathology ELISA Age
Control Patients

MH VEGF, S3A, TGF, PDGF -
ERM VEGF, S3A, TGF, PDGF 72
MH VEGF, S3A, TGF, PGF 82
ERM VEGF, S3A, TGF 57
ERM VEGF, S3A, TGF 93
ERM VEGF, S3A 76
ERM VEGF, PGF 82
MH S3A, TGF, PDGF 66
ERM TGF, PDGF 54
MH TGF, PDGF 65
MH S3A 71
ERM S3A 71
ERM S3A, PGF 64
ERM PGF 81
ERM PGF 80
Age Mean + SEM: VEGF: 77 £4.9; S3A: 72 £ 3.5; TGF: 69 £ 5.2; PDGF: 64 + 3.7; PGF:78£3.5
NV AMD Patients

NV AMD VEGF, S3A, TGF, PDGF 96
NV AMD VEGF, S3A, TGF, PDGF 79
NV AMD VEGF, S3A, TGF, PDGF 86
NV AMD VEGF, S3A, TGF, PDGF 75
NV AMD VEGF, S3A, TGF, PDGF 76
NV AMD VEGF, TGF, PDGF 80
NV AMD VEGF, S3A 84
NV AMD VEGF 80
NV AMD VEGF 74
NV AMD S3A, TGF, PDGF, PGF 79
NV AMD S3A, PGF 91
NV AMD S3A 84
NV AMD S3A, PGF 80
NV AMD PGF 71
NV AMD PGF 85

Age Mean + SEM: VEGF: 81 + 2.3; S3A: 83+ 2.1; TGF: 82 + 2.7; PDGF: 82 + 2.7; PGF:81+3.3

MH: Macular hole ERM: Epiretinal membrane NV AMD: Neovascular AMD

Table 1 Table of patients ELISA Publication#2 Figure 1
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Graph Data P-value Test used Summary
Figure 1
C ELISA 0.0007 T-test e
D ELISA 0.0007 T-test e
I gPCR 0.0034 ANOVA + Dunnett's **
J gPCR 0.0361 ANOVA + Dunnett's *
K gPCR 0.0338, 0.0167 ANOVA + Dunnett's **
M gPCR 0.0189 ANOVA + Dunnett's *
Figure 2
B FACS 0.0303 T-test *
C FACS 0.0301 T-test *
D gPCR 0.0001 T-test e
E WB < 0.0001 T-test i
L CNV 0.0089 T-test b
N CNV 0.0069 T-test b
Figure 3
A gPCR 0.0463 T-test *
B gPCR 0.0063 T-test b
E qPCR 0.0409 T-test *
J WB 0.0416 T-test *
K gPCR 0.0335 T-test *
L qPCR 0.0332 T-test *
N FACS 0.0028 T-test b
o FACS 0.0025 T-test **
Figure 4
F CNV 0.0074 T-test b
H CNV 0.0005 T-test i
J CNV < 0.0001, 0.0197 ANOVA + Tukey's e
L CNV < 0.0001, 0.0238 ANOVA + Tukey's i
Expanded View Figure 1
D FACS 0.0002 T-test b
E FACS 0.0075 T-test b
Expanded View Figure 3
A gPCR 0.041 T-test *

T-test = Student’s unpaired t-test, ANOVA + Dunnett's = Ordinary one-way ANOVA with Dunnett's
multiple comparisons test, ANOVA + Tukey's = Ordinary one-way ANOVA with Tukey's multiple

comparisons test

Table 2 Table of P-values Publication#2
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Expanded View Figures and Legends
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Expanded View Figure 1. Mononuclear phagocyte-resident NRP1 expression in LysM-Cre/Nrp1™/f,
A. Gating scheme explaining the identification of the Ly6G ", F4/80*, CD11b*, NRP1* mononuclear

phagocytes in retinas and sclera-choroid-RPE-cell complexes. 1. Gating of live cells, 2. Removal of
doublets, 3. Selection of viable cells, 4. Exclusion of neutrophils, 5. Gating of mononuclear
phagocytes, 6. Gating of NRP1* mononuclear macrophages.

B. FACS histogram of APC-conjugated rat IgG2A isotype control (red) versus anti-mNRP1 APC-
conjugated rat IgG2A (R&D systems) (blue).

C. FACS histogram of FMO (fluorescence minus one) versus anti-mNRP1 APC-conjugated rat
IgG2A.

D, E. Quantification of NRP1-positive microglia (Ly6G-, F4/80*, CD11b*, CX3CR1", CD45'°, NRP1*)
in retinas and sclera-choroid-RPE cell complexes in Naive (non-burned) mice (D); n =4 and at D3
(E); n=4.

F, G. Quantification of mononuclear phagocytes (Ly6G-, F4/80*, CD11b*) in retinas and sclera-
choroid-RPE cell complexes in Naive (non-burned) mice (F); n = 5 (LysM-Cre/Nrp1*/*), 4 (LysM-
Cre/Nrp1™/f) and at D3 (G); n=4.

H. Compilation of representative compressed Z-stack confocal images of FITC—dextran-labeled
CNV and IB4-stained laser impact area from LysM-Cre/Nrp1** and LysM-Cre/Nrp1™/f mice at D7.
Scale bar: 20pum.

I-K. Quantification of area of FITC—dextran-labeled CNV (1), isolectin B4 (1B4)-stained laser impact
area (J) and the ratio of FITC/IB4 per laser-burn (K) relative to LysM-Cre/Nrp1** at D7; n = 14
burns (LysM-Cre/Nrp1**), n = 20 burns (LysM-Cre/Nrp1//1).

Data information: All comparisons between groups were analyzed using a Student’s unpaired t-

test; **P < 0.01, ***P < 0.001; error bars represent mean = SEM; exact P values listed in table 2.
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Supplemental Figure 2

1. Approximative gating of live cells 2. Gating to remove doublets 3. Selection of viable cells 4. Selection CD64+ CD11b+
<': 15 % 150K e ‘
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o 3
5. Exclusion Ly6G+ cells
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Figure 27 Publication#2 Figure EV2. Gating scheme explaining the identification of the Ly6G",
F4/80*, CD11b*, CD11c*, CD206 and Ly6G, F4/80*, CD11b*, CD11c, CD206* BMDMs

1. gating of live cells, 2. removal of doublets, 3. selection of viable cells, 4. Selection of myeloid
cells (CD64+) 5. exclusion of neutrophils, 6. gating of mononuclear macrophages, 7. Gating on

CD11c and CD206.
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Supplemental Figure 3
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Figure 28 Publication#2 Figure EV3. Inflammatory state of RPE-choroid-sclera complexes
following treatment with trap.

A-C. mRNA expression of inflammation markers relative to Vehicle in mouse RPE-choroid-sclera
complexes at D3 for /6 (A); n = 4 (Vehicle), n = 4 (Trap), Vegfa (B); n =5 (Vehicle), n = 4 (Trap),
Tnf (C); n =5 (Vehicle), n =4 (Trap).

Data information: All comparisons between groups were analyzed using a Student’s unpaired t-

test; *P < 0.05; error bars represent mean + SEM; exact P values listed in table 2.
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Discussion

Even though AMD is the leading cause of irreversible blindness in the industrialized world, the
cellular and molecular mechanisms that precipitate disease remain incompletely understood
and this despite significant GWAS identifying susceptibility genotypes and target mechanistic
pathways. Epidemiological data suggests that in men, overall abdominal obesity is the second
most important environmental risk factor after smoking for progression to late-stage
neovascular AMD. Until recently, the mechanisms that underscore this observation remained ill
defined. Evidence for environmental factors predisposing to AMD is supported by the fact
genetically unrelated individuals with shared long-term environmental exposure develop the
disease with a high concordance. A consequence of cohabitation and common lifestyle habits
that prospectively impact disease modifiers such as systemic inflammation is microbial
exchange. With publication #1, Gut Microbiota Influences Pathological Angiogenesis in Obesity-
driven Choroidal Neovascularization, we provided the first evidence that gut microbiota are
critical regulators of CNV in AMD when obesity is a predisposing factor. Using mouse models of
neovascular AMD, fecal transfers and other paradigms that modify the gut microbiome, we
uncoupled weight gain from confounding factors and demonstrated that microbiota
significantly alter systemic and retinal inflammation and consequently exacerbate CNV.
Collectively, these findings provided novel mechanistic insight on AMD and suggest that
dysbiosis may be an additional factor that accounts for the inconsistent responses between
individuals subjected to dietary interventions designed to stall progression of AMD such as
AREDS formulations. In addition, therapeutic modulation of gut microbiomes may thus provide
minimally intrusive and cost-effective paradigms to prevent or delay exudative AMD.

In the mechanisms that precipitate NV-AMD, VEGFA and inflammation play cardinal roles. In
publication #2 we explored the content of vitreous from patients with active NV-AMD and found
elevated levels of ligands for the transmembrane receptor NRP1. We demonstrate that
mononuclear phagocytes expressing NRP1 accumulate in retina-choroid complexes during
choroidal neovascularization and promote pathological angiogenesis in later stages of disease.
Expression of NRP1 on cells of myeloid lineage is critical for mitigating production of

inflammatory factors such as IL-6 and IL1p. Ultimately, we show that therapeutically trapping
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ligands of NRP1 with a novel NRP1l-derived trap, reduces the pertinent features of NV-
AMD. Collectively, our data provided significant novel insight into endogenous mechanisms of
inflammation associated with NV-AMD and in doing so we also developed a novel therapeutic

approach to counter wet AMD.

In order to further the understanding of this complex pathology and enable the advancement of

treatments, future research should keep the following points under consideration.

Animal models for AMD

A major challenge faced by researchers in the development of AMD therapies is the lack of
good animal models. Besides the absence of a macula or fovea in mouse and rat eyes there are
several other limiting factors that complicate the imitation of AMD in vivo. There are three
players in the pathophysiology of CNV formation that researchers try to interrelate in the
mouse model: inflammation, angiogenesis and proteolysis. The disruption of the BM which is
necessary for CNV to develop and to mimic NV AMD, can be induced by laser, mechanically via
surgery or in a setting of transgenic mice(115). It is however the chronic-, age-related character
of the disease, the basis on which CNV develops, that is so hard to replicate, the main reason
there are currently no good animal models for GA. Not only should a good animal model
reiterate human CNV as closely as possible, it should also be efficient, reproducible, stable and
sustainable over time, be inexpensive to produce and easy to monitor and quantify(115, 447).
Simply letting mice age does not reproduce drusen deposition or spontaneously occurring CNV
resembling that in patients with AMD, and even transgenic ApoE4 over-expressing mice on a
high-fat cholesterol rich diet that were allowed to age 65-127 weeks only develop CNV in 19%
of the mice(448). In the mouse model of AMD developed by Ambati et al(449), Ccr2/Ccl2 (C-C
chemokine receptor/ligand-2) deficient mice fail to recruit macrophages to the area of the RPE
and BM and consequent accumulation of complement component 5a (C5a) and IgG, both of
which induce VEGF production, induced development of CNV in ~¥25% of the mice. Even though
this model is extremely valuable for the understanding of the pathobiology of CNV in regard to

macrophage recruitment, it is not an exact replica of the human condition. Overall, future
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development of new animal models will be of tremendous experimental value for angiogenesis

research in eye studies and beyond.

Molecular weight in intestinal permeability assay

Intestinal permeability is commonly assessed through enteral administration of non-digestible
markers, such as mannitol or lactulose, small sugar molecules with a molecular weight of 182 Da
and 342 Da respectively(450). In order to determine changes in gut permeability after HFD we
used Evans Blue, a highly water soluble dye with a molecular weight of 960 Da. The intestinal
permeability to these very small molecules does however not necessarily correlate with epithelial
permeability to macromolecules such as bacterial toxins, food antigens and LPS(450, 451). Since
small molecules are not antigenic, do not challenge the immune system or lead to
immunologically mediated damage, do not correlate with the conditions of barrier dysfunction,
do not indicate real damage to tight junctions, and are not an indication of a breakdown in
immunological tolerance, the lactulose/mannitol/Evans Blue test can give false negative or false
positive results(450, 452). There are various mechanisms and physiological transport pathways
that can increase macromolecule uptake and play a key role in the development of various
inflammatory and autoimmune disorders(453). For this reason in future studies the intestinal
permeability should be measured with large, 12 000- to 15 000- Da polysugars rather than with
small molecules(454). The size of these sugars is more suitable to measure intestinal permeability

to macromolecules such as bacterial toxins(455).

Gut-eye-axis

Intestinal microbial dysbiosis can exert its influence on ocular pathologies through the gut-eye-
axis, which is closely relates to the gut-brain-axis. That the gut-brain-axis can impact the CNS,
behaviour and cognitive function(318) is demonstrated by the fact that enteric infections can
cause anxiety, depression and cognitive dysfunction through influence on the hypothalamus-
pituitary-adrenal axis(456). It is now generally recognized that intestinal microbiota can

significantly influence age-related central nervous system diseases such as Alzheimer’s
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disease(339, 457). The gut-eye-axis has been described for several ocular diseases, including
uveitis, diabetic retinopathy, AMD and CNV (290).

Gut microbial alterations through intermittent fasting increased generation of beneficial
secondary bile acids in a murine model of type 2 Diabetes Mellitus (T2D) have been reported to
provide a neuroprotective effect in the retina and preventing exacerbation of diabetic
retinopathy(458). A larger concentration of the phyla Verrucomicroba and Tenericutes, a
decreased concentration of Bacteroidetes and Firmicutes as well as a decreased abundance of
mucus producing goblet cells and increased concentrations of circulating PGN’s in T2D mice with
ad libitum feeding were associated with exacerbation of diabetic retinopathy(458). The gut
microbiota has also been implicated in uveitis. Oral administration of broad-spectrum antibiotics
altered gut microbial composition by reducing Bacteroidetes, Firmicutes, Alphaproteobacteria
and Gammaproteobacteria and reduced uveitis in a model of experimental autoimmune uveitis
in mice(459). Pathological inflammation caused by aberrant composition of the gut microbiota
can stimulate both the innate and adaptive immune system and cause damage to tissues
throughout de body. Inflammation induced disruption of the ocular tissues can exacerbate the
progression of DR, AMD, CNV and uveitis. Much work remains to be done to elucidate the

mechanisms underlying this process.

Western style diet

Diets have a major impact on human health, either through the gut microbiota resulting in
alterations in the host’s physiological responses or by directly targeting the host response(460).
The complex interactions between the immune system, the microbiota and available nutrients
are key players in maintaining homeostasis and barring invading pathogens at mucosal sites. The
Westernized diet is defined by a composition of high saturated fats and sucrose combined with
low fiber(460). The Western style diet represents a growing health risk because it contributes to
the increase in occurrence of metabolic diseases. Within animal models the Western style diet is

often imitated by either a HFD or a high glycemia diet (HGD).
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Different effects of different high fat diets

Since 1980 the prevalence of obesity has doubled in 73 countries and problems resulting from
being overweight or obese now affect more than 2 billion people worldwide(461). In order to
identify the main factors that contribute to obesity a great number of studies have been
conducted, exploring among other things the role of genetics, environmental factors, exercise
and diet(462, 463). Animal models using fat-enriched HFD to generate obese rodents are
indispensable for biomedical research on obesity, including research on the effects of diet on
metabolism and disease(464). When choosing a HFD for an animal study the type of dietary fat
should be considered since the dietary fat composition is of great influence on the phenotype
due to the specific roles of some fatty acids on metabolism(465). Diets containing more saturated
fat such as lard, beef tallow, or coconut oil are linked to obesity, insulin resistance, impairment
of mitochondrial metabolism and reduced leptin secretion, while diets rich in fish oil, containing
polyunsaturated fats like omega-3 and omega-6, have been studied for their health effects(465-
470). In the eye a high fat diet can have direct and indirect effects on the pathophysiology of
several diseases. Directly, the dysregulation of lipid metabolism is closely associated with onset
and progression of AMD and diabetic retinopathy while some lipid metabolites exert beneficial
effects(53). Indirectly, obesity is an established risk factor for many systemic diseases, including
type 2 diabetes mellitus, hypertension, stroke, metabolic syndrome, microbiotal dysbiosis and
chronic inflammation, which at their turn are linked with age-related cataract, glaucoma, ARM,

and DR(213, 471).

High glycemia diet

Rowan et al investigated the effect HGD on AMD in a wild-type aged-mouse model(472). The
consumption of a HGD resulted in many AMD features, including RPE hypopigmentation and
atrophy, lipofuscin accumulation, and photoreceptor degeneration. They found that the gut
microbiota were responsive to the diet, and identified microbiota in the Clostridiales order as
being associated with AMD and the HGD, whereas protection from AMD was associated with the
Bacteroidales order and a low glycemia diet (LGD). These findings are in line with what we

showed before(213). Rowan et al describes the dysbiosis that is caused by the HGD on the order
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level which is more precise than the phylum level we used in 2016 (213). With an increase in
Clostridiales which belong to the class of Clostridia and the phylum of Firmicutes and a decrease
in Bacteroidales which belong to the class of Bacteroidia and the phylum of Bacteroidetes, their
results are in line with the dysbiosis observed after feeding a HFD. Together these studies confirm
that a Western style diet, with a composition high in fat and glucose promotes an increase in

intestinal Firmicutes which promotes AMD.

Influence of host genetics on microbiota

The relationship between host genetic variation and the diversity of gut microbiomes remains
largely unknown. Does the microbiome function as an environmental factor that interacts with
the host or is it a genetically determined attribute that is shaped by the host?

Although microbiomes can differ greatly between adults and change composition based on diet,
family members are frequently noticed to have more analogous microbiota’s than unrelated
individuals(355, 362, 473, 474). Familial similarities in microbiotal constitution are usually
attributed to shared environmental influences, habits and dietary preferences. And an important
consequence of cohabitation is microbial exchange(475). Nonetheless, related individuals show
a greater concordance in their microbiotic profile than non-related individuals, raising the
guestion whether shared genetic composition underlies familial microbiome similarities. The
distinction between effects of shared genetics and shared environment is frequently investigated
by comparing the dissimilarity between groups of monozygotic and dizygotic twins(476). Two
studies using twin cohorts (54 and 87 twin pairs) showed that that the degree of similarity in the
gut microbiotas of adult monozygotic twin pairs was not greater than that of dizygotic twin pairs,
although the difference between monozygotic twins was slightly smaller in both studies.(355,
474). In addition, both monozygotic and dizygotic twins show more similarity in the microbiome
than unrelated individuals. A larger study using 416 twin pairs confirmed a heritability of the
general composition of the microbiome and also assessed heritability of individual bacteria(477).
Several other studies have identified different heritable bacterial taxa but the combined bacterial
abundance accounted for by them is low(476-481). Most reported associations between host

genetics and gut microbiota prove not the be statistically significant after multiple testing
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correction(476). By reanalysing previously published and partially above mentioned data from
2,252 twins from the TwinsUK cohort, Rothschild et al estimate that the average heritability if
gut microbiome taxa is only 1.9%(481).

Backing of host genetic effects on the microbiome comes predominantly from studies that take
a targeted approach, identifying the increased carriage of specific species or pinpointing specific
genetic loci that have shown gene-microbiota interaction(477, 482-485). When Turpin et al
recruited a cohort of 1,561 healthy individuals they identified 58 single-nucleotide
polymorphisms (SNPs) associated with a relative abundance of 33 taxa. Only four of these loci
were replicated in a second cohort of 463 subjects. Perhaps the most interesting gene, encoded
in the region of rs62171178, is UBR3 which is part of a ubiquitin-protein ligase E3. Since
ubiquitination is involved in various aspects of the immune response, polymorphisms in UBR3
might trigger changes in immune responses that possibly resulting in certain bacterial taxa

differing in their presence or abundance across individuals(478).

Relative contribution of diet and host genetics

Recently Rothschild et al studied microbial-genetic correlation using the metagenome- and 16S
rRNA gene-sequenced gut microbiomes, genotypes, blood and anthropometric measurements,
and dietary habits of a cohort of 1,046 healthy Israeli individuals(481). They conclude that the
gut microbiome composition is predominantly shaped by environmental factors, is not
significantly associated with genetic ancestry or individual SNP and that previously reported
associations are not replicated across different studies.

The working hypothesis has been that genetics play a major role in determining microbiome
variation among people. This idea has probably been fueled by the fact that all aspects of human
health are so profoundly influenced by genetics. But even though microbiome populations are
not shaped by host genetics they are complementary for predicting host phenotypes(481).
Evaluation of the ability of a linear prediction model to predict human phenotypes from bacterial
gene abundances found that phenotype prediction can be substantially improved by using both

host genetics and microbiome data.
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Next generation sequencing

Since culturing large numbers of microbial taxa in the laboratory is problematic at best, it is very
difficult to catalog the individual members comprising a specific microbiome. Understanding how
microbial communities function and influence host-pathogen interactions is a complex
matter(486). To start, it is critical to map out the healthy human microbiome and its passing
variations. In order to accurately identify deviations from normality that could be linked to
disease one needs to know what is abnormal(487). Keeping in mind that there are large inter and
intrapersonal variations in the microbiotal composition, the human microbiome has to be
characterized across lifespans, ethnicities, nationalities, cultures, and geographic locales(487).
The recent advances in sequencing technologies are broad and insights have greatly evolved. The
development of technologies like 16S rRNA sequencing allows for high-throughput science, with
rapid acquisition of large numbers of distinct variables. The introduction of sample barcoding
techniques(488-490) and the decreasing cost of next generation sequencing technologies(491,
492) have encouraged an increasing number of metagenomic studies to be conducted. These
studies have allowed researchers to define similarities and differences within human
microbiotas. Large online databases (493-495) coupled with an increased accessibility to growing
computing power(496, 497) makes it possible to seamlessly perform hundreds and thousands of
tests on a given data set. A major barrier in integration of information from thousands of samples
used to be the lack of software that could handle the increasingly massive datasets. With the
development of QIIME (quantitative insights into microbial ecology), an open-source software
pipeline, a wide range of microbial community analyses and visualizations are now
available(496). Despite these great advances it is necessary to recognize that there is still a long
way to go. The accurate taxonomic identification of 16S rRNA gene data depends on the quality
and completeness of the reference databases used(498). The high degree of variability in the
microbiota between individuals and within individuals, both between body sites and over time
make it extremely difficult to determine what is a healthy microbiome and whether changes in
communities are a symptom of disease or a contributing factor(352, 487, 499-501). The sampling
of new populations at increasing depth continues to reveal novel species which may be important

for determining disease defining differences in communities(487). The currently popular

151



sequencing technique of partial 16S rRNA gene sequencing often lacks the discriminatory power
to differentiate at the species taxonomic level and is generally restricted to genus-level
classification due to high sequence conservation(502) (502, 503). Using shotgun metagenomics
to obtain genome sequences can ameliorate species-level microorganism discrimination(503).
Future studies will have to focus on augmenting their clinically relevant findings within the
increasing number of sequences and samples collected in order to advance microbiota research

to a level of understanding that allows for effective microbiome-related treatments(487).

Microbiotal Transplants

Fecal microbiotal transplantation is a new therapeutic approach where stool from a healthy
donor is infused in the colon or delivered through the upper Gl to repopulate the gut with a
healthy microbiome(504). Currently microbiotal transplants are used to treat recurrent
Clostridium difficile infections (rCDI)(505)with success rates approaching 92%(506, 507). The
pathogenesis of inflammatory bowel disease (IBD), a term that is used for several disorders that
involve chronic inflammation of the Gl tract including ulcerative colitis (UC) and Crohn’s disease
(CD), has an important microbital component(508). Gut dysbiosis with decreased microbiome
diversity, fewer Firmicutes and more Proteobacteria has been associated with UC(509). A meta-
analysis of 4 randomized clinical trials in patients with UC demonstrated a 28% remission rate in
patients treated with fecal microbiotal transplantation compared to 8% in those who received
placebo(510). The success of fecal microbiotal transplants has promoted investigations into its
application in other Gl disorders and extra-intestinal diseases which have been linked to gut
dysbiosis including Parkinson's disease, fibromyalgia, chronic fatigue syndrome, myoclonus
dystopia, multiple sclerosis, obesity, insulin resistance, metabolic syndrome, and autism(511).
However, the development of microbiotal transplant as a treatment is in a very early state and
several important barriers remain. Not only have the characteristics of a healthy microbiome not
been fully determined, the safety of the recipient, long-term outcomes, adequate controls and
cost-effectiveness need to be further assessed(508).

When applied as a treatment or preventive measure for AMD, a chronic and slowly progressing

disease, the relevance of microbiotal transplantation remains in a premature state. With its not
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yet fully understood, multifactorial character, researchers are far from pinpointing the
preeminent microbiome to slow down AMD pathogenesis. For now, diet changes to “un-
Westernize” our diets, diversifying our meals, cutting sugar and fat intake while increasing dietary
fiber, in combination with microbiotal diversity stimulating habits such as keeping pets, are our
best bet to maintain a healthy gut microbiome, decrease chronic inflammation and curtail

AMD(294, 512-514).

M1 and M2 polarization

Macrophage polarization refers to how macrophages have been activated at a given point in
space and time and is routinely viewed as a linear scale, with M1, or classically activated,
macrophages on one extreme and M2, alternatively activated macrophages, on the other(170-
172). These two activation states are in analogy to the adaptive immune system where T helper
cells can be subdivided in Thl and Th2. and gives an oversimplified illustration of the more
complex reality(515). Macrophage polarization only gives an estimate of macrophage function
and does not describe a fixed state, since macrophages are sufficiently flexible to integrate
multiple signals and have been shown to express M1 and M2 markers simultaneously(76). The
M1/M2 paradigm provides a useful framework for selected immune responses, but a more
comprehensive classification that takes the different gradients of phenotypes into account is
required(172). Two alternative versions have been proposed, including a three-category “colour

III

wheel” of macrophage activation that’s inspired by the three primary colours representing three
basic macrophage populations, classically activated, wound-healing and regulatory
macrophages, that can blend into various other “shades” of activation(170). The second
alternative renamed M2 to M2a and added the groups M2b, M2c and M2d, where M2a is pro
tissue repair, M2b is characterized by immune complex activation, M2c represents deactivated
anti-inflammatory macrophages and M2d represents a regulatory macrophage that is often
grouped with tumour associated macrophages(516-519).

Some studies use the identification of M1 and M2 markers to indicate whether MPs are “good”

or “bad”(76). One must keep in consideration that the two polarization types M1 and M2 are

only two activation states out of plenty. The M1/M2 defining proteins such as CD80 and CD86 for
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M1 and CD64, CD163, CD206 and CD209 for M2(180, 181) are not regulated by a general
transcriptional switch but individually and can be expressed simultaneously(520). Subretinal MPs
are often both proinflammatory and neurotoxic as well as angiogenic and fibrotic and can cause
damage no matter their polarization state. Therapeutic strategies should aim to restore
homeostasis and ebb MP infiltration, re-establishing the balance between beneficial

inflammation that is crucial for debris clearance and detrimental chronic inflammation(76).

Macrophages and angiogenesis

Macrophage polarization or activation state are important for angiogenesis promoting
capabilities. Vasculogenesis, the generation of blood vessels de novo from mesenchymal blood
islands and angiogenesis, the sprouting of new vessels from pre-existing ones, are the two major
processes involved in the formation of blood vessels(521, 522). Physiologic angiogenesis occurs
during embryonic development, the female reproductive cycle and wound healing and involves
the processes of vessel destabilization, endothelial cell migration and proliferation, sprouting and
a resolution phase with vessel stabilization(174, 523). During sprouting endothelial cells adopt
two distinct cellular phenotypes, known as tip and stalk cells, with unique functions and gene
expression patterns(423). By means of sophisticated cross talk between VEGF and Notch
signalling, tip cell migration and stalk cell proliferation are regulated. For a more in depth analysis
of sprouting angiogenesis please consult “VEGF and Notch in Tip and Stalk Cell Selection” from
Raquel Blanco and Holger Gerhardt(423). In a healthy organism angiogenesis is under tight
control. The proliferation rate of endothelial cells is very low and it is only for short periods of
time, in growth and repair processes, that neovascularization is initiated(524). Abnormal
angiogenesis is a cardinal feature in the pathophysiology of several diseases of which cancer,
stroke, diabetes, arthritis and CNV associated with AMD are just a few examples(76, 525).
Activated macrophages influence each phase of the angiogenic process by releasing proteases,
growth factors and monokines.

Polarization of macrophages plays a central role in the adoption of an angiogenic phenotype. The
polarization state of macrophages can affect the profile of excreted growth factors and affect

different stages of angiogenesis(175). Spiller et al showed that both M1 and M2 macrophages
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are required to achieve vascularization. M1 macrophages express genes that are involved in the
initiation of angiogenesis, including VEGFA and fibroblast growth factor and M2 macrophages
express and secrete high levels of PDGFBB and matrix metalloproteinase (MMP) 9(175).

In response to various chemoattractants such as chemokines, pro-inflammatory signalling
molecules and DAMPs, circulating monocytes are attracted to the site of interest and
differentiate and mature into macrophages(526). Depending on the areal circumstances the
macrophage phenotype is further sculpted to acquire substantial molecular and functional
heterogeneity(527). The cytokine milieu to which macrophages are exposed curbs their
activation state and determines their proangiogenic capacity(436). In the developmental process
of retinal blood vessel remodelling macrophages can acquire anti-angiogenic functions, a rare
state of activation that testifies to the broad potential of polarization(528).

The interplay between macrophages and angiogenic factors describes an extensive and complex
web of interactions, positive and negative feedback loops. An activated macrophage can produce
a wide range of pro- and anti-angiogenic factors, that at their turn can recruit and activate more
monocytes, or induce an anti-inflammatory, anti-angiogenic milieu. Beyond this monocyte-
monocyte synergy, macrophage produced angiogenic factors like VEGF, PGF, CXCL8 and CXCL12
are major chemoattractants for the recruitment of other myeloid cells like hemangiocytes,
myeloid-derived suppressor cells, neutrophils and dendritic cells, that are central in the
regulation of angiogenesis(529). The role of these non-monocyte myeloid cells is furthermore
multifaceted and includes the production of proangiogenic growth factors and vascular-
modulating enzymes, that stimulate the proangiogenic functions of these cells(529).

A multitude of myeloid cell types are implicated in angiogenesis and they cooperate with one
and another to ensure adequate vascular development where and when it is needed. Identifying
the key elements in such a complex network and translating this knowledge into clinical
strategies to prevent abnormal angiogenesis in diseases like cancer, stroke, diabetes, arthritis
and CNV associated with age-related macular degeneration will be a major challenge for the
future.

Our data suggests that the absence of NRP1 skews MPs to a more pro-inflammatory M1

character, with increased NFkB phosphorylation and production of inflammatory factors,
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decreasing pro-angiogenic qualities. This is consistent with findings in models of obesity(379),
tumour growth(370, 378, 530, 531), and sepsis(532). With respect to being pro-angiogenic, NRP1-
expressing mononuclear phagocytes are important for vessel growth during weight gain(379),
normalize tumour vessels(533), and promote pathological angiogenesis in the retina(534) and

tumours(378).

Neuropilin-1 as a therapeutic target in neovascular eye disease

The multitude of publications on NRP1 expression in human disease, combined with the evident
importance of NRP1 in animal models of vascular pathology have made NRP1 a topic of interest
as therapeutic target for several vessel-associated diseases(369). Even though most of the
therapeutics are originally developed for the treatment of cancers, many of the findings resulting
from these studies are also relevant for ocular diseases(369). NRP1 function may be inhibited in
several ways, using monoclonal antibodies, peptides or small molecule inhibitors that target
NRP1 and through micro RNA-mediated modulation of Nrp1 expression(369). Until recently the
main focus lay on finding treatments that inhibit NRP1 binding of VEGF but recent studies
however have explored other ligands that bind NRP1 as possible targets, such as SEMA3A.
Retinopathy of prematurity and proliferative diabetic retinopathy, leading causes of blindness in
children and working-age adults, are examples of proliferative retinopathies that follow an initial
microvascular degeneration by a pathologic compensatory hypervascularization of the hypoxic
retina(535). Misguidance of the neovessels by the neuronal guidance cue SEMA3A, secreted by
hypoxic neurons, mounts to an inability to revascularize the most ischemic regions of the retina,
sending the new vessels towards the vitreous instead(536). Using the mouse model of oxygen-
induced retinopathy (OIR) to mimic the destructive vasoproliferative phase Joyal and colleagues
showed that exogenous SEMA3A may be administered to redirect neovascularization from the
vitreous into the retina in retinopathies(535).

In addition to its function as a vascular guidance molecule, SEMA3A also promotes recruitment
of myeloid cells to sites of injury and disease in the retina. A subset of NRP1-positive MPs
responds to local SEMAS3A as a potent chemoattractant and are essential for disease progression

in the OIR model(534). The proangiogenic NRP1l-positive MPs promote pathological
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neovascularization, demonstrating an innate immune cell-mediated function of NRP1 in
pathological neovascularization in the eye.

In retinopathy of prematurity and proliferative diabetic retinopathy the pathological
neovascularization originates from the retina and grows into the vitreous cavity, whereas in NV
AMD the neovascularization originates from the choroid and grows into the subretinal
space(537). These three blinding diseases have in common that an unchecked proliferation of
neovessels causes damage to the retina. Upon intravitreal administration, SNRP1 provoked a 40%
decrease in pathological preretinal angiogenesis when compared with vehicle injected controls
in the OIR model(534) and a 47% decrease in CNV in the laser burn model. Together, these data
suggest that neutralization of ligands of NRP1 is an effective strategy to reduce destructive
neovascularization in eye disease.

Several drugs targeting VEGF are used for the treatment of neovascular AMD. Available
treatments such as intraocular injections with anti-VEGF are invasive and show neuronal
toxicity. Recent studies have raised the possibility that NRP1 functions that are VEGF—
independent and function by other ligands of this receptor, such as Sema3A, may also be
possible therapeutic targets and can complement current treatments to treat or prevent AMD.
Potentially, non-responders to anti-VEGF therapy could benefit from this treatment paradigm,
since a genetic variation of Nrp1 is an indicator of reduced treatment response to anti-VEGF
therapeutics like Ranibizumab in patients with NV AMD(538, 539). A possible set-up for a
primary investigation into the efficacy of NRP1 traps in VEGF non-responders, is by studying the
effect of an NRP1 trap on angiogenesis in tumors. By selecting several xenograft models known
to exhibit varying sensitivity to anti-VEGF therapy, as described by Qi Pan et al in 2007(540),
NRP1 trap efficacy could be studied in a simulated non-responder phenotype. Targeting VEGF-
independent NRP1 pathways may offer numerous windows for intervention in angiogenesis-

dependent diseases, including several eye diseases.

TGFB/Smad, Neuropilin-1 and Notch in sprouting angiogenesis
Several studies describe a promoting role of TGFB in NV AMD, either through the induction of

VEGF-A secretion by RPE cells(541, 542), through macrophage-mediated inflammation(543) or
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through the stimulation of choroidal endothelium proliferation(544). In one pathway that could
be of particular interest, described in 2015 by Aspalter et al, NRP1 actively suppresses the
TGFB-induced stalk cell phenotype to allow tip cell formation. The lateral feedback loop of
Delta-like (DIl) 4 and Notch uses NRP1 as a pivot that establishes differential responsiveness to
TGFB/ bone morphogenetic protein (BMP)9signalling (545). Activin receptor-like kinase (Alk)1
and AIk5 both belong to a group of seven type | receptors responsible for TGF[3 family signal
transduction (546). TGFP3 and BMP9 belong to a large family of TGF extracellular ligands that
exert influence on several cellular compartments, notably epithelial cells, fibroblasts, immune
cells and endothelial and perivascular cells(547). TGFf’s effect on blood vessel formation may
be both pro- or antiangiogenic and is concentration and context dependent(548). Effects of
TGFp related defects are reflected in the inherited genetic vascular disorder hereditary
hemorrhagic telangiectasia and the phenotypes of mice deficient in components of the TGF-b
signaling cascade(549-553). Activation of Alk5 and Alk1 in response to TGFf3 and BMP9
phosphorylate several members of the Smad-family (Smad1,5,8 and Smad2,3 respectively), the
main signal transducers for TGFBRs, which influence stalk cell behavior(554, 555).
Alk1/Smad1,5,8 signaling markedly affects tip/stalk cell specification and its inhibition can cause
hypersprouting(556). Data from Aspalter et al suggests that NRP1 inhibits phosphorylation of
Smad2,3 in tip cells, promoting a tip cell phenotype. VEGF-dependent upregulation of DIl4 in
the tip cell leads to Notch activation in the neighboring stalk cell(557). Notch activation
decreases NRP1 levels in the stalk cell, lifting NRP1-dependent Smad2/3 inhibition(545). Notch
downstream effectors driving stalk cell behavior are interesting targets to prevent pathological
angiogenesis in cancer and ocular neovascular disease. This pathway shows that the inhibition
of endothelial NRP1, opposed to the previously discussed myeloid NRP1, stimulates TGF[3-

induced Smad2/3 activation which inhibits angiogenesis.

TGFB, a link between NRP1 and gut microbiota in AMD?

TGFp is a highly pleiotropic cytokine playing a major role in seemingly unrelated phenotypic
traits in for example wound healing, angiogenesis, immunoregulation and cancer(558).

Underproduction of TGFp lies at the core of some autoimmune diseases, while overproduction
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is linked to many pathological conditions including pulmonary fibrosis, renal interstitial fibrosis,
cirrhosis and the IBDs ulcerative colitis and Crohn’s disease(420, 559). The chronic intestinal
inflammation in these IBDs are characterized by aberrant mucosal immune reactions to
intestinal microbes in genetically susceptible hosts(560-562). TGF and its dysregulation play a
key role in intestinal immunity, suppressing inflammatory responses to luminal bacterial
antigens while contributing to immune tolerance(563, 564) with specific intestinal microbes
contributing to immune homeostasis by modulating TGF3 production(565). Smad3 is among the
loci associated with IBD susceptibility(566) and several TGFp-related compounds present
potential therapeutic strategies for IBD. Hong et al showed that the expression of the
Drosophila homolog of TGFf3 is elevated under HFD conditions(567), while Biasi et all show that
a HFD strongly stimulates the expression and synthesis of TGF3 by cells of the human
macrophage lineage(568).

Considering the link between intestinal inflammation and AMD it could be highly interesting to
investigate the role NRP1 plays in the differential responsiveness to TGFf in intestinal

homeostasis and dysbiosis and the consequential effects on CNV formation.
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Conclusion

AMD is the leading cause of central vision loss in industrialized countries with major societal and
financial impacts (1-4). Epidemiological data suggests that in men, overall abdominal obesity is
the second most important environmental risk factor after smoking for progression to late-stage
NV AMD. Given the impact of high-fat diets on gut microbiota, we investigated whether
commensal microbes influence the evolution of AMD. Using mouse models of NV AMD,
microbiotal transplants and other paradigms that modify the gut microbiome, we uncoupled
weight gain from confounding factors and demonstrate that high-fat diets exacerbate choroidal
neovascularisation (CNV) by altering gut microbiota. Gut dysbiosis leads to heightened intestinal
permeability and chronic low-grade inflammation with elevated production of IL-6, IL-13, TNF-a
and VEGF. The priming of the immune system increases recruitment of microglia and
macrophages to the site of pathological angiogenesis in the eye and ultimately exacerbates
pathological angiogenesis.

Our study suggests that gut microbiota influence the development of neovascular lesions
associated with AMD and this particularly when obesity is a predisposing factor. Modifying
microbiota can reduce systemic and local choroidal inflammation and attenuate pathological
neovascularization and may thus provide minimally intrusive and cost-effective paradigms to
prevent or delay exudative AMD.

Accumulation of mononuclear phagocytes in AMD secondary to the disruption of the
physiologically immunosuppressive subretinal environment is central to the etiology of both
atrophic and wet forms of AMD. In addition to microbiotal changes, that can reduce systemic
chronic low-grade inflammation and increased MP activity, we show that local treatment with a
NRP1-derived trap can lessen CNV. We have provided evidence that ligands for NRP1, such as
Semaphorin 3A and VEGFA, are elevated in the vitreous of patients with AMD at times of active
CNV. We further demonstrated that NRP1l-expressing MPs promote CNV by mitigating
production of inflammatory factors such as IL-6 and IL-1p and promoting alternative activation,
giving the MPs a pro-angiogenic character. These data add to the notion that less inflammatory

and more M2-like MPs are enriched with age and exacerbate CNV in the laser-induced mouse
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model(569, 570). Therapeutically trapping ligands of NRP1 with a NRP1-derived trap reduces
CNV. Non-responders to anti-VEGF therapy could possibly benefit from this treatment paradigm.
During aging the retina is subjected to a chronic low grade oxidative insult, activating the retinal
immune system commencing a para-inflammatory response(72). In AMD the dysregulation of
this reparative para-inflammatory mechanism leads to chronic low grade inflammation,
damaging the macula and the BRB, compromising retinal immune privilege and causing the
development of retinal lesions(72, 149). Our results demonstrate that both systemic and local

treatments can curtail the detrimental inflammation in AMD.
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